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Preface 

To be most effective, the work of the plant breeder requires the synthesis of 
knowledge in a wide range of subjects in the field of genetics and agricultural 
botany. During the 1970s and early 1980s, the Plant Breeding Institute at 
Cambridge provided a unique opportunity for collaborative work between 
plant breeders and those concerned with ancillary subjects likely to be of 
interest to them. The breeders had ready communication with specialists in 
plant physiology, plant pathology, entomology, cytogenetics and molecular 
biology, with whom they could discuss their work and from whom they could 
ask for help and guidance in dealing with specific problems, while depart
ments concerned with chemistry and statistics were available to help in the 
planning and analysis of their experiments. At the same time the specialists had 
access to the most advanced breeding material for their studies, and could 
ensure that these studies were directed to problems of real importance to the 
breeders in the short or longer term. 

It now seems likely that many of the specialist departments of which the 
Institute was formed may, for political or economic reasons, be dispersed or 
disbanded. This book offers a survey of the many aspects of wheat research 
carried out at the Plant Breeding Institute, with chapters written by specialists 
in each of the principal fields of work studied there. Although much of the 
work considered has not been comprehensively reviewed before, the book 
is primarily intended to give an overall view of wheat breeding research for 
students or specialists in other fields. Each subject is considered on an 
international basis, but discussion, particularly in the chapters dealing with the 
more practical aspects of breeding, is intentionally biased towards problems 
arising in Western Europe, as it is felt that these will be of most interest to the 
general reader, who can look to books published in other countries for reviews 
of their problems. No attempt has been made to give detailed accounts of 
aspects of wheat research not considered at the Institute; in such cases the 
reader is referred, where possible, to reviews in the literature. 

Much of this book has been written during times of great uncertainty at the 
Plant Breeding Institute, and I would like to express my appreciation to all my 
colleagues for the friendly co-operation and support which I have received 
during its preparation. I hope that it will serve as a useful memorial to their 
years of co-operative work. 

F. G. H. L. 
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Foreword 

by Sir Ralph Riley, MA, DSc, PhD, FRS 

Wheat is a major object of study both because of its primacy among all crops in 
feeding mankind and because of the intellectual challenge that it poses in a 
range of biological disciplines as well as in archaeology, and in social and 
economic history. In 1984, the last year for which world data are available, 
512 million tonnes of wheat were produced compared with 464 million tonnes 
of rice. Not surprisingly, since wheat is well adapted to cultivation in temperate 
regions it is pre-eminently a crop of the developed world. In 1984, 60% of world 
wheat was produced in developed countries whereas only 5% of the rice came 
from the developed world. 

A concentration of research on wheat was therefore in the self-interest of the 
developed world with its access to prolific resources and scientific manpower 
and its scientific traditions that led to the first agricultural revolution. The 
consequences of this concentration have been to enormously improve the 
efficiency of our capacity to produce wheat and have made wheat scientifically 
one of the best understood plant species and certainly the best understood 
polyploid, whether flowering plant, animal or lower organism. This under
standing not only helps Man better to appreciate his place in the world but will 
provide that knowledge from which a second green revolution can be made 
when next the food: population equation gets out of balance. Then more of the 
world crop will have to be produced in the poorer countries. For the first green 
revolution, which saved Asia from hunger in the 1960s, was not built on new 
knowledge but on the adaptation of principles derived from earlier research. 
We must be sure that on the next occasion a similar store of knowledge is 
available especially about such crops as wheat. 

A fine overview of the state of scientific work on wheat is provided by Wheat 
breeding. Its scient~fic basis. Under the guidance of Dr F. G. H. Lupton this 
book has brought together work from the informal 'Cambridge School of 
Wheat Scientists'. This school, which was never designated but was never
theless an effective interactive grouping of scientists, came together at the Plant 
Breeding Institute over the thirty year period from the mid-1950s to the mid-
80s. I am proud to have been a member of the school, for it has been unique 
both in the quality and breadth of its science and in its impact on practical 
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agriculture. Its membership has included practical wheat breeders and 
agronomists, pathologists, entomologists, geneticists and cytogeneticists, 
molecular and cell biologists, physiologists and protein chemists, and nowhere 
else in the world has such a broad-based assemblage of scientists been devoted 
to the study of a single crop. Over the years about 1000 scientists from most 
parts of the world have contributed to its work. The spread of scientific 
competence allowed for cross-feeding between disciplines and in particular 
demonstrated the ways in which applied and fundamental science can assist and 
stimulate each other. This ensured that those close to practice used new 
knowledge quickly and that those creating new knowledge were aware of 
practical problems. 

This book may have to stand as a memorial to the 'Cambridge School of 
Wheat Scientists' for so long supported in an enlightened way by the British 
Agricultural Research Council (now the Agricultural and Food Research 
Council). This is because the United Kingdom Government has decided to 
divide the Institute, and so the School, into two-selling the applied activities 
to private enterprise while retaining in the public sector research that is not yet 
applied. In this casual way one of the great successes for all time in crop 
research could be destroyed. Whether either of the separated parts can long 
survive is unclear; certainly the strength of mutual support will be lost or will 
have to be rebuilt. As I write this, decisions on the implementation of the policy 
of splitting the 'school' are imminent. I hope that readers of this book will have 
evidence that scientifically aware authorities have recognized the strength of 
the 'Cambridge Wheat School' and the need for its continued coherence. I 
hope that they will not be reading a requiem for a school which was broken up 
because scientific enlightenment did not prevail. 

Ralph Riley 

Stapleford, Cambridge 
January, 1987 



CHAPTER 1 

Systematics and evolution 

T. E. Miller 

1.1 INTRODUCTION 

The tribe Triticeae Dumort (Hordeae Benth.), a festucoid tribe of the family 
Poaceae ( Gramineae), has long been and still is of great economic importance 
to humanity. The tribe contains three of the major cereals - barley, rye and 
wheat -that have been used since prehistoric times, as well as the recently 
constructed cereal Triticale. Triticale is a synthetic amphiploid between wheat 
(Triticum spp.) and rye (Sec ale spp.) (see Chapter 7). Several other members of 
the tribe are also important as forage and pasture grasses. 

Although more knowledge of intergeneric and interspecific relationships is 
probably available than for any other group of plants of comparable size, the 
taxonomy and nomenclature of the Triticeae is still very confused. During this 
century many attempts have been made to classify the tribe into subtribes and 
genera, with genera frequently being shunted from one subtribe to another. 
It is not possible here to provide a detailed study of the classification and 
nomenclature of the whole tribe, but a considerable literature is already 
available (for a review see Baum, 1977, 1978a, b). Moreover, the 
nomenclatural subdivisions of the tribe are of little practical value for the 
improvement of wheat. A detailed look at the wheats (Triticum spp.); the goat 
grasses (Aegilops spp.), because of their involvement in the evolution of the 
polyploid wheats; and the ryes (Secale spp.) because of their involvement in 
Triticale, is warranted. A brief summary of the genera is also useful because of 
their potential value as a source of useful genetic variation for the improvement 
of wheat. 

1.2 CLASSIFICATION OF THE TRITICEAE 

The tribe forms a distinct natural group characterized by a compound spike, 
laterally compressed spikelets with two glumes, single starch grains and fairly 
large chromosomes in multiples of seven (Melderis, 1953). It is distributed 
worldwide in the temperate regions of both hemispheres, and is found in a wide 
range of habitats. It contains both annual and perennial forms. The perennial 
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forms predominate in the higher latitudes, and the annuals in the areas with 
a Mediterranean-style climate of hot dry summers and cooler wet winters 
(Fig. 1.1). 

· Crithopsis 
Asperella 

· Malacurus 
Elymus 

Figure 1.1 Genetic relationships within the tribe Triticeae in terms of successful 
intergeneric hybrid production. (Modified from Sakamoto, 1973.) 

The tribe contains the following 25 generally recognised genera: 

Aegilops L. 
Annuals. Distribution: Mediterranean area, Near East and Central Asia. 
Ploidy: 2x, 4x and 6x. 

Agropyron Gaertn. 
Perennials. Distribution: temperate and Arctic temperate regions of both 
hemispheres, however exact distribution depends on differentiation from 
other genera. Ploidy: 2x, 4x, 6x, 8x, lOx and 12x. Economic importance: 
forage. 
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Aneurolepidium Nevski 
Perennials. Distribution: temperate Eurasia and North America. Economic 
importance: forage. 

Anthosachne Steudel 
Perennials. Distribution: Central Asia, Indo-Himalaya and Iran. 

Asperella Humb. (Hysterix Moench) 
Perennials. Distribution: temperate Asia and North America. Ploidy: 4x 
and Sx. 

Clinelymus (Griseb.) Nevski 
Perennials. Distribution: temperate Asia and North America. Economic 
importance: forage. 

Cockaynea Zotov 
Perennials. Distribution: New Zealand and Tierra del Fuego. 

Critesion Rafinesque 
Perennials. Distribution: North America and Eastern Siberia. 

Crithopsis Jaub. and Sp. 
Annuals. Distribution: Eastern Mediterranean to Iran. Ploidy: 2X. 

ElymusL. 
Perennials. Distribution: temperate northern hemisphere and South 
America. Ploidy: 2x, 4x, 6x, Sx and 12x. Economic importance: forage, 
binding of dunes and rarely grain. 

Elytrigia Desvaux 
Perennials. Distribution: temperate Eurasia. Ploidy: 2x, 4x, 6x and lOx. 
Economic importance: forage and pasture. 

Eremopyron (Ledeb.) Jaub. and Sp. 
Annuals. Distribution: Mediterranean through South Central Asia to 
Northwest India. Ploidy: 2 X and 4 X. Economic importance: pasture. 

Haynaldia Schur. (Dasypyrum (Coss. and D).lr.) T. Durand). 
Annual and Perennial. Distribution: Mediterranean, Near East and 
Caucasus. Ploidy: 2x and 4X. Economic importance: pasture. 

Henrardia Hubbard 
Annuals. Distribution: West and Central Asia. Ploidy: 2x. 

Heteranthelium Hochst. ex Jaub. and Sp. 
Annuals. Distribution: temperate Asia. Ploidy: 2x. 

HordeumL. 
Annuals and perennials. Distribution: temperate North and South 
hemispheres except Australia, cultivars worldwide. Ploidy: 2x, 4x and 6x. 
Economic importance: grain. 

Leymus Hochst 
Perennials. Distribution: Eurasia and North America. 

M alacurus N evski 
Perennials. Distribution: Afghanistan and Tadzhik SSR. 

Psathyrostachys Nevski 
Perennials. Distribution: South East Europe, West and Central Asia. 
Ploidy: 2x. Economic importance: forage and pasture. 
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Reogneria C. Koch. 
Perennials. Distribution: sub boreal and temperate Asia and North America. 
Economic importance: forage. 

Secale L. 
Annuals and perennials. Distribution: Eastern Europe to Central Asia and 
one species in South Africa. Ploidy: 2x. Economic importance: grain and 
forage. 

Sitanion Rafin. 
Perennials. Distribution: North America. Ploidy: 4x. 

Taeniatherum Nevski 
Annuals. Distribution: Mediterranean area to Northwestern India. Ploidy: 
2X. 

Terrellia Lunell 
Perennials. Distribution: North America and Asia. 

Triticum L. 
Annuals. Distribution: Mediterranean area and Western Asia, cultivars 
worldwide. Ploidy: 2x, 4x and 6x. Economic importance: grain. 

Several of the genera may in reality be merged into larger groups. The genera 
Agropyron, Elymus, Sitanion and possibly Elytrigia could be grouped together 
with subdivisions based on the possession of a common genome (Sakamoto, 
1973). Baum (1978a) suggests that Aneurolepidium, Clinelymus, Leymus and 
Terrellia should be combined with Elymus. Critesion is probably cogeneric with 
Hordeum. Aegilops and Triticum have been combined by Bowden (1959). This 
combination reduces the number of genera in the Triticeae from 25 to 16 and it 
is not inconceivable that with further knowledge of interspecific and 
intergeneric genomic relationships, other current generic divisions may prove 
to be superficial. A recent concept of classification proposed by Love (1984) 
based on genomic relationships has much to commend it, especially as applied 
to the perennial members of the tribe by Dewey (1984). Unfortunately, the 
system requires considerable reorganization of the Aegilops-Triticum 
complex, involving the creation of several new genera which, however valid, is 
unlikely to be readily accepted. 

1.3 THE GOAT GRASSES, AEGILOPS L. 

Although the status of Aegilops as a separate genus has been disputed 
(Bowden, 1959; Morris and Sears, 1967), the incorporation of Aegilops into the 
genus Triticum has not been universally accepted, and studies and published 
literature before 1959 treated them as separate genera. The uniting of the two 
genera, although possibly correct from a taxonomic point of view, in practical 
terms creates more problems than it solves. One must continually translate the 
nomenclature, especially when referring to earlier studies. This translation is 
not made any easier by both generic and specific names often being changed, 
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and even the exponents of the change still find it necessary to include the 
Aegilops nomenclature in parentheses. 

Within the genus there have been several classifications published in the last 
50 years. With the exception of Bowden (1959) and Morris and Sears (1967) 
there is reasonable agreement with few differences of nomenclature apart from 
the minor uniting or dividing of species (Zhukovsky, 1928; Eig, 1929; Kihara, 
1954; Mackey, 1968; Kihara and Tanaka, 1970). In this chapter the genus 
Aegilops L. will be retained and the classification and nomenclature of Kihara 
and Tanaka (1970), with the addition ofAe. searsii (Feldman and Kislev, 1977), 
will be used (Table 1.1). 

The genus consists of wild annual grasses and is distributed in areas with a 
Mediterranean-type climate, from the Canary Islands in the west, along the 

TABLE 1.1 A classification of the genus Aegilops L., following Kihara and Tanaka 
(1970) 

Section 

Polyeides 

Species Genome Synonyms* 
Formula 

Ae. umbellulata U 
Zhuk. 
A e. ovata L. UM0 

Ae. triaristata UM1 

Willd. 4 X 

Ae. triaristata UM1Mi 
Willd. 6x 
Ae. columnaris UM< 
Zhuk. 

A e. biuncialis Vis. UMb 

Triticum umbellulatum (Zhuk.) 
Bowden. 
T. ovatum (L.) Raspail. , 
A e. echinum Godr., 
Ae. fausii Sennen., 
A e. geniculata Roth., 
A e. neglecta Req., 
Ae. divaricata J odr. and F ourr. , 
A e. eratica Jodr. and Fourr., 
A e. erigens Jodr. and Fourr., 
A e. microstachys Jodr. and Fourr., 
A e. parvula Jodr. and Fourr., 
A e. procera Jodr. and Fourr., 
Ae. publiglumis Jodr. and Fourr., 
A e. sicula Jodr. and Fourr., 
A e. nigricans Jodr. and Fourr., 
Ae. virescens Jodr. and Fourr. 
T. triaristatum (Willd.) 
Godr. andGren.,Ae. neglectaReq. 
T. triaristatum (Willd.) Godr. and 
Gren., A e. recta (Zhuk.) Chenn. 
T. columnare (Zhuk.) Morris and 
Sears, A e. mixta Sennen., 
A e. neglecta Req., Phleum 
aegilops Scopoli. 
T. machrochaetum (Shuttl. and 
Huet.) Richter, T. lorentii (Hochst.) 
Zeven, T. biunciale Richter, 
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TABLE 1.1 Continued 

Section Species Genome Synonyms* 
Formula 

A e. variabilis Eig usv 

A e. triuncialis L. uc 

Cylindropyrum Ae. caudata L. c 

Ae. cylindrica CD 
Host. 

Comopyrum A e. comosa Sibth. M 
and Sm. 

A e. uniaristata Vis. Mu 

Ambylopyrum A e. mutica Boiss. Mt 

Sitopsis Ae. speltoides S 
Tausch 

Ae. machrochaetum 
Shutt!. and Huet., A e. lorentii 
Hochst. ,Ae. ovatavar. biuncialis Vis. 
T. kotschyi (Boiss.) Bowden, 
T. triunciale Godr. and Oren. var. 
kotschyi, Achers., T. perigrinum 
Hackel, A e. triuncialis ssp. 
kotschyi, Boiss., A e. triuncialis L. 
ssp. brachyathera Boiss., 
A e. triuncialis L. var. leptostachya 
Bor., A e. caudata var. polyathera 
Post., A e. kotschyi Boiss., 
A e. perigrina (Hack.) Mairs and 
Weill.,Ae. geniculataFig. and Not. 
T. triunciale (L.) Raspail., 
A e. bushirica Rosh., A e. croatica 
Gdrg., A e. echinata Pres!., 
A e. elongata Lamarck, Ae. persica 
Boiss. 

T. dichasians (Zhuk.) Bowden, 
T. caudatum (L.) Godr. x Oren. 
T. cylindricum Ces., Pass. and 
Gib., A e. caudata L. var. 
cylindricum Fiori., A e. nova Win. 

T. comosum (Sibth. and Sm.) 
Richter, A e. heldreichii Holzm. 
A e. turcica Azn., A e. connata 
Steud., A e. ambigua Haussk. 
T. uniaristatum (Vis.) Richter, 
Ae. notarisii Clem. 

T. tripsacoides (Jaub. and Spach.) 
Bowden, T. muticum (Boiss.) 
Hackel, T. emarginatum Godr., 
Ae. tripsacoides Jaub. and Spach. 
Ae.loliaceaJaub. andSpach. 

T. speltoides (Tausch) Oren. 
ex Richter, A e. aucheri Boiss. 
A e. ligustica (Savign.) Cosson, 
A e. agropyroides Godr. 
Ae. macuraJaub. andSpach., 
A e. tournefortii Savign., 
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TABLE 1.1 Continued 

Section Species Genome Synonyms* 
Formula 

T. ligusticum Bert., T. obtusatum 
Godr., Agropyron ligusticum 
Savign 

Ae. longissima si T. longissimum (Schweinf. and 
Schweinf. and Musch!.) Bowden 
Musch!. including 
A e. sharonensis Eig. 
A e. bicornis (Forsk.) sb T. bicorne Forsk. 
Jaub. andSpach. 
Ae. searsii ss T. searsii Feld. and Kis. 
Feld. and Kis. 

Vertebrata A e. squarrosa L. D T. tauschii (Cos son) Schmal. , 
T. aegilops P. Beauv. ex R. and S. 
T. squarrosum Raspail., 
A e. tauschii Casson 

Ae. crassa DMcr T. crass urn (Boiss.) Aitch. 
Boiss. 4 x andHemsl. 
Ae. crassa DDzMcr T. eras sum (Boiss.) Aitch. 
Boiss. 6 x andHemsl. 
Ae. vavilovii DMc'SP T. syriacum Bowden; A e. crassa 
(Zhuk.) Chenn. ssp. palaestrina Eig, A e. crass a 

ssp. vavilovil Skuk. 
A e. ventricosa Tausch DMV T. ventricosum Ces., Pass. and 
Tausch. Gib., T. fragile (Parlat.) Ces., 

Pass. and Gib., A e. fragilis 
Par lat., Ae. subulata Po mel. 

A e. juvenalis DMiU T. juvenale Theil., T. turco-
(Theil.) Eig manicum (Rosh.) Bowden, 

Ae. turcomanica Rosh. 

• Alternative names for either a whole species or a subdivision of a species. 

northern and southern Mediterranean regions, through the northern Middle 
East and the Balkans to Transcaucasia, Afghanistan and western China. The 
full easterly spread of the genus is not yet defined, but Ae. squarrosa has been 
found widely in the Yellow River and Yils River areas of Chinghai-Tibetan 
China (Jingyi, 1980; Yen et al., 19R3). It includes diploid, tetraploid and 
hexaploid species. 

1.3.1 Genome relationships in Aegilops 

Kihara (1954), as a result of investigations based upon interspecific crosses, 
recognized nine diploid (2n = 2x = 14) analyser species: Ae. caudata, Ae. 
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umbellulata, Ae. comosa, Ae. unzanstata, Ae. mutica, Ae. squarrosa, Ae. 
bicornis, Ae. longissima and Ae. speltoides (Fig. 1.2). These diploids were 
divided into three groups: 

1. The C genome group; Ae. caudata CC and Ae. umbellulata UU (Cucu). 
2. TheM genome group: Ae. comosa MM, Ae. uniaristata MuMu, Ae. mutica 

MtMt and Ae. squarrosa DD. 
3. The S genome group; Ae. speltoides SS, Ae. bicornis SbSb and Ae. 

longissima S1S1• 

In group 1 Kihara gave A e. umbellulata the genome symbol cu, indicating 
a close relationship to the C genome of Ae. caudata. The level of pairing 
in his hybrid between these species did not fully support this. However, the 
evidence of other workers at that time that Ae. triunicialis cccucu is nearly 
autotetraploid led him to this conclusion. Recent results have shown that the 
C and C" genomes are in fact distinct (Kimber and Abu Baker, 1981; Miller, 
1981). It has therefore been proposed that the genome symbol of the Ae. 
umbellulata be changed to U, and this nomenclature is used here. 

In group 2, Ae. comosa MM and Ae. uniaristata M"M" form a distinct 
subgroup, as does Ae. squarrosa DD. Aegilops mutica MtMt, as suggested by 
Chennaveeraiah (1960), might more properly be classified with the S genome 
species of group 3. These form a distinct and closely related group to which the 
recently distinguished species Ae. searsii S'S' should be added. 

Kimber, Pignone and Sallee (1983) proposed that the genome symbol of 
Ae. uniaristata be changed from Mu to Un, as their studies had shown that 
relationship to the M genome of Ae. comosa was not as close as the symbols 
suggested. The choice of the symbol Un was unfortunate, as it could be 
confused with the U of Ae. umbellulata and might be thought to imply a close 
relationship with that genome. A change to the symbol N as proposed by 
Chennaveeraiah (1960) and Teoh and Hutchinson (1983) would involve less 
risk of confusion. However, Tanaka (1985) has produced evidence of a close 
relationship between the M and M" genomes and, therefore, a change of 
symbol at present would seem unwise. 

All polyploid Aegilops species (Fig. 1.2) are amphiploids resulting from 
combinations of the nine diploid analysers (Kihara, 1954). The polyploid 
species of the section Polyeides all share the U genome derived from Ae. 
umbellulata. This genome is combined with a modified M genome in A e. ovata 

Figure 1.2 Aegilops species representative ears. 1. Section Polyeides: Ae. umbellulata, 
Ae. ovata, Ae. triaristata, Ae. variabilis, Ae. triuncialis, Ae. biuncialis and 
A e. columnaris. 2. Section Cylindropyrum: A e. caudata and A e. cylindrica. 3. Section 
Comopyrum: Ae. comosa and Ae. uniaristata. 4. Section Sitopsis: Ae. speltoides, 
Ae. longissima, Ae. bicornis and Ae. searsii. 5. Section Amblyopyrum: Ae. mutica. 
6. Section Vertebrata: Ae. squarrosa, Ae. crassa, Ae. vavilovii, Ae. ventricosa and 
Ae. juvenalis. 
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UUM0 M0 , Ae. triaristata M1M\ Ae. columnaris UUMcMc and Ae. binucialis 
UUMbMb. Aegilops variabilis uusvsv is the result of combining the U genome 
with an S genome andAe. triuncialis UUCC combines the U genome with the C 
genome of Ae. caudata. Recent studies have shown that with more detailed 
investigation it may be necessary to distinguish differences between the U 
genomes in the polyploids (Miller, 1981). This could be indicated by the 
addition of superscript letters as applied to the M and S genomes. The 
hexaploid form of A e. triaristata appears to result from the addition of a second 
M type genome to the U and M1 genomes of the tetraploid form and is therefore 
assigned the formula UUM1M1MiMi. 

In the section Cylindropyrum Ae. cylindrica is a combination of the C 
genome of Ae. caudata and the D genome of Ae. squarrosa. 

In the section Vertebrata all the polyploid species contain a D genome 
derived from the diploid A e. squarrosa in combination with an M type genome. 
The hexaploid form of Ae. crassa was given the formula DDD2D2McrMcr 
(Kihara and Tanaka, 1970), but Chapman and Miller (1978) found little affinity 
between the two D genomes. Aegilops vavilovii, another hexaploid originally 
classified as a subspecies of Ae. crassa but raised to specific status by 
Chennaveeraiah (1960), combines aD and Mandan S genome in the formula 
DDMcrMcrSPSP (Kihara and Tanaka, 1970). The third hexaploid in this section, 
Ae. juvenalis, unites the U genome with the D and M genomes and has the 
formula DDMiMiUU. 

A problem with the simple model of amphiploidy proposed by Kihara arises 
from the difficulty of explaining why each group of polyploids has retained one 
virtually unaltered genome while acquiring a second or third genome that has 
become modified from those of the diploid analysers. This variation is clearly 
expressed by the genome symbols of the section Polyeides (Table 1.1), and is 
unlikely to be the result of primary amphiploids between A e. umbellulata and 
different MM genome diploids, as no such variation exists in the two present 
MM genome diploids. Zohary and Feldman (1961) proposed hybridization 
between a small number of primary amphiploids with one common, pivotal 
genome, thus conserving the common genome while allowing segregation 
within the others. They supported tl:·~ir proposal with evidence of 
hybridization between existing polyploids in the wild. 

From the present distributions it can be seen that, with a few exceptions, the 
distribution of the polyploid species encompasses that of their respective 
diploid progenitors (Figs. 1.3 and 1.4 and Kimber and Feldman, 1987). 
Aegilops columnaris UUMcMc does not today occur in the same area as an M 
genome diploid unless Ae. mutica M1M1 is included in theM genome group, as 
suggested by Kihara (1954). However, the present day separation is not great. 
Aegilops ventricosa DDMuMu presents a greater problem. Its present 
distribution is western Mediterranean, which is not too far removed from that 
of the two M genome diploids, A e. comas a MM and A e. uniaristata MuMu, but 
Ae. squarrosa DD is not found further west than eastern Asia Minor. 
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The evolution of polyploidy in the genus Aegilops appears to have conferred 
considerable adaptive advantage. From the distribution maps (Figs 1.3 and 1.4) 
it can be seen that many of the polyploids have a wider distribution than that of 
their diploid progenitors; also the distribution of the genus as a whole is much 
wider than that of the diploid species alone. 

Ae. umbellulata Ae. caudata 

Ae. uniaristata 

A e. spel toides 

Ae. longissima 

0 
Ae. searsii 

Figure 1.3 Generalized distributions of the diploid Aegilops species. 



Ae. vavilovii 

Ae. juvenalis 

Figure 1.4 Generalized distributions of the polyploid Aegilops species. 
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1.4 THE RYES, SECALE L. 

The genus Secale contains wild perennial diploids, wild and cultivated annual 
diploids and a few synthetic autotetraploid cultivars. 

S. montanum Guss. (2n = 2x = 14), a perennial highly polymorphic form 
widely distributed from the Middle Atlas mountains of Morocco and the 
Sierra Nevada mountains of Spain to Iraq. The following forms, given 
specific status by some authors, are included in this species. 

S. dalmaticum Vis., an isolated population from within the walls of the 
St Johannis fortress, Kotor, Jugoslavia. 

S. ciliataglume (Boiss.) Gross h., an isolated weedy population with 
pubescent culms from near Mardin, Turkey. 

S. daralgesii Thurn., a weedy form with non-fragile rachis from Armenia. 
S. kuprijanovii Grossh., a broad-leaved form from high meadows of the 

mountains of the Caucasus. 
S. anatolicum Boiss. (2n = 2x = 14), a perennial highly polymorphic weedy 

form common throughout Turkey, western Iran and Iraq. 
S. africanum Stapf. (2n = 2x = 14), a perennial self-fertile, fine textured form 

from South Africa. 
S. cereale L. (2n = 2x = 14), annual cultivated rye plus a number of annual 

weedy forms which have been recognised by some authors as separate 
species. 

S. afghanicum (Vav.) Roshev., a common weed of cereal fields in eastern 
Iran and throughout Afghanistan. 

S. dighoricum (Vav.) Roshev., a weed of cereal fields of northern Ossetia. 
S. segetale (Zhuk.) Roshev., a polymorphic weed of cereal fields 

throughout eastern Europe and the Middle East. 
S. ancestrale Zhuk., a robust, small-seeded form with a fragile rachis from 

near Aydin, Turkey. 
S. turkestanicum Bensin., a self-fertile form of central Asia and 

Transcaucasia. 
S. vavilovii Grossh. (2n = 2x = 14), a short, annual self-fertile psammophyte 

with a fragile rachis, common to the lower slopes of Mt. Ararat and along the 
Araxis River. 

S. silvestre Host. (S. fragile M.B., S. campestre Kit. and Schult.) 
(2n = 2x = 14), short annual psammophyte with a fragile rachis widely 
distributed from central Hungary eastward throughout the steppes of 
southern Russia to Iran. This species is distinguished from the above species 
by the presence of an awn on the outer glume. 

S. iranicum Kobyl. (2n = 2x = 14), a short, self-fertile annual form with a 
fragile rachis and an awn on the glume like S. silvestre. 

Several workers have attempted to explain the phylogeny of the genus, 
mostly on the basis of chromosomal translocation differences (Kush and 
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Stebbins, 1961; Rozmus, 1967; Stutz, 1972). The perennial species S. 
montanum, S. anatolicum and S. africanum differ from S. cereale by two 
translocations involving three pairs of chromosomes (Riley, 1955; Stutz, 1957; 
Heemert and Sybenga, 1972). The genomes of S. montanum and S. cereale 
have also been found to be non-homologous (Riley and Miller, 1970). Secale 
silvestre also differs from S. cereale by the same translocations as the perennials 
(Stutz, 1972). Secale iranicum differs from the perennial species by a single 
translocation (Kobylanskii, 1975). There has been some disagreement over the 
translocation status of S. vavilovii, which may have been the result of mis
classification. However, according to Stutz (1972), who studied several 
accessions, S. vavilovii has the same chromosome arrangement asS. cereale. 

It is generally accepted that S. montanum and S. silvestre are ancient species. 
Stutz (1972) proposed that S. silvestre had evolved from the S. montanum 
complex, S. vavilovii then evolved from S. silvestre with the acquisition of the 
translocations, and S. cereale then arose as a result of polymorphic inter
crossing among the annual weedy forms and possibly the perennial forms. 

The discovery of S. iranicum, which according to Kobylanskii (1975) is 
probably the result of hybridization between S. montanum and S. silvestre, 
makes it necessary to reassess the phylogeny of the ryes. As S. iranicum is 
morphologically similar to S. vavilovii it is possible that it is its immediate 
ancestor. Therefore, the following scheme is suggested for the origin of 
cultivated rye (S. cereale): 

Perennials 

S. montanum 

\ 
\ 

(geographical 
isolation) 

\ 
\ 

\ 

/ 
S. africanum 

S. anatolicum 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

Annuals 

S. silvestre 

(plus translocation) 

I 
S. iranicum 

I 
(plus translocation) 

I 
'-.... ...._ \, S. vavi/ovii .......... j .............. 

..... ~ 

S. cereale 

1.5 THE WHEATS, TRITICUM L. 

The wheats (Triticum spp. ), like the genus Aegilops, form a polyploid 
series with diploid (2n = 2x = 14), tetraploid (2n = 4x = 28) and hexaploid 
(2n = 6x = 42) forms. In common with the rest of the Triticeae, they suffer 
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TABLE 1.2 Comparison of recent classifications of the genus Triticum L., arranged so 

Jakubziner (1959) 

Diploidea 
T. urartuTum. 
T. boeoticum Boiss. 

T. monococcum L. 

Tetraploidea 
T. dicoccoides (Kom) 
Schoen. 
T. dicoccum Schiibl. 

T. paleocolchicum Men. 
T. carthlicum Nevski 
T. turgidum L. 

T. polonicum L. 

T. durumDesf. 

T. aethiopicum Jakubz. 
T. turanicumJakubz. 

T. araraticum Jakubz. 

T. timopheevi Zhuk. 

Hexaploidea 
T. zhukovskyi Men. and Er. 

T. speltaL. 

T. macha Dek. and Men. 
T. vavilovi J akubz. 
T. compactum Host. 
T. sphaerococcum Perc. 
T. aestivum L. 

Bowden (1959) 

Diploids 

T. monococcum L. 

Allopolyploids 
T. turgidum (L.) Bowden 
var. dicoccoides 
cv. group dicoccon 

cv. group palaeocolchicum 
cv. group carthlicum 
cv. group turgidum 

cv. group polonicum 

cv. group durum 

cv. group aethiopicum 
cv. group turanicum 

var. tumanianii (J akubz.) 
Bowden 
var. timopheevi (Zhuk.) 
Bowden f. timopheevi 

var. timopheevi (Zhuk.) 
Bowden f. zhukovskyi 

T. x aestivum (L.) Bowden 
cv. groupspelta 
cv. group macha 
cv. group vavilovii 
cv. groupcompactum 
cv. group sphaerococcum 
cv. group aestivum 

Morris and Sears (1967) 

Diploids 

T. monococcum L. 

Allopolyploids 
T. turgidum L. 
var. dicoccoides 
cv. group dicoccon 

cv. group carthlicum 
cv. group turgidum 

cv. group polonicum 

cv. group durum 

T. timopheevi (Zhuk.) 
Zhuk. var. timopheevi 

var. zhukovskyi 
(Men. andEr.) 
Morris and Sears 
T. aestivumn L. em Theil. 
cv. groupspelta 

cv. group vavilovii 
cv. group compactum 
cv. group sphaerococcum 
cv. group aestivum 
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Mackey (1966) 

Monococca Flaub. 

T. monococcum L. 
ssp. boeoticum (Boiss.) Mk. 
T. monococcum L. 
ssp. monococcum 

Dicoccoidea Flaksb. 
T. turgidum (L.) Thell. 
ssp. dicoccoides (Korn) Thell. 
ssp. dicoccum (Schrank) Thell. 

ssp. paleocolchicum (Men.) Mk. 
ssp. carthlicum (Nevski) Mk. 
ssp. turgidumconv. turgidum 

ssp. turgidum conv. polonicum 
(L.)Mk. 
ssp. turgidumconv. durum 
Desf.Mk. 

ssp. turgidum conv. turanicum 
(Jakubz.) Mk. 
T. timopheevi Zhuk. 
ssp. araraticum (Jakubz.) Mk. 
ssp. timopheevi 

Speltoidea Flask b. 
T. zhukovskyiMen. andEr. 

T. aestivum (L.) Thell. 
ssp. spelta (L.) Thell. 
ssp. macha (Dek. and Men.) Mk. 
ssp. vavilovi (Vill.) Mk. 
ssp. compactum (Host.) Mk. 
ssp. sphaerococcum (Perc.) Mk. 
ssp. vulgare (Vill.) Mk. 

Dorofeev and Korovina (1979) 

T. urartu Tum. 
T. boeoticum Boiss. 

T. monococcum L. 
T. sinskajae A. Filat. and Kurk. 

T. dicoccoides (Korn) 

T.dicoccum (Schrank) 
T. isaphanicum Heslot 
T. karamyscheviiNevski 
T. carthlicum Nevski 
T. turgidum L. 
T. jakub zinieri U dacz. and Schachm. 
T. polonicum L. 

T. durum Desf. 

T. aethiopicumJakubz. 
T. turanicumJakubz. 

T. ararativumJakubz. 

T. timopheevi Zhuk. 
T. militinae Zhuk. and Migusch. 

T. zhukovskyi Men. and Er. 

T. speltaL. 
T. macha Dek. and Men. 
T. vavilovi (Tum.) Jakubz. 
T. compactum Host. 
T. sphaerococcum Perc. 
T. aestivum L. 
T. petropavlovskyi Udacz. and Migusch. 

17 
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from a confusion of nomenclature and classification. Percival (1921) wrote 
'The nomenclature of wheats in all countries is in hopeless confusion; the same 
form is frequently found under many different names; totally different forms 
are often given the same name. The trouble is not modern, for medieval names 
for the same form of wheat are abundant: it has, however, increased in recent 
times, and there is no prospect that it will ever cease'. Fifty years later the 
problem is still with us. The more recent major classifications are compared in 
Table 1.2. Unfortunately, none has been universally accepted. The 
classification of Mackey (1966) has been widely used, but although soundly 
based on genetic conceptions it is cumbersome, particularly at the tetraploid 
level. 

An uncomplicated and practical nomenclature is needed, which leaves little 
doubt about the form named and which can easily be related to earlier data 
without the need for excessive translation. As stated earlier, the genus Triticum 
will not, therefore, be combined here with the genus Aegilops. The following 
nomenclature for the wheats is therefore given as a practical scheme; although 
not taxonomically based, and undoubtedly not obeying the rules of nomen
clature, it goes some way towards simplifying the problem. 

Diploids 

Tetraploids 

Hexaploids 

T. urartu Tum. 
T. boeoticum Boiss. spp. aegilopoides 

spp. thaoudar 
T. monococcum L. 
T. sinskajae A. Pilat. and Kurk. 

T. dicoccoides (Korn) Schweinf. 
T. dicoccum (Schrank.) Schulb. 
T. paleocolchicum Men. 
T. carthlicum Ncvski 
T. turgidum L. 
T. polonicum L. 
T. durum Desf. 
T. turanicum J akubz. 
T. araraticum Jakubz. 
T. timopheevi Zhuk. 
T. militinae Zhuk. and Migusch. 

T. spelta L. 
T. vavilovi (Tum.) Jakubz. 
T. macha Dek. and Men. 
T. sphaerococcum Perc. 
T. compactum Host. 
T. aestivum L. 
T. zhukovskyiMen. andEr. 

genome formula 

AA 
AA 
AA 
AA 
AA 

AABB 
AABB 
AABB 
AABB 
AABB 
AABB 
AABB 
AABB 
AAGG 
AAGG 
AAGG 

AABBDD 
AABBDD 
AABBDD 
AABBDD 
AABBDD 
AABBDD 
AAAAGG 
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As a general principle the wheats are given single 'specific' names, which 
have been widely applied to accepted distinct forms. 

The wild diploid wheats are separated into the species T. urartu and 
T. boeoticum. The T. boeoticum diploids form two races or ecotypes: those 
with a single fertile floret in each spikelet and those with two fertile florets. 
It is therefore convenient to have a separate name for each form. The single
seeded form becomes T. boeoticum spp. aegilopoides and the double-seeded 
form T. boeoticum spp. thaoudar. These could be shottened toT. aegilopoides 
and T. thaoudar without creating confusion. 

As in the classification of Dorofeev and Korovina (1979) T. sinskajae is 
separated from the major cultivated diploid T. monococcum. 

The diploid wheats comprise a single genomic group with the genome 
formula AA. This basic genome is also common to all the polyploid wheats. 
The wild diploid species T. boeoticum and T. urartu, although existing in the 
same geographical area (Fig. 1.5), are isolated genetically by the sterility of 
their hybrids (Johnson and Dhaliwal, 1976), and can distinguished on 
isoenzyme (Jaaska and Jaaska, 1980; Belea and Fejer, 1980) and seed storage 
protein differences (Caldwell and Kasarda, 1978). The cultivated, less fragile 
T. monococcum probably resuits from artificial selection of a more suitable 
form for cultivation. As it matches T. boeoticum rather than T. urartu in 
isoenzymes and storage proteins and has only a single fertile floret to each 
spikelet, its progenitor was almost certainly the single-seeded T. boeoticum 
ssp. aegilopoides. The recently recognized cultivated form from Daghestan, 
T. sinskajae, is probably a mutant form selected for its free-threshing 
charact~ristics. 

The tetraploid emmer wheats are divided into two groups, those with the 
genome formula AABB and those with the genome formula AAGG. Within 

T boeoticum 

: .•• I 

T dicoccoides T araraticum 

Figure 1.5 Generalized distributions of the wild wheats. 



20 Systematics and evolution 

each group the major recognized forms are given specific names based on 
names that are widely used and understood. A few minor forms have been 
incorporated into these divisions: T. aethiopicum Jakubz., a group of free
threshing emmers from Ethiopia, is included in T. durum; T. pyramidale Perc., 
the Egyptian cone wheat, is included in T. turgidum; T. ispahanicum Heslot, a 
form with long narrow glumes classified by Kihara, Yamashita and Tanaka 
(1956) as T. polonicum, is incorporated into T. dicoccum. Triticum militinae 
Shuk. and Mugusch., a free-threshing mutant evolved from T. timopheevi 
(Dorofeev, 1972), is given specific status. Both genomic groups have wild 
forms, T. dicoccoides AABB and T. araraticum AAGG. These two wild 
emmer wheats, although morphologically similar and with geographical 
distributions that overlap (Fig. 1.5), are genetically isolated by the infertility of 
hybrids between them. 

1.5.1 The origin of the Band G genomes 

The origin of the B and G genomes has been the subject of considerable 
speculation and investigation and still remains largely unsolved. McFadden 
and Sears (1946) proposed Agropyron triticeum (Eremopyron triticeum) as 
the source of the B genome. Later Sears (1956) suggested it came from 
Ae. bicornis. Pathak (1940), Sakar and Stebbins (1956) and Riley, Unrau and 
Chapman (1958) put forward the widely accepted theory that Ae. speltoides 
was the donor. Johnson (1975) proposed autotetraploidy with T. urartu as the 
source of the second genome. The case for autotetraploidy was not, however, 
upheld by chromosome pairing studies (Chapman, Miller and Riley, 1976; 
Dvorak, 1976). The latest candidate proposed by Feldman (1978) is the 
recently recognized Ae. searsii. 

Recently a considerable amount of experimental evidence has accumulated 
against A e. speltoides, in its present form, as a candidate for the origin of the B 
genome. Chromosome banding (Shands and Kimber, 1973; Hadlaczky and 
Belea, 1975), in situ hybridization (Gerlach et al., 1978), isoenzyme studies 
(Be lea and Fejer, 1980) and chromosome-pairing studies (Kimber and Athwal, 
1972) have all failed to match Ae. speltoides to the B genome. On the other 
hand, cytoplasmic studies point to Ae. speltoides being the donor of the 
cytoplasm of the AABB and the AAGG tetraploids (for a review see 
Tsunewaki, Mukai and Endo, 1980). 

Several possibilities exist for the origin of the B genome: the original donor 
may now be extinct, the donor may be a yet-undiscovered diploid species, the 
genome may be derived from more than one source, or a rearrangement of the 
DNA may have occurred since its incorporation into the tetraploid. A mixed 
origin is possible if two or more allotetraploids, each with a common A 
genome, hybridized and the resulting rearrangement and reassortment of the 
second genomes gave rise to the B genome (Zohary and Feldman, 1961). 
More recent studies have shown that chromosomes exist within the Sitopsis 
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section of Aegilops which are preferentially transmitted, and are therefore 
always retained in the chromosome complement (Maan, 1975; Miller, 
Hutchinson and Chapman, 1982). These chromosomes could enhance the 
chance of obtaining a mixed genome. 

The AAGG tetraploids had long been thought to have a second genome 
differing from the B genome. Wagenaar ( 1961) proposed that the chromosome 
asynapsis observed in hybrids between the AAGG tetraploids and hexaploid 
wheat, AABBDD, was due to a genetic mechanism and not a genomic 
difference. This asynapsis has, however, been shown to be largely between the 
B and G genomes and not between the A genomes (Feldman, 1966; Miller, 
unpublished), thus supporting the idea of differing second genomes. Shands 
and Kimber (1973) proposed Ae. speltoides as the donor of the G genome on 
the basis of chromosome pairing. This has been supported by cytoplasmic 
studies (Tsunewaki, Mukai and Endo, 1980), by seed protein studies (Caldwell 
and Kasarda, 1978) but only partially by chromosome-banding studies (Gill 
and Kimber, 1974). The chromosome-banding pattern of Ae. speltoides is not 
identical with that of the G genome, but the similarity is greater than that 
between Ae. speltoides and the B genome. It seems that the G genome is very 
similar to the S genome of A e. speltoides; however, the alternatives that apply 
to the B genome donor also apply to the donor of the G genome. 

Electrophoretic studies have shown that the A genomes of the two tetraploid 
groups are not identical, especially with regard to isoenzymes. The AABB 
group show similarities to T. urartu, whereas the AAGG group show 
similarities to T. boeoticum and T. monococcum (Jaaska and Jaaska, 1980; 
Caldwell and Kasarda, 1978; Gubareva et al., 1975). 

On current evidence it would appear that the wild allotetraploid emmer 
wheat T. dicoccoides AABB arose by amphiploidy between the wild diploid 
wheat T. urartu AA and an unknown diploid or diploids with genomes similar 
to those of the present members of the Sitopsis section of the Aegilops. 
Similarly, the wild allotetraploid emmer wheat T. araraticum AAGG is the 
result of amphiploidy between the wild diploid T. boeoticum AA and a diploid 
or diploids with genomes very close to that of the present Ae. speltoides 
(Fig. 1.6). The cultivated diploid T. monococcum AA is unlikely to have 
been the A genome donor because the archaeological data, although not 
comprehensive, show no evidence of its existence before the tetraploids. 

A major factor in the successful establishment of both groups of tetraploids 
must have been the acquisition of the diploidizing mechanism which restricts 
chromosome pairing to homologous chromosomes within each genome (see 
Section 7.6.2). On the evidence of current archaeological finds, tetraploid 
wheats were established by 8000 sc (Van Zeist, 1972; Van Zeist and Bakker
Heeres, 1979; Helbaek, 1969; Hopf, 1969; Hillman, 1975; Mellaart, 1975) 
or possibly even by 10 000 sc (Dennell, 1973a, b). Triticum dicoccum was 
probably the first cultivated wheat (see Chapter 2), but may have arisen in the 
wild and become established as a result of husbandry and artificial selection of 
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Figure 1.6 The evolution of the polyploid wheats from current evidence. 

naturally occurring stands of wild wheat. The other cultivated tetraploids have 
evolved from the initial cultivated form by selection of a series of modifications 
to the current free-threshing non-fragile forms, such as the widely cultivated 
Macaroni wheat, T. durum. 

Triticum carthlicum is a free-threshing wheat like the hexaploids T. aestivum, 
T. compactum and T. sphaerococcum, and was thought to have acquired this 
character by introgression from the hexaploid T. aestivum (Morris and Sears, 
1967; Kuckuck, 1979). According to Kuckuck, this resulted from hybridiz
ation between T. dicoccum and T. aestivum var. carthlicoides, a form with ear 
characteristics very like T. carthlicum. However, Muramatsu (1986) has shown 
that other tetraploid wheats, in particular T. durum, also contain the gene Q, 
which produces the free-threshing square-headed phenotype. This indicates 
that the character probably arose at the tetraploid level ( cf. T. militinae). 

Triticum paleocolchicum is a non-free-threshing form similar toT. dicoccum 
but with a broad compact ear, and is only found mixed with the hexaploid 
T. macha. Triticum macha also has a similar ear morphology, and it is 
probable that T. paleocolchicum arose from T. dicoccum as a result of strong 
selection for this type of ear within these populations. 

The cultivated AAGG tetraploid, T. timopheevi, must have arisen from 
T. araraticum in a similar way to that by which T. dicoccum arose from 
T. dicoccoides. Triticum militinae, which arose as a single plant in a popu
lation of T. timopheevi, may be a mutant with free-threshing qualities like 
T. carthlicum and the free-threshing hexaploids (Dorofeev, 1972). 
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1.5.2 The origin of the hexaploid wheats 

The hexaploid wheats ai'e of two types: the major group with the formula 
AABBDD and a single hexaploid, T. zhukovskyi AAAAGG. 

Triticum zhukovskyi was isolated from mixed cultivated populations of 
T. monococcum and T. timopheevi, and is certainly an amphiploid of these 
two species (Upadhya and Swaminathan, 1963, 1965). 

The AABBDD hexaploids are the result of amphiploidy between an AABB 
tetraploid and the D genome diploid Ae. squarrosa. Aegilops squarrosa was 
first proposed as the donor of the third genome by Pathak (1940) and this was 
confirmed by McFadden and Sears (1946) and Riley and Chapman (1960). The 
hexaploids are all cultivated wheats- no wild forms exist. It is therefore likely 
that they arose in cultivation. The presence of A e. squarrosa as a common weed 
of wheat fields in Transcaucasia and the Middle East supports this hypothesis. 
Archaeological evidence indicates that hexaploid wheat was established by 
c. 7000 BC (Hillman, 1972). 

The principal differences between the hexaploid forms are due to single 
genes, with the possible exception that T. vavilovi may differ by two genes 
(Singh, Anderson and Pal, 1957; Okamoto, 1962; Unrau, 1950; Sears, 1947). 
These genes are: q (the speltoid gene) and its dominant allele Q (which confers 
free-threshing grain and a tough rachis) on chromosome SA; c and its dominant 
compact-ear producing allele C on chromosome 2D; S and its recessive 
spherical-grain producing alleles on chromosome 3D; and Von chromosome 
SA of T. vavilovi. The hexaploid forms are thus characterized as follows 
(Swaminathan and Rao, 1961): 

T. spelta qq cc ss 
T. macha qq cc ss 
T. compactum QQ cc ss 
T. aestivum QQ cc ss 
T. sphaerococcum QQ cc ss 

As neither C nor s has been found in Ae. squarrosa, neither T. compactum 
nor T. sphaerococcum can have been the first hexaploid. Triticum aestivum can 
also be excluded, as none of the tetraploid wheats cultivated by the ancient 
farmers of the Near East has the phenotype produced by QQ. As stated earlier, 
the only tetraploid carrying QQ is believed to have arisen as a result of 
introgression from hexaploid wheat. 

This leaves the spelt forms, T. spelta, T. macha and T. vavilovi. The last of 
these has only a restricted cultivation in Armenia and is probably a variant of 
T. spelta. Triticum macha, although possessing CC and with a limited distri
bution in recent times, is a polymorphic species and was much more widely 
distributed in prehistoric times (Dorofeev, 1972). Menabdye (Dorofeev, 1972) 
therefore suggested T. macha as the primitive hexaploid which gave rise to 
the other spelt forms. Kuckuck (1964) suggested that the polymorphism of 
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the spelt group, including T. macha, indicated numerous independent 
syntheses involving different tetraploid forms. This hypothesis would help 
to explain the diversity of genotypes found in hexaploid wheats. However, 
strong evidence favours T. dicoccum as the tetraploid parent. The present 
forms of T. dicoccoides lack certain genes which are present in the AB 
genomes of hexaploid wheats (Kihara and Tsunewaki, 1963) and the free
threshing tetraploids are probably of more recent origin. Furthermore, 
hexaploid wheat has cytoplasm more closely resembling that of Ae. speltoides 
than that of Ae. squarrosa, suggesting that the tetraploid wheat was the female 
parent (Tsunewaki, Mukai and Endo, 1980). 

In order to have been successfully selected the initial hexaploid must have 
arisen under cultivation; a single T. dicoccoides x Ae. squarrosa amphiploid 
occurring in the wild would have stood little chance of discovery and selection. 

It would thus seem that hexaploid wheat arose under cultivated conditions as 
a result of amphiploidy between T. dicoccum AABB and Ae. squarrosa DD 
(McFadden and Sears, 1946; Sears, 1976). The free-threshing, compact-eared 
and spherical-grained forms arose later as a result of mutations. 

1.5.3 Morphology and geographical distribution of Triticum species 

THE DIPLOID WHEATS (Figl.7) 

T. urartu Tum. (2n = 2x = 14, AA), wild einkorn or small spelt wheat. A wild 
wheat with fragile, awned ears with two fertile florets per spikelet. Endemic 
in eastern Turkey, Syria, Iraq, western Iran and Transcaucasia. 

T. boeoticum Boiss. (2n = 2x = 14), wild einkorn or small spelt wheat 
(T. monococcum L. ssp. boeoticum (Boiss.) Mk., T. spontaneum Flaskb., 
Crithodium aegilopoides Link.). A wild wheat with fragile awned ears. 

ssp. aegilopoides (T. aegilopoides (Link.) Bal.) with a single fertile floret 
and usually a single awn to each spikelet. 

ssp. thaoudar (T. thaoudar Reut.) with two fertile florets and usually two 
awns per spikelet. Endemic in south east Europe, Asia Minor and from 
the eastern Mediterranean to Transcaucasia and western Iran. 

T. monococcum L. (2n = 2x = 14, AA), cultivated einkorn or small spelt 
wheat (T. monococcum L. ssp. monococcum, Nivieria monococcum Ser.). 
A cultivated wheat resembling the wild diploids, but the ears are broader 

Figure 1.7 Triticum species representative ears. 1. Diploid wheats: T. urartu, 
T. boeoticum ssp. thaoudar, T. boeoticum ssp. aegilopoides, T. monococcum and 
T. sinskajae. 2. Triticum timopheevi group wheats: T. araraticum, T. timopheevi, 
T. militinae and T. zhukovskyi. 3. Tetraploid AABB genome wheats: T. dicoccoides, 
T. dicoccum, T. paleocolchicum, T. turanicum, T. polonicum, T. turgidum, T. durum 
and T. carthlicum. 4. Hexaploid wheats: T. spelta, T. vavilovi, T. macha, 
T. compactum, T. sphaerococcum and T. aestivum. 
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and more dense with shorter awns. The ears are generally less fragile and 
have one fertile floret and usually a single awn per spikelet, although forms 
with two fertile florets do occur. 

T. sinskajae A. Filat and Kurk. (2n = 2x = 14, AA), cultivated einkorn or 
small spelt wheat. Very similar to T. monococcum but free-threshing; 
cultivated in Daghestan. 

THE TETRAPLOID WHEATS (Fig.l.7) 
T. dicoccoides (Korn) Schweinf. (2n = 4x = 28, AABB), wild emmer wheat 

(T. turgidum (L.) Theil. ssp. dicoccoides (Korn) Theil., T. vulgare Vill. var. 
dicoccoides Korn). A wild wheat with awned laterally compressed fragile 
ears. Endemic from Palestine through the Fertile Crescent to western Iran. 

T. dicoccum (Schrank.) Schubl. (2n = 4x -= 28, AABB), emmer wheat 
(T. turgidum (L.) Theil. ssp. dicoccum (Schrank) Schubl., T. dicoccum 
Schrank, T. farrum Bayle-Barelle, T. amyleum Seringe, T. zea Wagini, 
Spelta amylea Seringe, T. volgense (Flaskb.) Nevski, T. vulgare dicoccum 
Ale f., T. sativum dicoccum Hack., incl. T. ispahanicum Heslot). A culti
vated wheat with awned, often laterally compressed ears. The ears are less 
fragile than T. dicoccoides. 

T. paleocolchicum Men. (2n a:: 4x = 28, AABB) (T. turgidum (L.) Theil. ssp. 
paleocolchicum (Men.) Mk., T. dicoccum Schrank var. chvamlicum Supat., 
T. georgicum Dek.). A monomorphic cultivated wheat with a compact, 
laterally compressed awned ear with a zig-zag rachis found as admixture of 
T. macha in western Georgia. 

T. carthlicum Nevski (2n = 4x = 28, AABB), the Persian wheat (T. turgidum 
(L.) Theil. ssp. carthlicum (Nevski) Mk., T. persicum Vav., T. ibericum 
Men., T. paradoxum Parodii). A free-threshing cultivated wheat of 
Southern Transcaucasia, northeastern Turkey, northern Iraq and 
northwestern Iran. The ear is awned on both the lemma and the outer glume. 

T. turgidum L. (2n = 4x = 28, AABB) rivet or cone wheat (T. turgidum (L.) 
Theil. ssp. turgidum conv. turgidum. T. vulgare turgidum Alef., T. sativum 
turgidum Hackel incl. T. pyramidale Perc.). A cultivated wheat generally 
robust with parallel sided square section ears often with four or five fertile 
florets per spikelet. The ears are usually awned. 

T. polonicum (2n = 4x = 28, AABB) the Polish wheat. (T. turgidum (L.) 
Theil. ssp. turgidum conv. polonicum (L.) Mk., T. levissimum Haller, 
T. glaucum Moench, Gigachilon polonicum Seidl., De ina polonica Ale f.). 
According to Percival (1921) not grown in Poland before 1870, but of 
Mediterranean origin. A cultivated wheat characterized by large ears with 
long narrow empty glumes which extend beyond the rest of the spikelet. 

T. durum Desf. (2n = 4x = 28, AABB) the Macaroni wheat (T. turgid urn (L.) 
Theil. ssp. turgidum conv. durum (Desf.) Mk., T. vulgare durum Alef., 
T. sativum, and durum Pero., T. vulgare durum Alef., T. sativum durum 
Hackel., T. tesax, B. II., durum Asch. and Graes., T. alatum Peterm., incl. 
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T. aethiopicum Jakubz., T. turgidum ssp. abyssinicum Vav., T. abyssinicum 
Vav.). A widely cultivated wheat with square-section or laterally 
compressed ears which are usually awned. The grains generally have a hard, 
translucent, flinty endosperm. 

T. turanicum Jakubz: (2n = 4x = 28, AABB) the Khorasan wheat (T. 
turgidum (L.) Thell. ssp. turgidum conv. turanicum (Jakubz.) Mk., T. 
orientale Perc., T. percivalii). A cultivated wheat of central Asia and the 
northern Middle East. Characterized by a very lax ear with scabrid awns. 

T. araraticum Jakubz. (2n = 4x = 28, AAGG) wild emmer wheat (T. 
timopheevi Zhuk. ssp. araraticum (Jakubz.) Mk., T. dicoccoides ssp. 
armeniacum Jakubz., T. armeniacum Mak., T. montanum Mak., T. 
chaldicum Men.). A wild wheat distinguished from T. dicoccoides by 
differences in its second genome. En:iemic in northeastern Asia Minor, 
Transcaucasia, northern Iraq and western Iran, overlapping the distribution 
of T. dicoccoides. 

T. timopheevi Zhuk. (2n = 4x = 28, AAGG) (T. timopheevi Zhuk. ssp. 
timopheevi, T. dicoccum dicoccoides Korn. var. timopheevi Zhuk.). A 
cultivated wheat of western Georgia and possibly northeastern Turkey. 
Genomically the same as T. araraticum. The ears are wide, laterally 
compressed and awned. 

T. militinae Zhuk. and Migusch. (2n = 4x = 28, AAGG). A single specimen 
derivative of T. timopheevi, with short, wide, dense, black, free-threshing 
ears, with an extra awn on the outer glume. 

HEXAPLOID WHEATS (Fig.l.7) 

T. zhukovskyi Men. and Er. (2n = 6x = 42, AAAAGG). A cultivated wheat 
of the area of T. timopheevi cultivation of western Georgia. Distinguished 
from T. timopheevi by slightly longer and less compact ears. 

T. spelta L. (2n = 6x = 42, AABBDD) spelt of Dinkel wheat (T. aestivum 
(L.) Thell. ssp. spelta (L.) Thell., T. vulgare spelta Alef., T. sativum spelta 
Hackel, T. zea Host, Spelta vulgaris Seringe). A cultivated wheat with long 
lax fragile awned or awnless ears with tightly invested grains. 

T. vavilovi (Tum.) Jakubz. (2n = 6x = 42, AABBDD) (T. aestivum (L.) Thell 
ssp. vavilovi (Tum.) Sears). A cultivated spelt wheat of Armenia with 
branched (elongated rachilla) ears carrying short awns. 

T. macha Dek. and Men. (2n = 6x = 42, AABBDD) (T. aestivum (L.) Thell. 
ssp. macha (Dek. and Men.) Mk., T. tuballicum Dek., T. imereticumDek.). 
A polymorphic cultivated spelt wheat of western Georgia, with laterally 
compressed wide fragile ears, which may be awned or awnless. 

T. sphaerococcum Perc. (2n = 6x = 42, AABBDD). Indian dwarf or shot 
wheat. (T. aestivum (L.) Thell. ssp. sphaerococcum (Perc.) Mk.). A 
cultivated wheat of northwest India and parts of Iran. Characterized by short 
dense awned or awnless ears and small near hemispherical grains. 

T. compactum Host. (2n = 6x = 42, AABBDD) club wheat (T. aestivum (L.) 
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Thell. ssp. compactum (Host.) Mk., T. vulgare compactum Alef., T. sativum 
compactum Hackel, T. tenax, A II., compactum Asch. and Graeb. ). A free
threshing cultivated wheat with short uniformly dense, oblong or oval awned 
or awnless ears. 

T. aestivum L. (2n = 6x = 42, AABBDD) bread or common wheat (T. 
aestivum (L.) Theil ssp. vulgare (Vull.) Mk., T. vulgare Vill., T. vulgare 
Host., T. hybericum L., T. sativum Lamk., T. sativum Pers.). The most 
widely cultivated wheat today. 
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CHAPTER 2 

The history of wheat cultivation 

G. D. H. Bell 

2.1 THE EARLIEST EVIDENCE: ARCHAEOLOGY AND 
PALAEOETHNOBOTANY: NEOLITHIC AGRICULTURE 

There is wide agreement from the archaeological evidence that the earliest 
agriculture of the Old World was associated with the Fertile Crescent of the 
Near East. The basis of the farming was the rearing of sheep and goats, 
accompanied by the cultivation of barley and of einkorn and emmer wheats, 
which were the staple cereals. The dating of this period is considered to be 
between 9000 and 7000 BC (Murray, 1970) and the beginnings. of plant 
domestication around 8000 BC (Renfrew, 1973). These dates agree satis
factorily with the biological evidence concerning the origins of the cultivated 
forms, and the association of the distribution of the primitive cereals with the 
development of settled agriculture and the establishment of the earliest 
farming communities is generally accepted. However, it should be borne in 
mind that the area of the Near East concerned has been intensively studied 
archaeologically, and there are other ancient areas of settlement, as for 
example certain Asiatic sites from which the evidence has been largely lost 
(Murray, 1970). 

In his account of the evolution of wheat (Triticum spp.), its early history 
in domestication and cultivation, Feldman (1976) states categorically that 
the earliest domesticated wheats date to approximately 7500--6500 BC. He 
associates these with the prehistoric sites of the 'Fertile Crescent' consisting of 
the mountain chains flanking the plains of Mesopotamia and the Syrian desert 
and also with Anatolia and the Balkans. This association, as Feldman points 
out, is only natural as the fertile crescent is the centre of the geographical 
distribution of the wild progenitors of the cultivated wheats (see also Renfrew, 
1973). In this area the diploid wild Triticum boeoticum occurs naturally, as do 
the wild tetraploid emmers (T. dicoccoides and T. araraticum), but their 
distribution is less continuous. 

Feldman gives priority to Tell Mureybit as the earliest site at which the wild 
brittle rachis T. boeoticum occurs, and agrees that it was probably collected 
rather than farmed. He gives the date as the eighth millenium BC and refers 
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to Renfrew and Helbaek for palaeoethnobotanical data for this. Then at 
somewhat later dates at Ali Kosh (7500-6750 Be), Jarmo (c. 6750 Be), <;ayonii 
Tepesi (c. 7000 Be) and Hacilar (c.7000 Be), the brittle diploid wheat occurs 
with a non-brittle type which gradually surplants it. Thus cultivated einkorn 
(T. monococcum) appears to have become established. Towards the end of 
the seventh millenium BC it occurs in the southern Balkans whence it spread 
to central and western Europe and subsequently, in the Bronze and early 
Iron Ages, became widely distributed as cultivated einkorn in Europe and 
the Near East. 

Feldman asserts that the wild tetraploids T. timopheevi var. araraticum and 
T. turgid urn var. dicoccoides, cannot be distinguished morphologically and the 
carbonized grains, spikelets and clay impressions found at Jarmo and <;ayonii 
Tepesi could be referred to either form. However, significantly, araraticum 
gave rise to only a restricted number of non-brittle cultivated forms all of which 
are grown in Armenia and Transcaucasia, whereas dicoccoides gave rise to 
most cultivated tetraploid and hexaploid wheats. Feldman considers that cereal 
farming may have had its origin in areas adjacent to, rather than within, the 
regions where wild forms of wheat were most abundant, and it is well 
established that cultivated einkorn and emmer T. dicoccum rapidly spread to 
all farming areas of the Near East during the seventh millenium Be. In this way 
emmer became the most important cereal in the early farming areas in the Near 
East. It then spread from the lowlands of Mesopotamia to be taken into 
cultivation in Egypt, the Mediterranean basin, Europe, central Asia, India and 
Ethiopia over a period from the sixth to the fourth millenium BC. It maintained 
its position there as the dominant cereal until the first millenium BC, when it was 
replaced by the free-threshing tetraploid T. durum forms. 

Feldman considers that most of the other naked grain tetraploids are 
probably of more recent origin and that they were followed by the hexaploid 
T. aestivum forms. He agrees with Renfrew (1973) that T. aestivum var. 
compactum (club wheat) was first found at Tell Ramad in Syria (c. 7000 Be). 
However, forms identified as free-threshing hexaploids have also appeared at 
Tepe Sabz in Iranian Khuzistan, Tell es Sawwan in Iraq, <;atal Hiiyiik in 
Central Anatolia, Ha<;ilar in west-central Anatolia and at Knossos in Crete, all 
between 6000 and 5000 Be. Renfrew (1973) also refers to these, except 
Knossos, for identification of bread wheat, though in the case ofTepe Sabz she 
gives the identification as T. aestivum. 

As pointed out by Feldman, the three botanical forms of varieties of 
T. aestivum - aestivum, sphaerococcum and compactum - are regarded 
genetically as more advanced than the hulled forms spelta, vavilovii and macha, 
but this view does not agree with the chronological sequence of archaeological 
evidence. Prehistorically, there is little doubt that naked aestivum preceded 
hulled wheats in the Near East from the sixth millenium BC. However, remains 
of T. spelta from this period have recently been found at Yarym Tepe in Iraq 
(Bakhteuev and Yanushevic, 1980) and at Erbaba in Anatolia (van Zeist and 
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Buitenhuis, 1983). It appears, however, that they only occurred as an ad
mixture in other cereals (Renfrew, 1984). This precedence of free-threshing 
wheats is repeated in the early history of European wheat growing, where in 
some areas spelta replaced a compactum type known as T. antiquorum grown 
by the lake dwellers. 

In his account of the cultural development of the Near East from c. 6500 to 
5000 BC, Mellaart (1975) traces the sequence of events leading to the origin and 
establishment of crop cultivation including wheat. Mellaart alludes to the 
primary importance of the natural environment in determining the course of 
events and also accepts that 'it is only within the last few decades that scholars 
have learned to pay proper attention to plant and animal remains'. As far as 
accurate dating is concerning, Mellaart considers that this can best be pro
vided by 14C determinations, but even this is fallible and the most recent 
dendrochronological studies show that all 14C dates need significant upward 
adjustment. 

Mellaart regards Mureybit in North Syria on the east bank of the Euphrates 
as a main site of the Epipalaeolithic up to the end of the Aceramic period and 
dates it around 7500 BC using 14C dates. He characterizes Mureybit II as 
particularly significant as it yields some of the earliest charred grain in the Near 
East, consisting of wild einkorn identified as the large two-seeded variety 
thaoudar. He quotes Helbaek's suggestion that this is the first actual case of the 
collection of wild cereals from their natural habitat and transporting it to an 
artificial environment for cultivation. This thus consitutes the first successful 
attempt at early farming at village level. 

Harlan (1981) maintains that uncorrected radiocarbon dates are too recent, 
probably by 2000 years for older dates and by 1000 years for Aceramic 
Neolithic dates. He agrees that Tell Abu Mureybit and Tell Abu Hurreya 
provide abundant evidence of the use of wild einkorn on the banks of the 
Euphrates in Mesolithic times, and dates the period from 9000 to 8000 BC. 

Further support is provided by Hillman (1975), who cites records of the 
morphologically wild form of T. boeoticum possibly under cultivation at a date 
of pre-9000 Be. He adds that pre-agricultural people were making full use of 
wild einkorn and other large-seeded grasses wherever available. Harlan (1981) 
considers the later period of Aceramic Neolithic to provide safer evidence with 
more abundant material, and cites wild and cultivated einkorn at <;ayonii, 
Ali Kosh and Jarmo. 

Both Harlan (1981) and Hillman (personal communication toT. E. Miller, 
1981) agree that wild emmer (T. dicoccoides) is less evident archaeologically 
than wild einkorn, though Harlan reports that it is represented, but not 
frequently, at <;ayonii, Jarmo and possibly at Abu Harreyra. Hillman, indeed, 
concludes that there are no records of T. dicoccoides equivalent to those giving 
circumstantial evidence of pre-domestication cultivation of T. boeoticum. This 
may be considered as surprising in view of the subsequent domination of 
cultivated emmer (T. dicoccum) in such a wide range of Neolothic sites. 
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The emergence of the tough rachis einkorn and emmer was crucial for 
the cultivation of wheat as a cultivated crop. Hillman (1975) refers to a vast 
number of records of both species and names the earliest as Tell Asward in 
Syria (7800 Be), Tell Abu Hurreyra (c. 7500 Be), Jericho (7500 Be), <;ayonii 
(7000 Be) and Ali Kosh, Bus Mordeh (6800 Be). By c. 6000 Be they are found 
in southeastern Europe. Mellaart (1975) considers the domestication of two
row hulled barley and emmer wheat as the great achievement of pre-pottery 
Neolithic Jericho, which with the cultivation of legumes explains how this 
settlement could maintain itself for over a millenium in the well-watered oasis. 
Harlan (1981) characterizes cultivated emmers as dominating wheat growing 
throughout the Neolithic dispersal across Europe. Einkorn, always a minor 
cereal, was grown in small quantities in Europe until the 20th century. 

Any attempt to obtain an accurate picture regarding the earliest centres of 
wheat cultivation must visualize the circumstances of this important step, vital 
for the future of civilization and culture. Mellaart (1975) gives point to this 
assertion when he refers to the very large area involved with a geographically 
and ecologically diverse terrain, which he envisages extending from the deserts 
of Central Asia to the Hungarian Plain. In addition, it must be appreciated that 
certain areas or localities assumed a primary role in cultural advance for a 
greater or lesser period and that progress was uneven due to geographical 
isolation until adequate trade routes had been developed. 

In spite of the considerable advances in knowledge and improved interpret
ation of the archaeological evidence, there are still important deficiences to 
be satisfied before the scenario can be completed. Harlan (1981) drew atten
tion to one of these. Naked wheats, identified as T. aestivum, were apparently 
available as early as 7000 Be at Ram ad in Syria and from 6000 Be at Knossos and 
in Baluchistan (Jarrige and Meadow, 1980). Even if these naked wheats were 
not T. aestivum- a tetraploid wheat such as T. durum would be more likely
why does the available evidence suggest that the hulled emmer was preferred? 
Indeed, emmer was the principal wheat for a period estimated as thousands of 
years over a very extensive area, dominating with barley an area covering 
Europe south of the Alps, the Near East and North Africa. On Harlan's thesis 
spelt wheat evolved north of the Alps as a relatively new crop preceding the 
comparatively late adoption ofthe naked bread wheat in European agriculture. 
The situation is further complicated by an apparent shift towards sphaero
coccoid wheats in Baluchistan and Iran (Constantini, 1981 and personal 
communication). 

2.2 THE SPREAD FROM THE FERTILE CRESCENT: 
EUROPE 

The available evidence suggests that the first farmers reached southeastern 
Europe soon after 6000 Be (Renfrew, 1973), and that the earliest European 
farming began in Greece in the Pre-Pottery Neolithic phase in the late seventh 
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or early sixth century Be (Murray, 1970). According to Murray (1970) it was the 
impetus ofthe so-called Initial Colonisation Cultures- the Starcevo-Koros, the 
Impressed Ware and the Linear Pottery - which were responsible for the 
spread of agriculture into Europe from Greece, resulting in the wide distri
bution of agricultural knowledge and of the cultivated wheats. The archaeo
logical evidence is extremely rich and has been well-documented, so that the 
sequence can be clearly followed. Thus, the earliest European agriculture, 
which had a crop range similar to that of the Near East, can be traced to Jugo
slavia and Bulgaria, which according to Renfrew may have imported its 
einkorn and emmer direct from the Near East, and not from Greece. Both 
countries depended primarily on einkorn and emmer, though a hexaploid 
wheat is stated to have been grown at Knossos in Crete. Recent finds in Jugo
slavia are said to have included T. compactum (Renfrew, 1973), and wild 
einkorn still grows in Greece and Bulgaria (Harlan and Zohary, 1980). 

From the South-East Balkans it is clear that agriculture spread by two main 
routes across Europe, one inland and the other coastal (Renfrew, 1973). The 
former followed the Danube and the Rhine and traversed Hungary, 
Czechoslovakia, Poland and Germany into the Low Countries, reaching the 
North Sea coast before 4000 Be. The latter followed the Mediterranean coast to 
Spain, turned north along the Atlantic coast and terminated in the British Isles 
around 3500 Be. This route is not so well-documented as is that in Central 
Europe, but according to Renfrew (1973) neolithic sites in Italy show einkorn 
and emmer, while in Spain club wheat also occurs. Murray (1970), on the other 
hand, refers to the occurrence of bread and spelt wheats as the only known 
evidence for plant cultivation in the Italian neolithic period associated with the 
Molfetta, Bocca Quadratta (2900-2700 Be) and Lagozza cultural groups. 

Murray (1970) states that it was not until the fifth millenium Be that 
knowledge of agriculture spread, during the Early Neolithic, to the greater part 
of Europe. In connection with this, she refers to the Erteb0lle-Ellerbek 
cultural group of coastal Denmark, Southern Sweden and Germany (3800-
2900 Be) which provides no evidence of cereal cultivation by Erteb0lle folk. 
This culture was superceded by TRB communities in the same area who did 
have cereals- Einkorn, Emmer and Club- which have been identified from 
impressions, in the absence of carbonized grain. 

The progression of crop husbandry shows considerable diversity not only in 
the species of wheat grown, but also in the range of crops and the development 
of orchard husbandry over this period of history. As the Neolithic gave place to 
the Late Neolithic and Bronze Ages, bread wheat appeared in Greece, 
Romania, the Ukraine and Portugal, while naked wheats arrived in North 
Europe (Murray, 1970). Renfrew (1973) refers to the apparent purity of the 
wheat crops in Thessaly and to the new crop species that were taken into 
cultivation in Central Europe in the Late Neolithic. She remarks on the large 
range of plants including einkorn, emmer, spelt and bread wheat, associated 
with the Michelsberg culture at Ehrenstein, and on the growing importance of 
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spelta in Central and Northern Europe in the Bronze Age. Agriculture was 
introduced into Scandinavia in the TRB Neolithic Age. In the late Neolithic 
there was a cereal husbandry based on einkorn, emmer and bread/club wheats, 
while spelta was found in Sweden in the Late Bronze and in Denmark in the 
Early Iron Age. There were similar developments in Britain during the Bronze 
Age with the arrival of spelta and club. 

The spread from the original centres of crop cultivation and of wheat growing 
is, of course, better documented and more fully understood for Europe than for 
any other geographical region because of the richness of the archaeological 
sites and the great attention they have received. However, there were four 
other great ancient civilizations- Babylonian, Egyptian, Indian and Chinese
all in contact by trade routes and actively engaged in the exchange of goods and 
materials. Because of its status in the civilized world, and of its agricultural 
development and wealth of mineral resources, the Near East became a great 
trading area, with Damascus and Antioch outstanding as centre of converging 
trade routes (Charlesworth, 1926). But migration routes had been established 
before this era and similar trading also occurred during the palaeolithic and 
mesolithic ages, certainly in Europe, though it was in the neolithic age that 
trade became more varied, extensive and intensive (Childe, 1952). 

According to Charlesworth (1926), when the Romans occupied Asia Minor 
this area acted as a link with the East and there were well-established overland 
trade routes, such as that from India down the Oxus valley to the Caspian Sea. 
Indeed, there were several routes across Asia Minor to China and India. These 
met at Silencia on the Tigris, while Ephesus, which was the largest and most 
prosperous market, was the starting point of all trade with the East. This link 
between the civilizations of China, India and the Hellenized Orient could well 
explain the growing of T. aestivum type of wheat in the Indus valley as early as 
the late part of the third millenium Be (Petersen, 1965). 

Charlesworth (1926), discussing the economic resources of the Roman 
Empire during the first two centuries of its existence, alludes to wheat as one of 
the principal articles carried from Alexandria to Rome. Alexandria received 
corn from Asia Minor and Egypt carried on an extensive trade with Ethiopia, 
Arabia, India and the Persian Gulf, but it is uncertain how much corn was 
carried. Further along the North African coast a large trade in corn was centred 
on Carthage, which was adjacent to a highly productive agriculture and 
exported a great deal of wheat to Rome. Spain also grew wheat which was 
highly esteemed in Rome and, according to Charlesworth, was second to none 
in agricultural wealth at this time, while Gaul was also engaged in a most 
flourishing cereal growing husbandry. There was considerable movement of 
corn by road and river to other countries in Europe and even to the Black Sea, 
and during the first and second centuries Gaul attracted settlers from Syria and 
further east. Britain did not establish external trade routes until rather later, 
when wheat was exported to the continent of Europe. 

The association of the movement of agricultural products and manufactured 
articles, including implements, with generalized and specialized trading must 
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have played an important part in the movement of wheat at this time. In his 
account of trade and industry during the period extending from Barbarian 
Europe until Roman times, Childe (1952) illustrates this clearly, though he 
points out that there was regular distribution of natural products in Europe for 
thousands of years before written documents were used. He also makes the 
point that the archaeological concepts of the Stone, Bronze and Iron Ages 
did not coincide in time, preferring to refer to these as stages in economic 
and technological development. Thus, for example, the stage of neolithic 
barbarism north of the Alps in Europe was probably largely contemporary with 
the Bronze Age civilization of Egypt and Mesopotamia. 

The sea trade based on Asia Minor and Greece has already been mentioned, 
with its export surplus of grain obtained locally and also in transit. This may 
be dated around 3000 Be, but the Bronze Age showed great developments 
in trade and industry in the second millenium Be. This was associated with 
the establishment of a native metal industry in Europe, with extensive inter
national trade along established routes. Presumably this was contempor
aneous with neolithic subsistence farming in central and northern Europe and 
with the hoards of agricultural implements of this period which have been 
excavated (Childe, 1952). However, the late Bronze Age was characterized by 
the wide adoption of mixed farming based on the plough and accompanied by 
more economic metallurgical industries, and the First Iron Age provided more 
durable metals which were invaluable for agricultural implements. All of these 
circumstances led to increased grain production and an expanding grain trade 
so that wheat became a more important item in international exchange. 

2.3 PRODUCTION IN HISTORIC TIMES 

2.3.1 Before the Christian era 

Although Theophrastus, who lived from 320 to 282 BC, was essentially a 
biologist of the Aristotelian school, and interested himself primarily in 
botanical matters; he showed a great concern for cultivated plants and the 
practices of agriculture and horticulture. His written work consists of a number 
of treatises set out in systematic fashion, and forms the most complete surviving 
statement of the subjects with which they deal. He was a careful observer, a 
considerable collector of information and a detailed recorder of plant material, 
and its cultivation where pertinent. He has been referred to as scientifically 
pedestrian, ,which he is if compared with Aristotle, but he provides information 
about his times which is not available elsewhere, and his observations on wheat 
production in Greece and neighbouring countries are invaluable. 

It is, of course, known that at least from the fifth century Be and presumably 
at the time Theophrastus was writing, Greece was heavily dependent on 
imported corn and could not compete in its home cereal production with 
foreign countries (Heitland, 1921). This is mentioned by Aristophanes and 
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other Greek writers, and is understandable as Greece was nationally never a 
prolific grower of wheat and was able to call on wheat from Egypt, Sumeria and 
other countries where production was more intense and yields considerably 
higher. The Sumerian 'Wisdom Literature', for example, gives copious 
information on how to produce maximum yields, and there was a high level of 
skill in the management of irrigation and the land, equalled only by the 
Egyptians. Cottrell (1965), who makes this comparison, also refers to the 
statement by Herodotus in the fifth century Be that wheat was so bountiful in 
Sumaria that it generally yielded 200-fold and could achieve 300-fold. 

The particular significance of the contribution by Theophrastus is, however, 
the high level of attention to cultural practice and other relevant matters in 
growing wheat which are conveyed by his observation. (Theophrastus, transl. 
Hort, 1916). By this date Greece was growing, in addition to one-seeded and 
two-seeded wheat, the type simply referred to as wheat (pirus) which Hort 
considers is T. vulgare ( = T. aestivum). In regard to this last class Theophrastus 
alludes to the many kinds named from the places where they grew, or 
presumably originated, such as Pontic, Thracian, Assyrian, Egyptian and 
Sicilian, which indicates the wheat-growing areas called upon by Greece. 
Theophrastus also closely describes morphological, physiological and general 
agricultural characteristics: colour, size, form, earliness, prolificity, size of 
ear, nature and size of haulm, and value as food. He also defines grain 
characters, such as hard or soft and large or small, and relates these to the origin 
or the place grown. 

It is clear from the accounts that a sophisticated approach to the distinction 
and characterization of wheat types, if not of varieties in the wider sense of the 
term, was practised and related to husbandry practice and soil type. Both 
winter and spring forms were grown, sowing times carefully considered and 
manuring adjusted to the soil type and crop requirements. There is ample 
evidence that accepted tenets of good husbandry were considered. These 
included soil preparation in relation to time and depth of ploughing and degree 
of working of the soil, the choice of seed from different areas according to 
climate, and recognition of the combined importance of climate, soil and 
manuring. Finally, allusion is made to the practice of cutting and grazing young 
wheat to cope with lush growth and prevention of long, weak straw: this was 
practised in Thessaly and is also referred to as a systematic treatment in 
Babylon, where the wheat crops yielded 100-fold with good cultivation, but 
only 50-fold with poor management. 

The other authoritative pre-Christian era writers on agriculture are Roman. 
Cato, who lived from 234 to 149 BC was regarded as an outstanding expert on 
agriculture by contemporary and later writers, and was the first Roman to leave 
prose writings of any consequence. His De Agri Cultura was probably intended 
as a practical manual based on first-hand knowledge and experience (Cato, 
transl. Hooper, revised Ash, 1935). However, Cato has little to offer on wheat 
production except to state that good cultivation, in general, depends upon good 
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ploughing and on manuring, though his account of acquiring a farm and 
running an estate reflects great attention to the details of management and 
husbandry. Similarly, the practical farmer Varro, whose Res Rustica was written 
in his 80th year and not long before he died in 17 BC, while deeply concerned 
with crop husbandry matters, makes only passing reference to wheat. This is 
in relation to the importance of the crop in many different areas in Italy, 
particularly in the north, where Etruscan wheats gave high yields (White, 
1970). Varro indicates the importance of sequence in cropping, and refers to 
spelt wheat, the use of green manuring, the preparation of the land for sowing 
crops, harvesting and grain storage. Yarra's estimates of yield for Italy are 10-
to 15-fold, but with as high as 100-fold at Sybaris. 

There is always some sceptism regarding the confidence to be placed in the 
accuracy of technical matters dealt with in a literary work in spite of its being an 
internationally regarded masterpiece. This is the situation with respect to the 
Georgics of Virgil, who lived in the first century BC (Virgil, trans!. Day Lewis, 
1972). It is evident that even in Roman times the Georgics were regarded 
as having authority by some writers, though criticized by others. The position 
may be summarized by White's conclusion that the Georgics, though a work 
of genius, lack the accuracy necessary for a technical source of information, 
in spite of the fact that Virgil depended considerably on the works of the 
recognized agricultural writers of his time (White, 1970). 

Nevertheless, the Georgics will continue to be read with pleasure and as a 
source of information on agricultural matters in Virgil's times. The allusions to 
crop husbandry and cultivations have accuracy, as do those on the grazing of 
young corn to prevent lodging and the use of rotations and manuring. Virgil's 
references to the first use of iron to turn the soil, the unremitting struggle 
against weeds and the occurrence of 'vile blight' on the stalks of corn are of 
distinct relevance to cereal production, and it is interesting to speculate how 
'blight' in this context relates to Yarra's allusion to rust on wheat. Of the kinds 
of wheat grown, Virgil refers only to spelt, and this he does twice, in the context 
of rotations and harvesting: 'the enormous heap of spelt is spoiled by the weevil 
and the ant that insures against a destitute old age'. 

2.3.2 Early Christian period 

Columella, who lived in the first century AD, wrote what was probably the most 
complete and authoritative account of agricultural matters of any Roman 
writer, and his De Re Rustica (Columella, trans!. Ash, 1941) is outstandingly 
significant for ushering in the Christian era. It is true that Columella wrote 
entirely within the context of large estates or of a multiplicity of different 
holdings (White, 1970), but he had a wide knowledge of the technicalities of 
farming then available. His treatment of soils suitable for cereal growing, 
of cultivations and of manuring are practically sound and not confused by 
extraneous considerations such as folklore. Again, as pointed out by White 
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(1963, 1970), he is the only agronomist of the time whose work has survived 
who deals with daily output per person, thus giving some measure of 
productivity. 

In dealing with wheat Columella considers wheat and emmer to be of first 
importance and greatest usefulness to humanity, and alludes to several 
varieties of the former. However, he names only three of these varieties: rob us 
or ruddy, which is the most suitable for sowing because of its weight and 
brightness; siligo or winter wheat, which is excellent for bread, but lacks 
weight; and 3-month wheat, a variety of siligo which is most valuable to farmers 
because it can be used when early sowings have not been made. The other 
varieties he dismisses as superfluous. He also lists four varieties of emmer: the 
white Clusian, a reddish and a white verunculum and the 3-month variety 
named halicastrum. Columella says that all of these varieties of wheat and 
emmer should be kept by farmers, as they have their uses according to wetness 
or dryness of the soil. 

Columella gives instructions on how much seed to sow of the different 
autumn varieties of wheat in various circumstances, particularly of soil type. 
Autumn sowing, he says, was the most important, but 'half-month' sowing was 
practised in very cold and snowy regions, where summers were damp and free 
from intense heat. Yields were lower in these circumstances, as no seed is 
naturally suited to 3 months of growth and will do better when sown in the 
autumn, but some varieties (the white wheatsiligo) can stand the heat of spring 
better than others. 

Although Columella is very specific on such subjects as varieties, he is 
singularly lacking in precise information on yields, referring only generally to 
the fact that he can hardly recall a yield of corn, at least in the greater part of 
Italy, which was four-to-one. He does, however, advise on saving seed, and 
quotes Celsus in his statement that when yields are normal the best heads 
should be set aside, but when more generous the grain should be sieved, and 
that remaining in the sieve should be kept because of its size and weight. 
However, there has been considerable speculation about this apparently low 
rate of reproduction of wheat as given by Columella, and this should be 
compared with the eight- to ten-fold increase reported by Cicero for Sicily 
(White, 1970). 

The contribution of Pliny the Elder (AD 23-79) to our knowledge of con
temporary and early Roman agriculture, and to the cultivation of wheat, as 
expounded in his Natural History, is of especial significance as he alludes also to 
wheat growing in other countries (Pliny, trans!. Rackham, 1950). Pliny's work 
follows closely after that of Columella, whom he cites quite extensively and 
sometimes criticizes, and the account has many revealing allusions to the 
conditions during the first century AD. After referring to the prominence of 
emmer in ancient times, Pliny discusses the growing of autumn and spring 
wheat, its use as fodder in a mixed feed, and the growing of hard and common 
wheat. For its whiteness and weight he prefers Italian to foreign wheat; the 
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weight of foreign wheat can only compare with wheat from the Italian 
mountain regions. He considers the best foreign wheats to be, in order, those 
from Boeotia, Sicily or Africa. The third place for weight had previously been 
occupied by Thracian, Syrian, and Egyptian wheats, while the most highly 
prized wheats in Greece were Dracontias and Strangias which according to the 
translator were apparently poor wheats. Pliny provides unusual information on 
the bushel weight of different imported wheats, the lightest being from Gaul 
and the heaviest from Africa. 

Pliny devotes considerable attention to varieties of wheat and their utiliz
ation, the information indicating critical discrimination in the choice of variety, 
and of blends from indigenous and imported varieties, for particular and 
special purposes. He states that the most widely known varieties were emmer, 
common and hard wheats which were common to most countries. Emmer was 
regarded as the hardiest and made the sweetest bread; common wheat was the 
greediest and the choicest from the point of view of whiteness and weight; while 
hard wheat, the best of which came from Africa, made hard flour. With regard 
to yield, Pliny remarks that there is nothing more prolific than wheat, and 
quotes 150 bushels from 1 bushel on a suitable soil on the Byzacium plain of 
Africa and yields of 100-fold in Sicily, Andulasia and Egypt. However, in his 
account of wheat farming in Roman times, White (1963) emphasizes that 
statistical information on crop yields is wholly lacking, and wheat is the only 
crop for which there is reasonable evidence. In addition to the references to 
yield by Varro and Columella already referred to, White also cites Cicero who 
considers 8-10-fold as being the level achieved by wheat. 

2.3.3 Subsequent changes 

The effects o~ the agricultural systems and cultivation techniques developed 
during the Roman Empire spread throughout Europe, though there were 
important modifications with the passage of time and to suit local conditions. 
The crop husbandry methods developed under the soil and climatic conditions 
of Italy were necessarily in need of adaption in northern Europe, particularly in 
the wetter conditions and on heavier soils. However, they survived in southern 
Europe and greatly influenced the techniques used in northwestern Europe 
throughout the Middle Ages (Parain, 1942). The wheeled plough had not 
apparently been invented by the Romans, but seems to have originated in 
more northerly regions not specifically identified from Pliny's original 
reference. The regions south of the upper Danube have been suggested 
(Parain, 1942), and what is now eastern Switzerland (White, 1970). The Belgic 
plough with its coulter and mould board was developed in northern Europe 
either by the Belgae or the Germans (Fussell and McGregor, 1961; Stevens, 
1942). This may be regarded as an agricultural revolution, leading as it did to a 
change from the old Roman square or rectangular fields to the formation of 
'lands' in long narrow strips, and then to the open-field strip system, 
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characteristic of medieval times, which lasted in Britain until the enclosures of 
the 18th and 19th centuries. 

The methods of cereal production have naturally followed the development 
in techniques of farming and husbandry which, in turn, were based on general 
cultural development and advances in other technological spheres. Funda
mental contributions are also made by socio-economic factors, systems of land 
ownership and tenure, the structures of rural and urban societies, and the 
status of agriculture in national economies. This is all very evident from the 
many historical accounts which have been brought together by Fussell (1966) to 
describe the development of farming techniques in Europe from prehistoric to 
modern times. He says that it is difficult to be precise about the origin of the 
open-field system practised extensively in northern Europe during the Dark 
Ages (AD 50~1000), though it was undoubtedly in use, with the Roman 
system, at the beginning of the period, and doubtless was the backbone of 
arable farming throughout. However, records are scanty and much has to be 
inferred concerning details of cultivation from the classical writers and from 
what was done in the later Middle Ages, though some technical advances had 
been achieved. In northern Europe, barley, rye, oats and legumes were being 
grown in addition to wheat, while a root field is mentioned in the Bavarian legal 
code (Fussell, 1966). 

The Middle Ages, AD 1000-1500, saw the substitution of the two-field 
cropping and fallow system by the more efficient three-field system. More
effective cultivation was possible with improvements in the plough, and a more 
effective combination of winter and spring crops, particularly of cereals, was 
introduced. There was a considerable increase in the area of cultivated land 
and of arable cropping throughout Europe, a greater variety of cropping was 
practised in certain areas, and more knowledge became available following 
the appearance of printed works on agricultural topics. Bennett (1968) assessed 
the yield of wheat in Britain during the 250 years between 1200 and 1450 at 
8-9 bushels of 60 lb per acre ( 54~05 kg ha-l). It is accepted that the data 
are not trustworthy for statistical purposes, but Bennett considers there was 
a slow upward trend from 8 to 8Vz bushels over the period. This level is con
siderably above usual estimates, which Bennett considers are too low. For 
example, Fussell gives a figure of about 1: 3 for seed: yield ratio as general 
with 2-21h bushels of seed sown, though he does say that the ratio could be 
higher, possibly up to 1 : 6. 

There was an increasing diversity of cropping in many parts of Europe, in the 
16th century except where the open-field system still predominated, (Fussell, 
1966). The use of fodder crops and grasses, the practising of alternate 
husbandry and the development of more-intensive two-stock husbandry raised 
standards of productivity. The yields of wheat increased so that for the latter 
part of the century Fussell quotes a figure of possibly 16 bushels acre- 1 in 
England, giving a seed: yield ratio of 1: 8 if 2 bushels of seed were sown per 
acre. Bennett (1968), who attempted a statistical assessment, using graphical 
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methods, for the period 1450--1850, considers that wheat yields in England had 
risen over the first 200 years, and that normal yields were in the region of 
11 bushels acre-1 by 1650. The period, of course, included the time when 
enclosures were being made, and it is certain that husbandry techniques were 
steadily improving. However, Fussell's figure is lower than a contemporary 
estimate made by Gregory King at the end of the 17th century. 

According to Fussell (1966) the 17th century was an age of promise in 
agriculture, though progress was slow. Regionalized patterns of farming had 
developed and became more pronounced, the improved and more-intensive 
farming of the Low Countries had become established with the use of clover 
and turnips, and the recognition of the value of sown grasses to produce leys. 
It is probable that with these developments specialized cereal growing was 
establishing itself though, of course, ley farming was being practised, as, for 
example, in England during the 16th century (Murray, 1968). There was a 
livelier interest in improving farming techniques in the 17th century, as shown 
by the attention given to the application of mechanical aids to husbandry. Jones 
(1968) describes the transformation in English farming techniques that took 
place between the mid-17th and mid-18th centuries as being out of all 
proportion to the rather limited widening of the market, and being due to the 
husbandry techniques developed in the latter half of the 17th century. As 
evidence of this improvement, Bennett (1968) calculates that English wheat 
yields in the same period were between 11 and 15 bushels acre- 1 . Meanwhile, 
in the early part of the 17th century a development had taken place which was 
to have the most significant effect on wheat production from the point of the 
management, husbandry and world status of the crop. This period saw the 
beginning of the development of settled agriculture in the North American 
continent, and by the middle of the century wheat is recorded as being an 
established crop in New England. It was later, in the 1770s, to have a second 
introduction, but this was on the Pacific Coast of California, and was brought in 
from Mexico. 

The 18th century saw considerable advances in farm organization and 
management, improvement in husbandry techniques for crops and stock, and 
the more effective dissemination of relevant knowledge. This led to con
siderable increases in yield, and Bennett (1968) calculated that in the period 
1750-1850 British wheat yields rose from 15 to more than 26 bushels acre- 1 . 

This was the most rapid rate of increase in the four periods he chose covering 
the seven centuries from 1200 to 1850, and was associated with the equally 
significant change on the continent of Europe where, in certain parts such as 
the Low Countries, some of the changes had already taken place. 

However, it was the first stages of mechanization, the development of inter
row cultivation and row-crop planting, the establishment of rotations which 
included root crops and sown leys with a legume, and the consequent 
improvement of soil fertility, which had the greatest influence on an improving 
level of husbandry (Fussell, 1966, and many others). Combined with this was a 
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raising of the standards of stock husbandry, the more rational use of dung and 
the introduction of improved breeds of livestock. The greater interest in the 
development and design of implements for cultivation and for other operations 
on the farm resulted in the use of more-intensive systems of farming throughout 
Europe (Fussell, 1966). Indeed, it may be said that the large farms, well
managed and adequately capitalized, had become a reality (Ernle, 1961). 

Agriculture thus moved into the 19th century with a much increased latent 
and potential capacity, with a greater knowledge and skill on how to manage 
different soil types and use manures, and with a greater range of better 
implements. The growth of industry fostered technological advances in 
agriculture, but it also meant a new challenge to farmers in coping with the 
feeding of rapidly increasing populations. Mechanization on the farm moved 
into traction with the introduction of the steam plough, and the steam engine 
was used for other purposes, such as threshing, while an effective reaping 
machine for cereals was produced. Land drainage was carried out more 
effectively and extensively, and this allowed greater efficiency in the utilization 
of the new cheap fertilizers. The first half of the 19th century was a time of 
agricultural advance and prosperity, and this continued until the massive 
impact of large amounts of cheap imported food, particularly wheat and other 
cereals, from the developing agricultural industries of the New World and 
elsewhere. This led to acute agricultural depression in some countries such as 
Great Britain, to a shrinkage of the wheat acreage from more than 3.5 million 
acres in 1869 to a fluctuating figure between 1.3 and 1.9 million acres during the 
period 1894-1914. The 10-year average yields for the five decades from 1869 to 
1918 were 26.5, 29.7, 29.8, 31.3 and 31.3 bushels acre- 1 - a slow increase, but 
the last decade included four war years when nitrogen fertilizers were in short 
supply. 

The 19th century set the pattern for the development of modern farming 
techniques and the establishment of wheat as a world crop of unimagined 
magnitude and importance. The more rapid dissemination of scientific, 
technological and agricultural knowledge which emanated from better
directed research on a much wider scale had immediate results in agricultural 
practice. The unprecedented rise in world population changed the whole 
balance of urban and rural populations in Europe. The latter part of the 19th 
century saw the establishment of the extensive wheat-growing areas, 
particularly in North America, Australia and parts of South America, and the 
progressive countries of the Old World were busy experimenting with the new 
possibilities. It was a time of engineering innovations, and the possibilities of 
mechanical traction were engaging much attention. The first powered tractor
driven by steam- was produced in the USA by Ford in 1885 (Fussell, 1966). 

However, it was the development of the petrol-powered internal combustion 
engine that was responsible for the mechanization of agriculture, pioneered by 
the mass-production of petrol-driven tractors by Ford in the first decade of the 
20th century, but a similar tractor was produced in England about the same 
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time. The rapid expansion of the production and use of the tractor with the 
many different models for specific purposes, made possible the expansion of 
wheat-growing in the leading wheat-producing areas of the world, while also 
revolutionizing the operation of intensive farming systems. The reaper and 
reaper-binder now became power driven and larger, with corresponding 
power-operated threshing equipment. These changes, associated with the 
development of more-sophisticated seed drills and followed in turn by the 
tractor-drawn and self-propelled combine harvesters, brought a new 
dimension to the management of the 20th century wheat crop. 

2.4 THE 20TH CENTURY 

The 20th century has seen a phenomenal expansion in world wheat production, 
resulting from increases in both the area harvested and in yields. According to 
Petersen (1965) annual world production increased from 82.6 to 192.8 million 
tonnes between 1900 and 1950, while yields increased from 0.86 to 1.15 tonnes 
ha-l and the area rose from 95.7 to 168 million ha. Also, and very significantly 
from the point of view of human nutrition and world food strategy, the amount 
of wheat entering world trade, primarily through exports, increased from 12.7 
to 29.4 million tonnes. 

In 1958, and again in 1962, world wheat production reached a record figure 
of 237 million tonnes, while in 1983 more than 500 million tonnes were 
harvested from 104 sovereign states distributed throughout the world. 
Although wheat is primarily a crop of temperate regions, it is grown in a great 
diversity of ecological conditions. Farming systems vary from the most 
primitive to the most advanced with a consequent contrast in yields from 
0.34 tonnes ha- 1 in Somalia to 7.81 tonnes ha- 1 in the Netherlands. These 
figures are, of course, extreme contrasts and a more realistic and useful 
comparison is between the means of all developing countries and all developed 
countries which were 2.05 and 2.39tonnesha- 1 , respectively (Table 2.1). 

Wheat is the most widely cultivated food plant in the world, eaten in various 
forms by more than 1000 million people and making a larger contribution to 
the calories and protein available to people than any other food (FAO, 1970). 
It also exceeds the combined contribution of all other cereals entering into 
continental trade, and hence holds the dominating position in agriculture, 
nutrition and commerce. There is, indeed, a worldwide wheat industry, highly 
organized and based essentially on bread wheat, but also including macaroni 
wheat. The full utilization of wheat has become a specialized technical process 
ranging from mechanized cultivation to grain processing and the utilization of 
the final products for human consumption. The evolution from primitive 
agriculture to modern cultivation methods has thus been paralleled by that in 
processing. This has advanced from roasted grains and cooked wheat meal for 
porridge, through methods of grinding to the ultimate refined milling 
procedures which produce flours for particular and specialized purposes. 
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TABLE 2.1 World wheat production, 1984 (FAO, 1985) 

Africa 

America 
USA 
Canada 
Argentina 

Asia(excl. USSR) 
China 
India 
Turkey 
Pakistan 

Europe 
USSR 
France 
UK 
Germany,FR 
Italy 
Romania 
Hungary 
Czechoslovakia 
Spain 
Poland 
Jugoslavia 
Germany,DR 
Bulgaria 
Netherlands 

Australia and 
New Zealand 

World 
Developing countries 
Developed countries 

Area ( x 106 ha) 

8.24 

50.28 

82.76 

78.30 

12.28 

231.87 

27.08 
13.16 
6.12 

29.46 
24.39 
9.03 
7.32 

51.06 
5.09 
1.94 
1.63 
3.28 
2.35 
1.40 
1.20 
2.27 
1.70 
1.46 
0.75 
1.04 
0.14 

98.92 
132.94 

1.12 

2.24 

2.13 

2.61 

1.54 

2.25 

2.61 
1.61 
2.12 

2.97 
1.85 
1.91 
1.51 

1.49 
6.45 
7.71 
6.26 
3.05 
3.36 
5.21 
5.14 
2.67 
3.52 
3.83 
5.47 
3.46 
7.81 

2.05 
2.39 

Production 
( x 106 tonnes) 

9.27 

112.76 

176.2 

204.56 

18.87 

521.68 

70.64 
21.20 
12.97 

87.68 
45.15 
17.23 
11.05 

76.00 
32.88 
14.96 
10.22 
10.00 
7.90 
7.30 
6.17 
6.04 
6.01 
5.60 
4.10 
3.60 
1.13 

203.38 
318.30 

The outstanding and unique historical feature of wheat cultivation is the 
prominence of this staple food plant in humanity's progressive domination as a 
colonizer of the world's land surface and the capacity to develop sophisticated 
and advanced civilizations. Wheat has been characterized as the pioneer crop 
and as the plant whose seeds were the seeds of civilization. This is not an 
unreasonable historical claim, as the long involvement of this cereal from the 
earliest settled communities to worldwide occurrence of urbanized and 
industrialized modern societies and states is difficult to contemplate without 
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this staple crop. It is notable that the great bulk of global wheat production is in 
the northern hemisphere, where the main producer states (Canada, China, 
India, the USA and the USSR) are characterized by their large wheat-growing 
areas, while the markedly higher yielding areas are found in the countries with 
small areas of intensive agriculture (Table 2.1). It is relevant in assessing the 
present and future potential of the world's wheat crop to appreciate the 
predominant contribution by Eurasia and to note further that 75% of the 
harvested crop is winter sown (Petersen, 1965). 

It is clear that wheat cultivation has currently moved into a new dimension in 
areas of intensive agriculture and high yield potential such as northwestern 
Europe including the UK. In England yields have more than doubled within 
the space of 30 years. Scientific research and rapid technological ddvances have 
combined to bring together improved genotypes, a better understanding of 
the physiological and morphological bases of yield and more-sophisticated 
husbandry techniques and systems to exploit more effectively the potential of 
the environment. This situation, combined with the economic circumstances, 
has made it possible to produce yields approaching the potential calculated for 
particular levels of known solar radiation. Thus, it has become practicable 
to provide 'blueprints' and schedules for the appropriate programming of 
cultivation procedures, fertilizer applications and the utilization of herbicides, 
fungicides and pesticides. 

The net result of these developments and innovations has been the 
application by advisory services of an integrated approach to the use of inputs 
with the development of the appropriate systems which seek, as the result 
of new knowledge and experimentation, to eliminate the restrictions to 
maximizing yield in prescribed circumstances (MAFF Booklet 2291). This 
approach is, in the nature of the case, associated with the close monitoring of 
pests and diseases throughout the growing season, synchronized with the 
growth stages of the wheat (MAFF Booklet 2257 (82)) and considered in 
relation to the use of growth regulators. Such refinements and close attention 
to sophisticated plant-environment interaction would not have been con
sidered possible or practicable for the wheat crop under the conditions of 
agricultural practice prevailing 25 years ago. Economically it would not have 
been acceptable even if the knowledge had been available, while in the farming 
situation today such intensive production systems appear to meet the urge to 
increase outputs. On a global scale there can be no doubt of its usefulness, and 
further progress is essential for the wheat crop with its unique international 
status as food for a world population increasing at a largely uncontrolled rate. 
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CHAPTER 3 

History of wheat breeding 

F. G. H. Lupton 

3.1 WHEAT IMPROVEMENT IN THE 19TH CENTURY 

Little attempt was made to improve the varieties of cereal crops until the early 
years of the 19th century. The crops grown at this time consisted of a wide range 
of 'land races', each of which had evolved in the area where it was grown, 
mainly through natural selection, assisted from time to time by selection by 
farmers of the better ears from their crops as a source of seed for future years. 

The more scientific approach to agriculture which developed towards the 
end of the 18th century led also to a greater interest in the problems of crop 
improvement, though much of this work was concentrated on the biennial 
crops, such as cabbages, mangolds and carrots. The earliest reported attempt at 
cereal hybridization was that of Knight in the 1790s, who grew contrasting 
varieties in close proximity, thinking them to be normally out-pollinated 'in 
contrast to peas', and claimed to have produced superior varieties by this 
means, some of which showed resistance to 'blight' in years when normal 
varieties were severely attacked. Better documented is the work of le Couteur, 
who attempted no hybridization, but selected the high quality variety Talavera 
from a field of cultivated wheat, thus providing a variety which was to be widely 
used by Sherriff, whose work through the middle decades of the 19th century 
set the pattern for future work on plant breeding (Sherriff, 1873). This led to 
the oat variety Hopetoun and the wheat Mungoswells (1819) and later the 
wheats Sherriff's Bearded Red, Sherriff's Bearded White, Pringle (1857) and 
Sherriff's Squarehead (1882). His early work on varietal hybridization, in 
which he crossed le Couteur's selection Talavera with April led to no useful 
variety but a later cross of Sherriff's Bearded White with Talavera gave the 
variety King Richard, which appeared to be intermediate in most respects. In 
common with many of the earlier breeders, who worked in ignorance of the 
Mendelian laws of heredity, he made no report of segregation in the early 
generations, though he noted the appearance of bearded ears in the fourth 
generation and suggested that they 'are due to the hybridous origin of King 
Richard, and are not likely to be got rid of without raising a stock from the 
single grain'. A red chaffed ear was also selected from this fourth generation, 
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which gave a new variety which he named King Red Chaff White, which he 
considered to be the most successful product of his hybridization experiments. 

During the long period of Sherriff's investigations, other workers were also 
investigating the possibilities of improving the cereal crops, stimulated no 
doubt by the publication of Charles Darwin's Origin of Species (1857) and 
Variation of Animals and Plants in Domestication (1868), the latter work 
referring specifically to Sherriff's experiments. Raynbird (1851) pointed out 
the potential yield advantage to be gained if as much attention was paid to crop 
improvement as was often given to that of livestock, and described his attempts 
at wheat breeding by crossing Pipers Thickset, a stiff-strawed selection from 
Squarehead, with Hopetoun, a Sherriff selection with tall straw, long ears and 
good-quality grain. He described the F1 as intermediate, but said that it 
included many ears (perhaps selfs) resembling Thickset, the female parent; he 
made no comment on F2 segregation, which was perhaps obscured by the selfed 
plants, and he was, of course, ignorant that selection within the hybrid 
population would be necessary. 

Hallet (1861) described his improvements in yield obtained by selecting the 
best ears from this crop, the progeny of which were grown as spaced plants in 
widely separated rows - a system which he called 'pedigree selection'. He 
quotes an example in which he selected two ears from the variety Nursery Red, 
the produce of which he multiplied in 3 years to give a yield on a small plot 
equivalent to 7.2 tonnes ha-l. This yield, however, was also obtained using 
widely spaced plants and was severely criticized by Evershed (1889) on this 
account, though he commended similar work by de Mornay using conventional 
seed rates. 

Most of the work described above was of a somewhat empirical nature. 
Improvement by selection was clearly limited by the degree of variability 
available in the crop, and many of the hybrids were made in order to create 
variability within which to select, rather than to attain any clearly defined 
objective. However, a more careful choice of parents was attempted by 
workers in many countries towards the end of the 19th century, notably by 
Vilmorin in France, Rimpau in Germany, Broekema in the Netherlands, 
Nilsson-Ehle in Sweden, Saunders in Canada and Farrer in Australia. 

3.2 THE DEVELOPMENT OF MODERN PLANT BREEDING 

When Mendel's laws were rediscovered at the beginning of the 20th century 
there were thus thriving schools of plant breeding in Britain and in many parts 
of the world (Percival, 1921). Farrer's work in Australia had in many ways 
anticipated the Mendelian principles, and was complicated by the wide mixture 
of genotypes which comprised many of the varieties then cultivated, and much 
of Farrer's success was due to his insistence on using individual plants for his 
crosses. Much of the progress made in this period came from selection within 
the 'varieties' then cultivated, though the hopes of continuous crop 
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improvement by this means were dispelled in 1903 by Johannsen's timely 
exposition of the concept of the pure line. It was thought, however, that the 
application of Mendel's laws provided a panacea which would solve all 
problems of crop improvement. Although these hopes were soon to be 
dampened by experience there was an immediate surge of interest in plant 
breeding, particularly in Britain, where Biffen was making his classical 
experiments demonstrating that agronomically important characters such as 
disease resistance followed the Mendelian laws of inheritance, and in Sweden, 
where Nilsson-Ehle (1910) demonstrated the inheritance of polymeric factors 
and gave a scientific basis to transgressive segregation, thus laying one of the 
keystones to modern plant breeding. 

In this chapter an account is given of the development of wheat breeding in 
selected countries in Europe and elsewhere. The examples are selected to 
illustrate the advances in breeding technique which have taken place, and the 
interactions of ideas and breeding material between different countries. They 
are arranged in a sequence which approximates to the introduction of modern 
breeding techniques in each of the countries considered and serve also to 
indicate the contrasting characters influencing productivity. Consideration is in 
general limited to developments taking place before 1970; selected references 
to breeding in each country are given at the beginning of each section. 

3.3 WHEAT BREEDING IN FRANCE AND BELGIUM 

The scientific improvement of wheat in France (Jonard, 1951; M. Vilmorin, 
1951; Mayer, 1962) began with the work of Henri de Vilmorin, who made his 
first experiments on wheat hybridization in 1873 and soon appreciated the need 
for careful selection in the segregating populations which he created (M. H. 
Vilmorin, 1880). He also realized the importance of careful selection of parents 
for hybridization. His first crosses attempted to combine the useful characters 
of the wheats of Aquitaine with those of the English wheats which were then 
widely cultivated in the region north of Paris. The wheats of Aquitaine were 
mostly derived from samples received from Odessa by the Marquis of Noe and 
were typically early maturing, resistant to lodging but susceptible to yellow 
rust. The English wheats were mainly Squarehead types, dominated by 
Sherriff's Squarehead, and were high-yielding but of poor quality and were 
susceptible to drought. The first of Vilmorin's hybrids, Dattel, was released in 
1883 and was followed by a series of varieties such as Bon Fermier (1905), Hatif 
Inversable (1908), and Allies (1917) bred by Henri and his son Philippe de 
Vilmorin, and the varieties Vilmorin 23, Vilmorin 27 and Vilmorin 29 released 
in 1923, 1927 and 1929, respectively, dominated French wheat breeding in the 
first half of the 20th century, so that most modern French wheat varieties show 
a remarkable similarity to one another, to such an extent that they were 
classified by Flaksberger as a distinct ecospecies, Triticum gallicum (Fig. 3.1). 
Jacques Vilmorin had, however, appreciated the need to improve the baking 
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quality of the French wheats, and in collaboration with M. Chopin developed a 
small-scale extensometer for testing quality in early generations. However, the 
greatest improvement in grain quality was made by another of the private 
breeders, M. Blondeau, who crossed Vilmorin 27 with Red Fife to give the 
variety Yga Blondeau (1938). 

Government-sponsored plant breeding in France started with the foundation 
of the Institut de Recherches Agronomiques in 1921 and its subsidiary, the 
Service de Phytogenetique in 1923. Schribaux, its first director, was a well
known breeder who had been one of the first to appreciate the need to select for 
adaptation to the environment as well as for yield, and had introduced rust 
resistance and early maturity from the Italian variety Rieti in breeding the 
variety Institut Agronomique. He organized a series of substations using 
existing facilities, including those of the private breeders, and started a series of 
careful studies into the factors limiting yield. 
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Figure 3.1 Pedigrees of French and Belgian wheats. Note: In Figs 3.1-3.13 variety 
names in italics are derived from parents the origin of which is shown elsewhere in the 
same figure. 
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The number of private breeders in France increased rapidly between the two 
World Wars, some of the better known varieties they bred being Bersee ( 1936), 
Elite le Peuple (1952), Hybrid 40 (1928) and Cappelle Desprez (1946). The 
number of these varieties increased so rapidly that protective legislation was 
introduced in 1933, requiring that new varieties must fulfil specified conditions 
of novelty, homogeneity and stability. These laws were modified in 1942 and 
again in 1960 to introduce the concept of the catalogue of varieties- a restricted 
list of varieties of proven excellence to which the seed merchants must limit 
their trade. 

Belgian plant breeding (Larose et al., 1956) developed in close liaison with 
the French workers, and is handled partly by private breeders and partly by the 
Government Station at Gembloux, where much of the more fundamental work 
is done. Owing to the more severe winter climate, most Belgian varieties are 
derived ultimately from hybrids of French wheats with varieties from Germany 
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or Scandinavia. Some of the better-known Belgian varieties whose parentage 
are also shown in Fig. 3.1 are Jubilegem (1937), Minister (1947), Leda (1954), 
Professeur Marchal (1957), Cama (1967) and Val (1969). 

3.4 WHEAT BREEDING IN GERMANY 

Scientific plant breeding in Germany (Wienhues and Giessen, 1957; Meyer, 
1970) was first unde~taken by Wilhelm Rimpau, who made his first wheat 
crosses in 1875. His objective was to combine the high yielding capacity of the 
English Squarehead wheats with the winter hardiness of North American and 
German varieties, and led to the release in 1889 of Rimpau Friih - a variety 
which was still widely cultivated in Germany 40 years later. 

Rimpau's breeding work was always planned with clearly defined objectives 
and was accompanied by crosses designed to study the mechanism of 
inheritance in the cereal crops. Although he did not know of Mendel's laws, he 
published a series of papers on the planned improvement of cultivated plants 
and recorded the uniformity of the F1 generation, and the great variability of 
the F2 , noting the free combination of characters, and the appearance of 
combinations not seen in either of the parents. 
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Figure 3.2 Pedigrees of German winter wheats. 
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Subsequent winter-wheat breeding work in Northern Germany continued 
to be based on the Squarehead wheats, and other important early hybrids 
such as Strube 56 and Carstens 5 (1934) combine the straw strength and high 
yielding capacity of Squarehead with good field resistance to yellow rust. 
These varieties have subsequently been crossed with Eastern European 
wheats to improve their winter hardiness. Later crosses have involved French 
and Swedish varieties and even American spring wheats, and some of the 
more successful, such as Heine 7 (1950) and Derenberger Silber are derived 
from crosses between parents of widely differing physiology (Fig. 3.2). 
Breeding in South Germany has followed essentially the same lines as that 
in the North, but much of the breeding is based on Tassilo, a derivative of the 
French variety Arras, with the result that some of the varieties have poor 
winter hardiness. 

German spring wheats have a much wider genetic basis than their winter 
wheats (Fig. 3.3), and are strongly influenced by the French variety Noe. Grain 
quality and disease resistance was at first derived mainly from Heine Kolben, 
itself of French origin, but more recent crosses have involved the Canadian 
varieties Garnet and Thatcher. 
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Figure 3.3 Pedigrees of German spring wheats. 

3.5 WHEAT BREEDING IN THE NETHERLANDS 

Wheat breeding in the Netherlands (de Haan, 1957) started in 1886, when 
Broekema, Director of the Government Agricultural School at Wageningen, 
crossed the native variety Zeeuwse White with English Squarehead. An F3 

plant from this cross was back-crossed to Squarehead to give the variety 
Wilhelmina, which was released in 1901 and dominated the Dutch wheat 
acreage for 30 years, besides being widely grown and used for hybridization in 
other countries (Fig. 3.4). 

The next major advance in Dutch wheat breeding was the introduction ofthe 
variety Juliana, also bred by Broekema, in 1931. This variety, which was 
derived from the cross (Wilhemina x Essex) X Wilhelmina, was of essentially 
the same type, but higher yielding and with better disease resistance, and in 
turn dominated the Dutch wheat acreage for about 15 years. 

In addition to the work of the official breeding stations, much of the wheat 
breeding in the Netherlands was carried out by private plant breeders. The first 
of these was R. J. Mansholt, working in the Westpolder, to whom Broekema 
sent breeding material in 1889. Although his earlier varieties did not compete 
strongly with Wilhelmina and Juliana, his variety Lovink, produced in 1941, 
partially displaced Juliana, though the most important new variety at that time 
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Figure 3.4 Pedigrees of Dutch winter wheats. 

was Staring, produced in 1942 by another private breeding organization, the 
Central Bureau at Hoofddorp. 

3.6 SWEDISH WHEAT BREEDING 

Plant bn.eding in Sweden started in 1886 with the foundation of the famous 
research station in Svalof (Nilsson, 1914; MacKey, 1962; Fajersson, 1964). 
Early attempts at crop improvement there met with little success, however, as 
they were based on mass selection within existing crop populations, but rapid 
advances were made when pure-line selection was started a few years later. 

Nilsson-Ehle, the cereal breeder, made the first crosses in the early years of 
the 20th century, using the pedigree system to handle them. While using it he 
was able to demonstrate the existence of polymeric factors, and thus to give a 
scientific basis to transgressive segregation. He developed his system as he 
gained experience, growing yield trials of his selections during early 
segregating generations, using each year the residual seed from the previous 
year after the plants required for further pedigree selection had been 
harvested. Although still widely used at many stations throughout the world, 
this system was considered too time- and labour-consuming for Swedish 
conditions, and was replaced by bulk selection methods in which selection was 
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either delayed until F6 of F7 or in which selections were made in F2 and the 
progenies of single F2 plants maintained separately for 4 or 5 years before 
further selection was attempted. 

Although he was the first to explain transgressive segregation in genetic 
terms, Nilsson-Ehle failed at first to appreciate the complexity of the systems 
involved, considering that most of the components he studied were controlled 
by three pairs of genes- a concept which anticipated the demonstration of the 
hexaploid nature of the wheat crop. He crossed a Swedish land variety with 
Squarehead, hoping to combine the earliness and winter hardiness of the 
Swedish parent with the straw strength and yielding capacity of Squarehead. 
He soon realized the complexity of the problem, however, though the concept 
of combining Swedish land races with Squarehead or its derivative has formed 
the basis of all winter-wheat improvement at Sval6f and had led to the varieties 
Ankar, Gluten, Iron, Svea and, more recently, Odin (1949) (Fig. 3.5). 

The important private breeding station at Weibullsholm, Landskrona, was 
founded in 1904 and released its first wheat variety, Iduna, derived from a 
spontaneous cross of Square head with a Swedish land race in 1912, followed in 
1921 by the variety Standard. Subsequent breeding work at Weibullsholm was 
planned to combine yield and straw strength with improved grain quality, using 
for the purpose the Hungarian variety Bankut 178. The first important wheat to 
be released from this programme was Eroica (1943), followed by Banco (1953) 
and Starke (1959). 

In contrast with the somewhat restricted genetic basis of the winter-wheat 
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Figure 3.5 Pedigrees of Swedish winter wheats. 
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Figure 3.6 Pedigrees of Swedish spring wheats. 

programme, the Swedish spring-wheat breeding programme is very broadly 
based, with Kolben wheats, originally French in origin, central to the 
programme and with a strong influence of winter wheat parents such as Saxo, 
Wilhelmina and Hatif Inversable (Fig. 3.6). This programme led to the variety 
Atle (1937) which, though never widely grown in Scandinavia, was very 
successful in Britain and established spring wheat as an important component 
of British agriculture. Atle has been followed by a number of other varieties, 
notably Atson (1962), Svenno (1953) and Sappo, which have been widely 
grown in northwestern Europe. 

3.7 HARD RED SPRING-WHEAT BREEDING 
IN NORTH AMERICA 

The development of the hard red spring-wheat industry in Manitoba owes 
much of its success to the systematic plant breeding work of William Saunders 
and his sons C. E. and A. P. Saunders (Hamilton, 1951). William Saunders, 
who was the first Director of the Central Experiment Farm, Ottawa, made his 
first crosses in the late-1880s. At that time the Fife wheats were dominant 
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varieties in Western Canada but, although they produced grain of excellent 
quality, they were somewhat late-maturing, so that crops were frequently 
damaged by early frosts. Earlier-maturing varieties were of unsatisfactory 
grain quality, and Saunders made a series of crosses of Red and White Fife with 
these varieties. This led to the production of the early-maturing good-quality 
varieties Alpha, Huron, Preston and, finally, Marquis (released in 1908) which 
soon became predominant throughout the hard red spring-wheat growing area 
(Fig. 3.7). It was, however, liable to severe losses from black rust, and the need 
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Figure 3. 7 Pedigrees of North American hard red spring wheats. 

for a resistant replacement was emphasized by a series of severe epidemics in 
1916 and the following years. Resistance was not known in the bread wheats, 
but was introduced from varieties of T. durum and T. dicoccum. These 
varieties carried major genes for resistance, and the history of spring-wheat 
breeding during the following 30 years shows the rise and fall of a series of 
varieties, such as Ceres (1926), Marquillo (1929), Thatcher (1939), Renown 
(1936) and Rescue (1946), each displaced following the spread of rust races 
virulent to their resistance genes. A major advance followed the introduction 
of the variety Selkirk (1954) which maintained its resistance for more than 
25 years and appears to carry factors for durable resistance in addition to 
the major gene resistance for which it was originally selected. 
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3.8 WHEAT BREEDING IN AUSTRALIA 

Wheat breeding in Australia (Farrer, 1898; Russell, 1949; Macindoe and 
Brown, 1968) was pioneered by William Farrer of New South Wales, who 
started his work in 1886. His early work was concerned with selection within the 
varieties then cultivated in Australia, mostly late-maturing Lammas and Purple 
Straw populations introduced from Britain, and within varieties which he 
introduced from North America. The most important of these selections was 
Lambrigg, selected from A. E. Blount's Gypsum. 

Farrer identified in detail the characters required in Australian wheat: ability 
to thrive in dry soils, sparse tillering and narrow leaves to evade the effects of 
drought, early ripening to evade drought and rust, resistance to bunt, and 
improved grain quality. He developed an elaborate system of growing widely 
spaced plants, recording the characters of each and marking the better plants 
with coloured tags. In this way he soon appreciated the need for careful 
selection in F2 - known by him as the 'variable generation'- and his selection 
for disease resistance anticipated Biffen by 10 years. 

Farrer was very careful in the selection of parents for his breeding work, 
introducing early-maturing forms from India to avoid rust and drought and Fife 
wheats from Canada to improve grain quality. The crosses of Fife with Indian 
varieties became the foundation of his later work, and were crossed and 
repeatedly back-crossed to the locally adapted Purple Straw (Fig. 3.8). 

His work on disease resistance was hampered by lack of high expression of 
resistance in his material. All selections were tested for bunt resistance by 
dusting their seed with spores, and he listed as components of rust resistance 
size of stomata, presence of leaf wax, thickness of cuticle, leaf angle (erect 
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Figure 3.8 Pedigrees of Farrer's Australian wheats. 
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leaves offering a less suitable site for spore deposition) and leaf width- a range 
of characteristics remarkably similar to those now considered likely to 
determine durable disease resistance. 

His selection for grain quality was at first limited by lack of suitable small
scale testing equipment, but he later developed a small mill, with the help of 
Guthrie, and used it to produce flours on which he made estimates of gluten 
and gliadin content and of water-absorbing capacity. This pioneering work on 
quality estimation led to the introduction of the varieties Federation (1901) and 
Florence (1906) which, with their derivative Hard Federation (1914) 
dominated wheat production in New South Wales for 20 years until they were 
replaced by flag smut resistant varieties such as Nabawa (1915) and Bencubbin 
(1929). They enabled wheat cultivation to be greatly extended into areas 
previously considered too dry, and established Australian wheat as an 
important component of international trade. They also demonstrated in a 
practical way the value of the skills of plant breeding which Farrer had initiated. 

3.9 WHEAT BREEDING IN BRITAIN 

The work of Sheriff and other 19th century British workers (Section 3.1) and in 
particular the development of the English Squarehead wheats, offered a new 
combination of high yield and strong straw which was to have a profound 
influence on wheat breeding throughout north and central Europe, extending 
to Scandinavia, Germany and even to Poland. The grain quality of Squarehead 
was, however, inferior to that of the Chid dam and Lammas wheats which they 
replaced, and it is interesting to note that as early as 1907 Humphries and Biffen 
were suggesting that breeders should attempt to combine yield and quality. A 
very full account of breeding work during this period is given by Biffen and 
Engledow (1926). After a review of the difficulties of breeding for yield 
directly, owing to the complications of genotype X environment interactions, 
and a call for detailed study of the development of the whole crop throughout 
its growth- two problems which were not to be tackled for a further 40 years
they suggested that breeders should meanwhile concentrate on ancillary 
character had already been exploited in the breeding of the yellow rust resistant 
Biffen's demonstration that disease resistance was inherited as a Mendelian 
character had already been exploited in the bred ding of the yellow rust resistant 
variety Little Joss (1908). Although his concepts concerning the inheritance of 
grain quality were somewhat naive, he was able to show that quality characters 
were inheritable, though he soon found that the selections with the best grain 
quality tended to be the lower yielders. However, a major breakthrough was 
made in the breeding of the variety Yeoman, released in 1916, which combined 
hard-milling grain of good baking quality with strong straw and had a yielding 
capacity better than that of the varieties generally cultivated at that time. 
Yeoman was followed in 1936 by Holdfast, which was in effect a back-cross to 
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the Canadian Fife wheat from which the grain quality of Yeoman had been 
derived, and which set a standard of yield and quality which was not to be 
effectively challenged for a further 25 years, when it was replaced by Maris 
Widgeon (1964), offering a combination of good grain quality with yields 
acceptable at the time (Fig. 3.9). 
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Figure 3.9 Pedigrees of English winter wheats. 

Wheat breeding in England is carried out partly by the government
sponsored Plant Breeding Institute at Cambridge and partly by private seeds 
firms, who released a series of Squarehead type varieties such as Victor (1908), 
Wilma (1936), Redman (1939) and Eclipse (1946). As in other parts of Western 
Europe, a major change in British agriculture came with the introduction 
during the late-1940s of the high-yielding short-strawed French wheats. The 
first British hybrid to exploit these wheats was Hybrid 46, released in 1946. This 
variety was widely grown for some 20 years, but although other varieties 
involving French wheat parentage were introduced none was able to compete 
in yielding capacity with the introduced French wheats themselves until a major 
breakthrough was achieved with the introduction of the Plant Breeding 
Institute wheats Maris Ranger (1968) and Maris Huntsman (1972). These have 
been followed by a series of semi-dwarf varieties, such as Hobbit (1976), 
exploiting the short-strawed character of the Japanese wheat Norin 10. The 
breeding of these varieties, which now dominate British agriculture, is 
described in Chapter 16. 
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3.10 WHEAT BREEDING IN ITALY 

Little wheat breeding was attempted in Italy before 1930 when Strampelli 
started a bold programme crossing the Italian land variety Rieti with the Dutch 
variety Wilhelmina, top-crossing the F1 to the short-strawed Japanese variety 
Akagomughi (Vallega, 1974). This cro~s, which combined the disease
resistance and grain-quality characters of Rieti with the yielding capacity of 
Wilhelmina and the earliness and straw strength of Akagomughi, gave rise to 
the varieties Ardito and Mentana, which have been of the greatest importance 
in subsequent wheat breeding, not only throughout the Mediterranean region 
but also in South America and in the USSR (Fig. 3.10). Damiano (1965), from 
the same parentage, is involved in the pedigrees of the Italian varieties Funo, 
Mara and San Pastore. 
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Figure 3.10 Pedigrees of Italian winter wheats. 

3.11 WHEAT BREEDING IN POLAND AND THE USSR 

Wheat breeding started in the formerly Russian occupied part of Poland 
towards the end of the 19th century (Koskecki and Wolski, 1963). Early work 
was confined to selection within existing varieties, but gave rise to the very 
winter-hardy variety Kostromka, selected from a Russian spring-wheat 
population. As in other European countries, great interest was taken in the 
high yielding Squarehead wheats from England, but these were not adequately 
hardy for Polish conditions. A cross of Squarehead with Kostromka also 
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Figure 3.11 Pedigrees of Polish winter wheats. 

proved inadequately hardy, but a back-cross yielded the very winter-hardy 
variety Dankowska Graniatka which was widely grown between the World 
Wars and has been used in the parentage of most modern Polish winter wheat 
varieties. It has, for example, been crossed with the Italian variety Ardito to 
give the widely cultivated varieties Olza and Wysokolitewka Sztywnosloma 
(Fig. 3.11). 

Awned varieties are most popular in southeastern Poland and the adjoining 
Ukraine, and are mostly derived from crosses made at the beginning of the 20th 
century between the Polish variety Wysokolitewka and the good-quality 
Hungarian variety Banatka. This programme led to the variety Eka, widely 
grown between the World Wars but later replaced by Nova Eka, with the 
German variety Derenberger Silber added to its pedigree. 

Scientific wheat breeding in Russia dates back to the foundation of the 
Moscow Agricultural Academy in 1902, but early work was confined to 
selection from local or introduced populations and hybridization between 
ecologically and geographi·;ally remote forms, and has been supported by 
many expeditions to study and collect wild and cultivated forms from areas of 
primitive agriculture. 

This interest in wide crosses is clearly shown from the parentage of the 
famous variety Besostaja (1959), and its derivatives Aurora and Kavkas 
(1967), which include in their pedigrees varieties from the USSR, Hungary, 
North and South America, the Netherlands, Italy and Japan (Fig. 3.12). In 
describing the breeding of Besostaja, Lukyanenko (1966) draws attention to its 
very wide adaptability. He also describes how reselection in the many countries 
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Figure 3.12 Pedigrees of Russian winter wheats. 

to which it has spread has led to the production of locally adapted forms, 
suggesting that its wide adaptability may be in part due to heterogeneity of the 
original stock. 

3.12 HISTORY OF SEMI-DWARF WHEAT DEVELOPMENT 

The development of short-strawed high-yielding varieties has been an 
important objective of many breeding programmes since the introduction of 
intensive husbandry using large applications of artificial fertilizer. Trans
gression for shortness of straw has been observed and exploited by many 
breeders, notably leading to the introduction of the short-strawed French 
wheats which have been so widely used by breeders in Western Europe and 
elsewhere. However, the most spectacular developments in the breeding of 
short-strawed varieties have been based on the exploitation of very short
stemmed varieties from Japan. As discussed more fully in Chapter 7, these may 
be classified in two groups: those responding by stem elongation to applications 
of the hormone gibberellic acid, and those carrying an endogenous anti
gibberellin and therefore showing no response to the hormone. 

The variety Akagomughi, which belongs to the former category, was 
introduced to the Italian breeding programme by Strampelli and, as has been 
mentioned, was widely used in breeding programmes in southern Europe. 
Varieties belong to the latter category, showing little response to gibberellic 
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acid, are mostly derived from a Japanese variety named Daruma (Dalrymple, 
1980). A white-grained form of Daruma was crossed with the North American 
variety Fultz by Japanese workers in 1917. This cross gave the variety Fultz
Daruma which was crossed with another American variety, Turkey Red, to 
give Norin 10, released in 1935 (Fig. 3.13). At about the same time a red
grained form of Daruma was also crossed with Fultz, and a selection from this 
hybrid was later crossed with Kanred to give Suweon 85, released in 1932 and 
subsequently used in further breeding in Japan and Korea. 

The possible use of Norin 10, which was only 61 em tall, as a parent in a 
breeding programme was investigated by Dr 0. A. Vogel in Washington, 
USA, who crossed it with Brevor, one of the shortest varieties then available, 
and obtained a number of agronomically promising progeny. However, this 
and other crosses with Norin 10 showed much male sterility, and intensive 
selection was necessary to obtain lines of acceptable genetic stability. Two of 
these, selections 14 and 17, have formed the basis of Norin 10 derived semi
dwarf breeding material throughout the world. It is not possible to give a full 
account of the spectacular successes of these varieties, developed at the 
International Centre for Wheat and Maize Improvement (CIMMYT) in 
Mexico, but mention may be made of the varieties Pitic (1962), Penjamo 
(1962), Sonora (1964), Lerma Rojo (1964), Inia (1966) and the related 
selections Super X, Mexipak (1965), Siete Cerros (1966) and Kalyansona 
(1967) which contributed so much to the 'Green Revolution' of improved 
wheat production in the low-latitude countries of the world. 
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Figure 3.13 Pedigrees of gibberellic acid insensitive semi-dwarf wheats (after 
Dalrymple, 1980; Gale et al. 1981). 
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CHAPTER 4 

Aneuploidy in wheat and its uses 
in genetic analysis 

C. N. Law,]. W. Snape and A.]. Worland 

4.1 INTRODUCTION 

The loss or increased dosage of chromosomes referred to as aneuploidy occurs 
most frequently in polyploid species. This arises from the genetic duplication 
which occurs in polyploids, so that chromosome loss or the loss of a certain 
level of their genetic replication can be tolerated. In no other polyploid has this 
extended range of aneuploids been as systematically studied or used in genetic 
analysis as in hexaploid wheat, Triticum aestivum (2n = 6x = 42). Following 
the work of Sears (1944, 1953, 1954) the complete range of aneuploid lines, 
nullisomics, monosomics, trisomies and tetrasomics has been made available 
for analysis. Furthermore, this collection of aneuploid lines has made it 
possible to define the relationships between the chromosomes of hexaploid 
wheat in terms of their origin and function. 

Hexaploid wheat originated from two major evolutionary events in which 
three diploid species are presumed to have participated. By studying the 
hybrids between the likely descendants of these diploid species and the 
aneuploids of hexaploid wheat it has been possible to classify each of the 21 
chromosomes of wheat into three genomes- A, B and D- representing the 
three ancestral diploid species. Similarly, it has been possible to show that the 
chromosomes of hexaploid wheat fall into seven homoeologous groups, each 
composed of three chromosomes and each exhibiting a high level of functional 
identity (Fig. 4.1). This classification in terms of origin and function defines the 
relationships between the genes carried by different chromosomes of the wheat 
complement. It is upon this basic structure that the more detailed analysis of 
the constituent genes and their variation has been built, using the aneuploid 
marker stocks available in hexaploid wheat itself. 

Much of this work, both in terms of gross chromosomal relationships and 
detailed genetic description, has been concerned with one variety, Chinese 
Spring. 
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Genomes 

A B D 

1 lA lB 1D 
2 2A 2B 2D 

Homoeologous 3 3A 3B 3D 
groups 4 4A 4B 4D 

5 SA SB SD 
6 6A 6B 6D 
7 7A 7B 7D 

Figure 4.1 The chromosome classification of hexaploid wheat. 

4.2 THE ANEUPLOIDS OF CHINESE SPRING 

In the variety Chinese Spring a complete series of plants, in which the dosage of 
individual chromosomes varied from 0 to 4, was developed by Sears (1954). 
Other chromosome aberrations, for instance telocentrics where only one arm 
of a chromosome is present or isosomics where the chromosome has two 
identical arms, were also extracted in this variety by Sears (1954). 

The first aneuploid plants obtained were monosomic (2n = 41). These were 
derived principally from haploid sources or from plants nullisomic (2n = 40) for 
chromosome 3B which have reduced chromosome pairing at meiosis. Back
crosses from or to either of these two types of plant produced a large number of 
monosomics. It was by selecting among such back-cross progenies that the 
complete set of 21 monosomics in this variety was eventually derived. The 
nullisomics of Chinese Spring were obtained by selfing monosomic plants; 
these segregated nullisomic progeny with a frequency of about 3%, although 
this varied from monosomic to monosomic. Because the hemizygous 
chromosome tends to be lost during meiosis and selection in the pollen, this 
strongly opposes the survival of nullisomic gametes; the average monosomic in 
Chinese Spring produces about 75% nullisomic female gametes but only about 
4% nullisomic male gametes; this gives rise to the 3% of nullisomic plants. 

The phenotypes of the nullisomics differ considerably from the phenotypes 
of euploid and monosomic plants. They are frequently sterile and only nine, 
those for chromosomes 1A, 1D, 3A, 3B, 3D, 6A, 6B, 7A and 7B, can be 
maintained. Those nullisomics that are fertile are often unstable and tend to 
acquire compensating trisomic chromosomes. In many cases there are striking 
resemblances between the three nullisomics of a homoeologous group. Indeed, 
it was from the study of the phenotypes of derived nullisomics that many of the 
monosomic lines were identified as being distinct. 
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Trisomic plants have a nearly normal phenotype. Many were obtained from 
the same sources as the monosomics, but some were selected as compensating 
trisomies from among the progeny of nullisomics. By selfing these trisomic 
plants, tetrasomics (2n = 44) were obtained as normal segregation products, 
occurring with a similar frequency to the production of nullisomics from 
monosomics. The tetrasomic plants are in general less normal than the 
monosomic or the trisomic, but less abnormal than the nullisomic. Like 
nullisomics they show similarities between homoeologues. Tetrasomic plants 
can be maintained relatively easily but need periodic cytological checking, 
since they have a tendency to revert to the euploid condition. 

Sears (1966a) has also produced stocks having various combinations of 
nullisomy and tetrasomy, and all of the 42 possible combinations within 
homoeologous groups are available and can be maintained. Indeed, it was 
through the collection of these compensating nullisomic-tetrasomic stocks that 
the homoeologous relationships between the chromosomes were first 
established. Those combinations within groups 1, 3 and 7 give reasonably 
vigorous plants, indicating good compensation and therefore close genetic 
relationships within each of the three chromosomes. For groups 2, 4 and 6, 
however, lower degrees of compensation are found, with one chromosome in 
each group having a greater effect than its homoeologues on the degree of 
compensation. The important chromosomes in these three groups appear to be 
2A, 4A and 6B. Compensation within group 5 is poor, possibly due to the 
speltoid-suppressing gene Q on chromosome SA, and the gene Vrn3 for spring
habit or reduced vernalization requirement on chromosome 5D. Some 
combinations between homoeologous groups were also made by Sears (1966a), 
but in all cases such plants were feeble and often inferior to the nullisomic ones. 

Besides the aneuploids produced by loss or duplication of whole chromo
somes, other stocks having incomplete chromosomes produced by the mis
division of univalents are available. Mono-telocentrics were selected from 
monosomes in which they appeared with a frequency of about 3%. They are 
very similar to monosomics in their breeding behaviour, and are fairly easy 
to maintain. Di-telocentric lines were selected from the progenies of mono
telocentrics and are available for at least one arm of each chromosome, and 
in eight cases for both arms. Double di-telocentric lines in which both arms of 
a chromosome are present as di-telocentrics occur for all chromosomes except 
for 7D. Di-telocentric lines breed true and are generally of high fertility. The 
telocentric chromosome is easily recognized cytologically, so they are of great 
importance as markers in tester stocks. Mono-isochromosome plants are also 
segregation products of monosomics from which they arise at a frequency of 
about 1%. They are cytologically recognizable and, in some cases, the pheno
types of the plants are closer to euploid than the monosomic. However, they 
segregate more nullisomics than do the monosomics. Maintainable isochromo
some stocks are available for 10 chromosomes of Chinese Spring. 
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4.3 MONOSOMICS AND THEIR USE 

4.3.1 Monosomic Analyses 

Monosomics can be used to determine the chromosome carrying a particular 
gene (Sears, 1953; Kuspira and Unrau, 1959). If the 21 monosomics of a variety 
are crossed with another variety, homozygous for the gene to be located, and 
monosomic hybrids are selected from their resulting progeny, then the hemi
zygous chromosome in each of the crosses must be derived from the donor 
variety under investigation. If the gene is recessive to the allele carried by 
the recipient monosomic variety, then one of the monosomic hybrids will 
have the recessive phenotype and all of the other monosomic hybrids will 
have the dominant phenotype. The chromosome carrying the recessive gene 
can thus be determined. 

When the gene is dominant, however, all of the F 1 monosomic hybrids will 
have the dominant phenotype, but differences between the hybrid monosomic 
families will appear in the F2 generation. For 20 of the F2 monosomic families 
the usual3: 1 ratio will be obtained, whereas for the critical monosomic family 
which will identify the chromosome carrying the dominant gene almost all 
of the progeny will have the dominant phenotype. This follows from the 
transmission frequencies of both 20- and 21-chromosome pollen and 20- and 
21-chromosome egg cells. For most monosomics about 4% of the pollen and 
75% of the eggs carry 20 chromosomes, so only 3% of the zygotes among 
the progeny of a monosomic will be nullisomic. For the critical monosomic, 
carrying the donor dominant gene in the hemizygous condition, only the 
nullisomic progeny will lack this gene and have the recessive phenotype, so 
that a ratio of 97 : 3 should be obtained. In practice this expectation varies a 
little depending upon the monosomic and the variety used. It is thus possible 
to identify unambiguously the chromosome carrying a dominant gene 
(Table 4.1). 

If two genes are involved giving a 9: 7 ratio or a 15: 1 ratio, or indeed, a 
9: 3: 3: 1 ratio in the F2 generation, then it is also possible to locate the two 
chromosomes carrying the genes responsible, though complications arise ifthe 
two genes are more than 50 map-units apart on the same chromosome. 

For the genes segregating to give a 9: 7 ratio, two of the F2 monosomic 
families will give 3: 1 ratios, whereas the remaining 19 families will segregate as 
9 : 7. The two aberrant segregations therefore indicate the chromosomes 
carrying the genes involved. In the case of a 15: 1 ratio in an F2 a similar pattern 
will emerge, except that the aberrant families will not segregate. When the 
genes are independent, both in their actions and their location, the aberrant 
families will segregate as a 3: 1 ratio whereas the disomic F2 and 19 of the 
monosomic families will give the digenic segregation. This method has been 
used widely in the chromosomal location of genes affecting discontinuous 
variation. 
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TABLE 4.1 Segregation for resistance to yellow rust (Puccinia striiformis) at the seedling 
stage for F2 monosomic families derived from crossing each of the Chinese Spring 
monosomics with Triticum spelta album, the carrier of Yr5, the gene for yellow-rust 
resistance (Gaines, 1976) 

Chromosome Resistant Susceptible i for 3 : 1 ratio 

lA 23 7 0.04 
1B 25 5 1.11 
1D 20 10 1.11 
2A 23 7 0.04 
2B 30 0 10.00*** 
2D 22 8 0.04 
3A 24 6 0.40 
3B 24 6 0.40 
3D 25 5 1.11 
4A 24 6 0.40 
4B 23 7 0.04 
4D 22 8 0.04 
SA 25 5 1.11 
5B 25 5 1.11 
5D 24 6 0.40 
6A 25 5 1.11 
6B 21 9 0.40 
6D 22 8 0.04 
7A 24 6 0.40 
7B 23 7 0.04 
7D 22 8 0.04 
ControlF2 41 19 1.42 
Chinese Spring 0 30 
Triticum spelta album 30 0 

***P<O.OOl. 

Telocentric chromosomes have been used to determine the location of genes 
on particular arms of chromosomes, and in some cases to map the genes with 
respect to the centromere (Sears, 1966b). This is achieved by hybridizing the 
variety known to be carrying the critical gene on a particular arm of a 
chromosome with a variety ditelocentric for the same arm. The resulting hybrid 
is heterozygous for the gene but hemizygous for the opposite arm of the 
chromosome. Crossing-over is thus restricted to the arm carrying the gene, so 
that in the next generation the segregation of the telocentric chromosome will 
act as a 'marker' for centromere segregation. Scoring this segregation along 
with those of the gene under consideration leads to an estimate of the 
recombination between the gene and the centromere. Such segregation can be 
observed at the F2 or back-cross generations. If the hemizygous chromosome 
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arm also carries a readily identifiable gene, then it is possible to dispense with 
cytological screening by using this as a marker to follow the segregation of the 
centromere. An example of the method is provided in Fig. 4.2 for the location 
of a gene for high-molecular weight glutenin on the long arm of chromosome 
1A (Payne eta/., 1982). 

None of these methods, however, has proved to be particularly satisfactory 
in the study of quantitative characters where the effect of chromosome dosage 
can be as large a~, or even larger than, the allelic differences under 
investigation (Larson, 1966). 

In the majority of these studies the aneuploid lines of Chinese Spring have 
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Figure 4.2 The range of endosperm genotypes expected from a cross of a ditelocentric 
line with euploid followed by back-crossing to the ditelocentric line. If the ditelocentric 
chromosome carries an endosperm storage protein allele which is different from the 
allele on the homologous complete chromosome and if the opposite arm of this 
chromosome also carries an endosperm protein marker, then it is possible to identify all 
of the possible endosperm genotypes produced from the back-cross by screening for 
protein differences electrophoretically. The example illustrated is from a cross between 
Chinese Spring ditelocentric 1AL and a substitution line, Chinese Spring (Triticum 
spelta 1A). The telocentric chromosome carries a Glu-Al allele (a) which produces a 
different glutenin protein from that produced by the allele (A) on the long-arm of T. 
spelta 1A. The short-arm of T. spelta 1A carries an allele (B) of Gli-Al for gliadin 
proteins. Recombination between gene A-a and the centromere will give rise to the 
bottom two endosperm genotypes, whereas the top two genotypes will be non
recombinants. In this case the recombination frequency between the Glu-Allocus and 
the centromere can be calculated as 16/210, or 7.6%. 
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been used as the recipient, tester variety. For many genetic studies this is 
perfectly satisfactory, but for an effective analysis of quantitative characters, 
particularly those of agronomic importance, it is necessary to use other 
varieties as recipients. This is of particular relevance to the exploitation of these 
techniques in plant breeding where it may be useful to transfer whole 
chromosomes from one variety into another. To undertake this kind of 
investigation it is necessary to develop the requisite monosomic and other 
aneuploid lines in further varieties. 

4.3.2 The development of monosomics 

Monosomics occur spontaneously, so it is possible to establish a complete set 
of monosomics in a variety by observation of phenotypes and counts of 
chromosomes. It has been estimated by Riley and Kimber (1961) that 
monosomics occur at a frequency of about 1% in varietal populations, though 
the phenotypes of most monosomics are not obviously different from the 
euploid, so that it is not possible to obtain many of the monosomics by selecting 
adult plants in the field. Identification must therefore be made in the laboratory 
on the basis of chromosome counts at the seedling stage. This is obviously a 
time-consuming process and becomes more tedious as the selection proceeds, 
since as increasing numbers of the monosomics are isolated the chances of 
obtaining a new monosomic become progressively less. It could thus take many 
years before a new complete set could be isolated. 

A more acceptable method which overcomes these disadvantages is to use an 
existing set of monosomics, possibly in the variety Chinese Spring, to develop a 
further set in another variety by means of back-crossing (Sears, 1953; Unrau, 
1950) (Fig. 4.3). Hybridization of a monosomic line as female with a donor 
variety as the pollen parent will give rise to hybrids with 41 and 42 
chromosomes, in which the monosomic or hemizygous chromosome derives 
from the donor variety. Further hybridization of this monosomic hybrid with 
the donor variety followed by further selection for the monosomic condition 
leads to a back-cross programme in which the donor variety is used as the 
recurrent male parent. After a number of back -crosses the selected monosomic 
is homozygous or nearly homozygous for the genes of the donor variety. 
Similar back-cross procedures are carried out for each of the 21 monosomics, 
and give rise after several back -crosses to a monosomic set in the donor variety. 

This method has some disadvantages, but the ability to ensure that all 21 
monosomics can be developed in a reasonable time is an important advantage 
over other methods. However, perhaps the most efficient approach would be 
to combine the selection of spontaneously occurring monosomics with the 
development of monosomics by back-crossing. This would have the effect of 
reducing the number of back-cross lines until such time as the selection of new 
spontaneous monosomics becomes prohibitively slow. 
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Figure 4.3 A simplified diagram of the development of a monosomic line, showing three 
rather than 21 pairs of homologous chromosomes. The chromosomes of the recipient 
variety in which a monosomic series exist are cross-hatched, whereas those of the donor 
variety in which a monosomic series does not exist are coloured black. The diagram 
illustrates the development through repeated back-crossing and cytological selection of 
a line of the donor variety. monosomic for chromosome 3. 

The development of monosomics by back-crossing has two disadvantages. 
First, non-disjunction of chromosomes other than the hemizygous chromo
some could occur in the monosomic hybrid during any of the back-cross stages. 
When this happens a 20-chromosome female gamete, deficient for a chromo
some other than the one for which selection is being practised, could be pro
duced. The selected monosomic derived from the fusion of this gamete with a 
21-chromosome pollen gamete, will consequently be hemizygous for another 
chromosome. This process of 'univalent shift' (Person, 1956) is a persistent 
source of error in the development of monosomics by back-crossing, as well as 
in their subsequent maintainance, and provision must be made to detect and 
select against its occurrence. 

This can be achieved by using the di-telocentric lines available in the variety 
Chinese Spring as male parents in crosses with the appropriate monosomic 
back-cross line (Fig. 4.4). The products of this cross have one telocentric 
chromosome and either 41 or 40 normal chromosomes. The latter are critical 
in recognizing 'univalent shift' and plants of this chromosomal constitution 
are selected and examined at meiosis. If 'univalent shift' has not taken place, 
then the mono-telecentric plant will have been derived from the fusion of a 
20-chromosome female gamete, deficient for the chromosome in which 
monosomy is required, with a 21-chromosome male gamete carrying a 
telocentric chromosome homologous to the deficient chromosome in the 
female gamete. In the plant produced from the fusion between these two types 
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Figure 4.4 First metaphases of plants with 40 chromosomes plus two telocentric 
chromosomes resulting from the hybridization of a monosomic plant used as female 
with an appropriate double-ditelocentric plant as male. In the first cell neither 
telocentric is paired, indicating that the complete chromosome homologous to the 
telocentric chromosomes is missing and that therefore the monosomic plant is correct 
and 'matches' the double ditelocentrics used. In the second cell, both telocentric 
chromosomes are paired with a complete chromosome to give a trivalent where the 
telocentric chromosomes can clearly be recognized. The univalent chromosome is a 
complete chromosome. The chromosome homologous to the telocentric chromosome is 
therefore, present, so the monosomic plant is not as expected and the double 
ditelocentrics are 'not matched'. Here the use of a double ditelocentric, rather than a 
single ditelocentric as described in the text, is illustrated. Such usage is to be preferred 
where possible, since it gives rise to meiotic configurations, e.g. trivalents which are 
more easily recognized. 
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of gamete meiosis will reveal 20 bivalents and one unpaired telocentric 
chromosome. Ideally, the critical cell is one in which 20 ring bivalents occur 
with an unpaired telocentric chromosome, a configuration which allows no 
possible misclassification of the telocentric for a complete chromosome. When 
'univalent shift' has taken place, then the mono-telocentric test plant will have 
arisen from a 20-chromosome female gamete in which the deficient 
chromosome is no longer homologous with the telocentric chromosome 
transmitted through the pollen. Under these circumstances the meiotic 
configurations will again be composed of 20 bivalents and one univalent, but in 
this case one of the bivalents will be heteromorphic and composed of both 
complete and telocentric chromosomes paired together, and the univalent 
chromosome will no longer be telocentric, but complete. 

The second major problem in the development of monosomics by back
crossing concerns background variation. Since the monosomics are derived by 
back-crossing from an existing, but different, monosomic varietal set, it is 
possible that some of the genes from the initial monosomic set will still be 
present among the background chromosomes of the derived monosomics. If 
this was permitted to go undetected, then difficulties could arise in carrying out 
accurate genetic analyses. 

This problem can be overcome by developing each of the monosomics as 
duplicate lines. In other words, each back-cross programme would be carried 
out twice for each monosomic line. Each duplicate must be identical for the 
hemizygous chromosome but need not be identical for the genes carried by the 
other chromosomes. The loci on these chromosomes can segregate and the 
amount of segregation will depend upon the number of heterozygous loci in the 
initial cross together with the number of back-crosses. Differences between 
duplicate pairs of monosomic lines will thus indicate the presence of 
background effects and the need for further back-crosses. In addition, the 
development of duplicate monosomic lines provides an insurance against 
'univalent shift', since it is unlikely that both lines will undergo 'shift' at the 
same time. 

A further method of coping with this problem is to derive euploid lines from 
each of the monosomic lines after a reasonable number of back-crosses has 
been completed. If the back-crosses are sufficient, then the euploid derivatives 
should be indistinguishable from the control euploid or the variety itself. 

(a) Development and description of the Bersee monosomics 

The Bersee monosomics were derived by back-crossing using the Chinese 
Spring monosomics to commence the programme. All of the lines were 
developed as duplicates and check crosses with di-telocentric lines of Chinese 
Spring were carried out at regular intervals to detect 'univalent' shift. In three 
cases incorrect monosomics, probably arising from shift, were detected and 
duplicate lines were reconstructed from the correct line. Altogether eight back
crosses, and in some cases more, have been made for all of the lines. 
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Bersee carries a large reciprocal translocation relative to Chinese Spring 
involving chromosomes 5B and 7B. One of the translocated chromosomes in 
Bersee, 5BL-7BL, is composed of a major proportion of the long arms of 
chromosomes 5B and 7B, whilst the other chromosome, 5BS-7BS, is made up 
of the short arms of these two chromosomes. In the development of the Bersee 
monosomic series some difficulty was experienced in obtaining and 
maintaining by back-crossing the hemizygous condition of the 5BL-7BL 
chromosome, possibly due to strong selection for this chromosome in both the 
female and male gametes. A maintainable monosomic 5BL-7BL has, 
however, been developed recently, having fewer back-crosses than the other 
monosomics of this variety. 

The phenotypes of the 21 mohosomics of Bersee are described for a number 
of characters in Table 4.2 and are illustrated in Fig. 4.5. Many monosomic 
series now exist throughout the world. Apart from those ofBersee, monosomic 
series have been developed at the Plant Breeding Institute, Cambridge (PBI) in 
the varieties Cappelle Desprez, Koga II, Hobbit 'sib' and Holdfast. 

4.3.3 Comparisons between monosomic series 

It is possible to compare the difference between a particular monosomic and its 
euploid with the difference that occurs between the same monosomic and its 
euploid in another variety. If the magnitude of the differences in the two 
varieties is not the same, then this indicates either that allelic differences occur 
between the monosomic chromosomes or that the genes are identical and the 
differences are from interactions with different genes in their backgrounds, or a 
combination of both of these possibilities is responsible. An example where 
differences are due to allelic variation on the hemizygous chromosome comes 
from comparing the height of monosomic 4D of the variety Bersee relative to 
its euploid with that of the semi-dwarf variety Hobbit 'sib', which is known to 
carry the gene Rht2 for dwarfism on this chromosome (Gale, Law and 
Worland, 1975). As Table 4.3 indicates, monosomic 4D of Bersee is slightly 
shorter than the euploid, whereas the monosomic of Hobbit 'sib' is much taller. 
This difference is due to the Rht2 acting as an inhibitor on the height of Hobbit 
'sib'. Reduced dosage of this inhibitor gene as in monosomic 4D of Hobbit 'sib' 

TABLE 4.3 Comparisons between the heights (in em) of 
monosomic 4D and the euploids of the semi-dwarf variety, 
Hobbit 'sib' and the tall variety Bersee 

Monosomic4D 
Euploid 

Hobbit 'sib' 

95.8 ± 1.21 
86.8 ± 0.98 

Hersee 

127.8 ± 1.62 
131.9 ± 1.50 
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produces taller plants, whereas in Bersee, which lacks Rht2, no such increase in 
height occurs. 

It is thus possible to identify important chromosomal differences between 
varieties by comparing monosomic series. Since many monosomic series exist 
in wheat (Law, Snape and Worland, 1983), this comparative method can be 
useful in the rapid identification of the chromosomes responsible for major 
varietal differences. 

4.3.4 Reciprocal monosomic analysis 

When two or more monosomic series are available a method can be used for 
detecting allelic differences between varieties, which overcomes not only the 

'i' cJ' 
2 3 2 3 - - - X ~ ~ ~ - - ~ ~ ~ 

Variety R mono. Variety S ext. dis. 

~~~ - --~-I 
Self 

• ~~~ 
~~~ 

3S chromosome 

3 
~~~ 
~~ 

X - -- -
cJ' 
2 

Variety S mono. Variety R ext. dis. 

- - -~~ 
I 

Self 

t 
~~
~~-3R chromosome 

3 --

Figure 4.6 Reciprocal crosses between homologous monosomics obtained from two 
different varieties, R and S. In the first cross the monosomic (mono.) of variety R is 
hybridized as female to the disomic extracted (ext. dis.) from the homologous 
monosomic of variety S. In the reciprocal cross the monosomic of variety Sis hybridized 
with the disomic extraction of the monosomic of variety R. In both cases monosomics 
obtained following hybridization will have identical background chromosomes but will 
differ in their hemizygous chromosomes. Selfing such hybrids will produce disomics for 
the critical chromosomes from the varieties S and Ron segregating backgrounds. Here 
the development of reciprocal hybrids has been simplified to show just three 
chromosomes, and the comparisons that can be made for chromosome 3 only. 
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problems of chromosome dosage but also that of background interactions, 
which is still a confounding factor in comparing monosomic series. If 
homologous monosomics between two varieties are crossed reciprocally then 
the resulting F1 monosomics will have different hemizygous chromosomes 
but identical backgrounds (Fig. 4.6). Comparisons between these two F1 

monosomics will thus reflect the genetic differences between the hemizygous 
chromosomes and the confounding effects of background and chromosome 
dosage will have been removed. The only assumption that needs to be made is 
the absence of cytoplasmic or maternal effects, and these can be checked by 
comparing the reciprocally derived F1 disomics which will also emerge from the 
same cross. This method was first suggested by McKewan and Kaltsikes (1970) 
and has been used to identify chromosomes responsible for varietal differences 
in days to ear-emergence, height, grain size and yield by Law, Snape and 
Worland (1981), Chojecki, Gale and Bayliss (1983), Hoogendoorn (1985) and 
others (see Table 4.4 for an example of a reciprocal monosomic analysis). 

It should be mentioned that the method can be adapted to detect chromo
somal differences under conditions more akin to farming practice, since it is 
relatively easy to select F2 disomics from selfing the reciprocal F1 monosomics 
and from further selfing to produce F3 and F 4 families. The two types of family, 
one homozygous for one of the critical parental chromosomes and the other for 
its homologue from the other parent, can then be grown in drilled trials, and 
comparisons can be made between the averages of the two populations. Again, 
any differences will reflect the ~.ffects of the different alleles on the two 
homologous chromosomes. 

The method depends upon the availability of monosomic series. This was 
once a major limitation to the use of the method but, as already mentioned, 
many monosomic series now exist (Law, Snape and Worland, 1983) so that it 
is possible to study chromosomal differences affecting most characters and 
among much of the wheat germ plasm involved in breeding today. 

4.3.5 Back-cross reciprocal monosomic analysis 

Even when a monosomic series is unavailable in a particular variety the 
reciprocal monosomic method can still be used by crossing the variety with an 
existing monosomic series. The F1 monosomics produced are then back
crossed reciprocally with the original recipient monosomic. These two 
reciprocally derived monosomics will have different hemizygous chromo
somes, but the backgrounds will be segregating. If sufficient numbers of 
monosomics are selected, then the two populations will have on average 
similar genetic backgrounds, so comparisons between the means of the two 
populations will reflect the genetic differences between the two hemizygous 
chromosomes (Fig. 4.7). 

As in the former method, selfing of the selected monosomics will produce 
disomic plants, homozygous for one or other of the alternative homologues, so 



88 Aneuploidy in wheat and genetic analysis 
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Figure 4. 7 Development of back-cross reciprocal monosomic (mono.) hybrids by (1) 
crossing the variety R in which monosomics exist with variety S lacking monosomics to 
give a monosomic hybrid and (2) back-crossing reciprocally this hybrid with the parental 
monosomic of variety R. These two crosses will give rise to monosomic hybrids differing 
in their hemizygous chromosomes but, on average when many plants are involved, 
having identical genetic backgrounds. By selfing these plants disomic hybrids are 
produced in which the critical chromosome is homozygous. The scheme is simplified to 
show only three pairs of homologous chromosomes and the development of back -cross 
reciprocal monosomics for chromosome 3. 

two populations of lines can be produced and maintained, permitting the study 
of the genetic differences between the homologues under a variety of 
conditions. 

An example of the back-cross reciprocal monosomic method for the control 
of height by chromosome SA (Snape and Law, 1980) is given in Table 4.5 and 
illustrates how useful the method can be in studying the variation in a single 
chromosome amongst a range of varieties. 

The method may also be used to cross reciprocally F 1 monosomics derived by 
crossing two varieties to the same monosomic. In this case the background will 
be an F2 between two different F1 hybrids having one parent in common. 
Again, several hybrids and families will need to be studied if differences 
between the chromosomes under consideration are to be detected. The need to 
produce large numbers of crossed grain is a disadvantage of the back-cross 
reciprocal monosomic method. 

4.4 THE DEVELOPMENT OF INTER-VARIETAL 
CHROMOSOME SUBSTITUTIONS 

The transfer of single genes from one wheat variety into another is commonly 
carried out by the back-cross procedure. This involves the hybridization of a 
recipient variety (the variety deficient for the gene) and a donor variety (the 



The development of inter-varietal chromosome substitutions 89 

TABLE 4.5 Mean final plant heights of back-cross reciprocal monosomic families 
derived by crossing a range of varieties to the variety Cappelle Desprez monosomic 5A 
(CD = Cappelle Desprez) 

Cross Monosomic Mean height Reciprocal 
chromosome SA (em) difference 

Chinese Spring x CD Chinese Spring 122.7 7.8 *** 
CD 114.9 

Besostaya I x CD Besostayal 115.1 6.1 ** 
CD 109.0 

Mironovskaya 808 x CD Mironovskaya 808 123.4 5.0* 
CD 118.4 

Sportsman x CD Sportsman 111.5 4.1 
CD 107.4 

Atlas66 x CD Atlas66 122.0 4.0 
CD 118.0 

Villein X CD Villein 110.6 3.7 
CD 106.8 

Poros x CD Poros 122.4 2.5 
CD 119.8 

Sicco x CD Sicco 117.2 2.3 
CD 114.9 

Sava x CD Sava 105.5 2.3 
CD 103.2 

Highbury x CD High bury 111.2 1.2 
CD 110.0 

Hobbit x CD Hobbit 109.5 0.8 
CD 108.7 

Maris Ranger x CD Maris Ranger 109.7 -0.9 
CD 110.6 

*p = 0.05-0.01; **P = 0.01-0.001; ***P<O.OOl. 

carrier of the gene), followed by successive hybridizations with the recipient. If 
the gene being transferred is dominant, then selection for the heterozygote can 
be carried out after each back-cross generation. However, if the gene is 
recessive, then a generation of selfing is required after each back-cross to 
enable the homozygous recessive genotype to be selected. The method of back
crossing therefore depends upon an easily identifiable phenotype for the gene 
being substituted, so that selection can be carried out either at each generation 
or at intervals throughout the back-cross programme. 

These considerations apply to varieties with normal or euploid chromosome 
numbers. When the recipient variety is monosomic for the chromosome 
carrying the gene and the gene is expressed in the hemizygous condition, then 
selection can be carried out in each generation irrespective of whether the gene 
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being transferred is dominant or recessive. For the recessive situation the 
presence of aneuploid lines in one of the varieties is consequently a means by 
which the time taken to complete the back-cross programme can be halved. 
The use of monosomy in back-crossing ensures, however, not only that the 
gene under selection is transferred, but also the entire chromosome with its 
complement of donor genes. It is thus possible to substitute a particular 
chromosome from one variety for that of another, provided that a monosomic 
series exists in one of the varieties and the substituted chromosome or the 
chromosome it replaces is marked by a readily identifiable gene. 

In essence this is the basis of the technique of inter-varietal chromosome 
substitution. Because there is a lack of readily identifiable gene markers on 
most of the chromosomes of wheat, use is made of cytological chromosome 
markers which can be easily identified under the microscope. These are of 
two types: telocentric chromosomes, which are readily recognized in both 
mitotic and meiotic cell preparations, and isochromosomes, which can only 
be identified with any accuracy during meiosis. The combination of either of 
these cytological markers with the monosomic condition, to give mono
telocentric or mono-isosomic lines, enables homologous donor chromosomes 
to be followed and maintained intact throughout a back-cross programme. 

The steps involved are summarized in Fig. 4.8. Selection is practised 
throughout for monosomic plants, and these are used as pollen parents in each 
generation of the back-cross programme. The hemizygous chromosome in 
each of these plants will, of course, be the donor or substituted chromosome, 
and since there is no possibility of this chromosome pairing with its recipient 
homologue it will remain intact throughout the back-crosses. After a number of 
back-crosses the selected monosomic is selfed and a disomic substitution line 
obtained. This line will be homozygous for the sustituted chromosome and, 
provided a sufficiency of back-crosses has been made, the 20 pairs of chromo
somes of the background will be very close to homozygosity and almost 
identical to the chromosomes of the recipient variety. 

4.4.1 Background effects 

Just as in the development of monosomic lines, the problems of background 
variation in inter-varietal chromosome substitutions can lead to errors in 
assigning genetic effects to particular chromosomes. This problem is, in part, 
dependent upon the complexity of the genetic differences under investigation. 
If, for instance, the character difference being studied is determined by a small 
number of alleles with a large effect, then two or three back-crosses may be 
sufficient to analyse the situation completely. If, on the other hand, the 
character differences are under the control of many genes, some of which (or 
even all) contribute relatively little to the total variation in this character, then 
many back-crosses will be required before an understanding of the genetics is 
forthcoming. One way of determining how many back-crosses are necessary, 
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Figure 4.8 Development of inter-varietal chromosome substitution lines using as 
recurrent parent a mono-telocentric line (chromosomes coloured black) and a donor 
variety (chromosomes cross-hatched) to commence the back-cross programme. In each 
hybrid generation selection is practised for monosomic individuals for use as pollen 
parents in the next back-cross cycle. Only three pairs of chromosomes are shown, the 
substitution being carried out for chromosome 3. 

the use of which has already been described in the development of 
monosomics, is to develop two lines for each substituted t:hromosome. Each 
pair of duplicate lines would therefore carry the same substituted chromosome, 
b~Jt would segregate independently as far as the background chromosomes are 
concerned. Accordingly, any differences between the duplicate lines must be 
related to these background chromosomes. Duplicate variation consequently 
provides a measure of differences ascribable to genes other than those carried 
by the substituted chromosomes. The number of back-crosses required to study 
the genetics of particular character differences can thus be determined by 
referring to the magnitude of the duplicate differences assessed over all 21 
chromosomes or within each duplicate pair. If the m~gnitude of these 
differences is greater than the variation due to experimental error, then the 
assigned chromosomal locations must be viewed with caution. 

4.4.2 Genetic markers 

As mentioned earlier, cytologically identifiable marker chromosomes are not 
necessary for the development of inter-varietal chromosome substitutions, 
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provided either the chromosome being substituted or the chromosome being 
replaced carries a gene which is readily identifiable. A monosomic in which the 
hemizygous chromosome carries a dominant major gene is ideal as a recipient 
for substituted chromosomes. Provided the donor variety does not possess the 
same gene, then the monosomic hybrids will have the recessive phenotype, 
whereas the disomic hybrids will display the dominant phenotype. Given a 
satisfactory marker gene it is possible to dispense with cytological selection 
completely. On the other hand, if the marker gene is recessive it will not be 
possible to distinguish tfetween the monosomic and disomic hybrids, and some 
cytological checking will be necessary. 

4.4.3 Development in the absence of markers 

In the absence of cytological and genetic markers in monosomic lines, 
substitutions can be made by using monosomics as the recurrent parent in the 
back-cross programme. However, two problems arise when monosomic lines 
are used without markers. 

First, 'univalent shift' can occur in the female line, so that a zygote could be 
produced between a 20-chromosome egg, deficient of a chromosome other 
than that found in the original monosomic, and a 21-chromosome male gamete. 
The resulting zygote would then be monosomic for another chromosome and 
heterozygous for the substituted chromosome, so that in further generations of 
selfing or back-crossing the genes carried by the substituted chromosome 
would segregate. The resulting substitution line could then either carry a 
recombinant chromosome on which many of the donor genes were not 
represented or have reverted entirely to the recipient genotype. 

Second, although most of the pollen of a monosomic carries 21 
chromosomes, a few pollen grains will carry 20 chromosomes in which the 
substituted chromosome is lost. The fusion of this 20-chromosome pollen with 
an egg cell carrying 21 chromosomes will, of course, produce a zygote having 41 
chromosomes, which is indistinguishable chromosomally from a zygote 
resulting from a 20-chromosome egg fusing with a 21-chromosome pollen 
grain. It will, however, have 'switched' the substituted chromosome for its 
recipient homologue so that on selfing, after a number of back-crosses, a line 
will be produced which will be identical with the recipient variety. 

One way of overcoming this second problem is to self each of the selected 
monosomic lines and extract disomic plants before continuing with back
crossing to the monosomic of the recipient variety. Under these circumstances 
it is impossible for a 'switch' to occur, but the method effectively doubles the 
time taken to carry out a substitution programme. 

4.5 CHROMOSOME ASSAYS 

Once a single chromosome substitution line has been finalized and background 
effects have been shown to be negligible, then the effect of a particular 
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chromosome difference can be ascertained. Because substitution lines are as 
true-breeding as a normal variety, this assessment can be made under 
conditions of adequate replication in the field or in any number of different 
environments. This allows a more precise estimate of genetic effect than is 
possible using other methods, simply because it is possible to replicate precisely 
known genotypes. 

The first chromosome assays in wheat were carried out by Kuspira and 
Unrau (1957) using the substitution lines of the varieties Thatcher, Hope and 
Timstein into Chinese Spring developed by Sears (1953). They found that 
under field conditions some substitution lines were appreciably different from 
Chinese Spring in yield, height, grain weight and other characters. The yield of 
the substitution line carrying chromosome 1B of Thatcher was equal to that of 
Thatcher and 56% higher than that of Chinese Spring. The substitution lines 
used in this study, however, had undergone a maximum of only five back
crosses in their development. For some lines only three back-crosses had been 
completed and in no instance was duplicate lines made. It is therefore almost 
certain that some of the differences observed between these lines and their 
donor and recipient varieties, particularly for characters such as yield, are not 
due entirely to the substituted chromosome, but result from sampling of the 
genes segregating in their backgrounds. 

Similar criticisms apply to many of the studies which have been carried out 
with inter-varietal chromosome substitutions. Although more than·five back
crosses were sometimes made, in only a few cases have attempts been made to 
determine the experimental error by producing duplicate substitution lines and 
assessing the variation between them. This must mean that at least some of the 
substitution line differences are not strictly correct. 

An example where duplicate lines were used to study chromosomal 
differences comes from the study of cold-resistance in juvenile wheat plants 
carried out by Law and Jenkins (1970) using chromosome-substitution lines of 
Cappelle Desprez into Chinese Spring. Here one set of duplicate lines was 
tested first for cold-resistance and the second set in a separate experiment with 
good agreement between the two experiments despite the large differences in 
survival between them (Table 4.6). In the first experiment substitution lines for 
chromosomes 4D, 5D and 7 A were more resistant than Chinese Spring, and in 
the second experiment the same three substitution lines were also more 
resistant. Only the line for chromosome 4B was resistant in the second 
experiment, but not in the first. The most likely explanation for this duplicate 
difference is the presence of a gene for cold-resistance on a background 
chromosome of the 4B substitution line tested in the second experiment. 

Discrepancies amongst existing inter-varietal chromosome substitution lines 
have also been revealed by chromosome-banding techniques and by the 
chromosomal location of protein and isozyme gene 'markers', a relatively 
recent development in wheat. Endo and Gill (1984), using N-banding, showed 
three doubtful cases in the series of substitutions of Hope and Timstein into 
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TABLE 4.6 Mean survival of seedlings of Cappelle Desprez substitution lines in Chinese 
Spring (CS) after freezing 

Chromosome Duplicate A DuplicateS 
substituted First Experiment Second Experiment 

Mean survival Difference Mean survival Difference 

1A 0.17 -0.29 2.93 +0.33 
1B 0.17 -0.29 3.26 +0.66 
1D 0.81 +0.35 4.09 + 1.49 
2A 0.22 -0.24 3.37 +0.77 
2B 0.19 -0.27 1.87 -0.73 
2D 0.60 +0.14 3.28 +0.68 
3A 0.24 -0.22 1.44 -1.16 
3B 0.22 -0.24 4.10 + 1.50 
3D 0.58 +0.12 3.64 + 1.04 
4A 0.62 +0.16 2.59 -0.001 
4B 0.69 +0.53 6.37 +3.99** 
4D 2.09 + 1.63* 6.18 + 3.58** 
SA 0.41 -0.05 3.68 + 1.08 
5B 0.12 -0.34 3.20 +0.60 
5D 3.03 +2.57** 6.53 + 3.93** 
6A O.Q3 -0.43 2.03 -0.57 
6B 1.62 + 1.16 3.10 +0.50 
6D 0.13 -0.33 4.59 + 1.99 
7A 3.38 +2.92** 4.96 +2.36* 
7B 0.72 +0.26 4.21 + 1.61 
7D 0.21 -0.25 3.25 +0.65 
Cappelle Desprez 8.04 +7.58** 9.47 +6.89** 
Chinese Spring ( CS) 0.46 2.60 
Standard error 0.52 0.82 

*P = 0.05-D.Ol; **P<O.Ol. 

Chinese Spring. Examination of endosperm protein and isozyme variation 
amongst sets of inter-varietal chromosome substitutions developed at the PBI 
has also detected a number of inconsistencies. Appropriate corrections have 
since been made, often by determining the back-cross generation at which the 
mistake had occurred andre-continuing the back-crossing from that point. In 
most cases the mistakes had arisen because 'marker' telocentric chromosomes 
were not available at the time. Undoubtedly the increased usage of gene 
'markers' will have an increasingly important role in future cytogenetic 
research. 

The majority of inter-varietal chromosome substitution sets involve Chinese 
Spring as the recipient. In only a few instances have other recipient varieties 
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Figure 4.9 Deviations in final plant height from the height of the variety Cappelle 
Desprez for each of the substitution lines of Mara into Cappelle Desprez and for the 
donor variety Mara. Final plant height of Cappelle Desprez is 103 em. 

been used. Reciprocal chromosome substitutions between the varieties Cadet 
and Rescue have been used to study the control of ear-emergence time 
(Roberts and Larsen, 1985). At the PBI the recipient most commonly used has 
been the variety Cappelle Desprez, although much recent effort has 
concentrated on the semi-dwarf wheat Hobbit 'sib'. Cappelle Desprez 
substitution lines have been used to study the genetic control of vernalization 
requirement and day-length response, height, baking quality, disease 
resistance and yield and its components. One such study of height is depicted in 
Fig. 4.9 for the substitution lines of Mara into Cappelle Desprez, and clearly 
identifies chromosome 2D and the translocated chromosome 5Bs-7Bs as being 
responsible for the dwarfism of Mara compared with Cappelle Desprez. Again 
the Mara substitution line effects are based upon duplicates, so that it is 
possible to rule out background segregation in assigning chromosomal 
differences. 

4.6 ANALYSIS OF WHOLE CHROMOSOMES 

The results of chromosome assays provide information about the genes carried 
by the chromosome and the magnitude of a particular chromosome difference 
within a particular genetic background. It is consequently impossible to 



TABLE 4.7 Comparisons between particular genotypes produced from the triparental 1 and 2 
crosses which test for the presence of certain types of genetic effect. The substitution genotypes are 
described in terms of two chromosomes only, AA-aa and BB-bb, the recipient chromosomes being 
given the lower case and the donor chromosomes the upper case; aabb is thus the recipient, AABB the 
donor, and AAbb and aaBB the two substitution lines. The chromosomal effects are described using 
the notation of Mather and Jinks (1971) 

Triparental cross 1 
AAbb 

aabb 

aaBB 

Aabb 
m + [ha]- [db]- [jb/a] 
AaBb 

AAbb 
m + [ha] + [hb] +[lab] 
AAbb 
m + [da]- [db]- [iab] 

Comparisons 

(i) Additive effects 
(a) Y2(AAbb- aabb) 
(b) Yz( aaBB - aabb) 

aaBB 
aaBb 
m- [da] + [hb]- [ja!b] 
aaBB 
m- [da] +[db]- [iab] 

Estimate 
[da]- [iab] 
[db]- [iab] 

(ii) Within-chromosome interaction effects 
(a) Y2(- AAbb + 2Aabb- aabb) [ha]- [jb/a] 
(b) Yz(- aaBB + 2aaBb- aabb) [hb]- [ja!b] 

(iii) Between-chromosome interaction effects 
(AaBb- Aabb- aaBb + aabb) [iab] + [ja/b] + [jb/a] +[lab] 

Triparental cross 2 
AABB 

aabb 

AAbb 

AABB 

AaBb 
m + [ha] + [hb] +[lab] 
AABb 
m + [da] + [hb] + [ja!b] 
AABB 
m + [da] +[db]+ [iab] 

AAbb 
Aabb 
m + [ha]- [db]- [jb/a] 
AAbb 
m + [da]- [db]- [iab] 

aabb 
aabb 
m- [da]- [db]+ [iab] 

aabb 
aabb 
m- [da]- [db]+ [iab] 

Comparisons detecting additive and within-chromosome effects are the same as those used in 
triparental cross 1. The between-chromosome interaction comparison is, however, different 

Estimate 
AABb- AaBb- AAbb + Aabb [iab] + [ja/b]- [jb/a]- [lab] 

Chromosomal effects 
[da] and [db] Difference between homozygous chromosomes, i.e. AA v aa or BB v bb. 
[ha] and [hb] Within-chromosome interaction or the difference between the mid-point of AA and aa and 

the position of Aa. Similarly for the BB-bb chromosome. 
[iab], [ja/b], [jb/a] and [lab] Interactions between chromosomes A-a and B-b, when both are homozygous, 

both heterozygous or one homozygous and the other heterozygous. 
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extrapolate from the particular circumstance of genetic background to other 
situations without having some measure of the interactions which can occur 
with varying backgrounds. If such interactions are absent there remains no 
barrier to the prediction of the phenotypes of the many genotypes that could be 
derived from a single set of substitution lines and their donor and recipient 
varieties. Methods have been derived which allow these effects to be 
investigated. They employ the biometrical approaches used by Mather and 
Jinks (1971) for the analysis of inbred lines. 

Two basic crossing procedures with substitution lines have been used and can 
be referred to as triparental crosses 1 and 2 (Law, 1966; Aksel, 1967). The 
former entails crossing two substitution lines and their common recipient in all 
combinations, and the latter a single substitution line and its recipient and 
donor varieties. In each triparental cross the phenotypes of the genotypes 
produced can be compared using simple 'scaling' tests (Law, 1972) similar to 
those used by Mather and Jinks (1971), each of which tests for the presence or 
absence of between-chromosome interaction, within-chromosome interaction 
and additive chromosome effects (Table 4.7). Extended designs in which the 
three hybrids along with the original three parents used in making a triparental 
cross are crossed again to give 21 different generations have also been used 
(Snape et al., 1979; Chapter 5). Further 'scaling' tests can be made, each testing 
for the presence or absence of between-chromosome interaction by comparing 
the means of some of the generations derived in the extended triparental cross. 

Perhaps the most effective way of analysing the results of such crosses is to 
estimate parameters describing the various chromosomal effects by using the 

TABLE 4.8 Weighted least squares estimates of the effects of chromosomes 5A and 5D 
on time to ear-emergence obtained from a triparental cross, in which substitution lines, 
Chinese Spring (Hope 5A) and Chinese Spring (Hope 5D), with the recipient variety 
Chinese Spring and their first-generation hybrids were intercrossed in all combinations to 
produce 21 different generations. The days to ear-emergence from an arbitrary date are 
given for the variety and the two substitution lines 

Chinese Spring (CS) 
Chinese Spring (Hope SA) 
Chinese Spring (Hope SD) 

m = 20.026 
[d]sA = -2.795 
[ d]sn = 10.788 
[h]sA = - 10.484 * 
[h]5n = - i0.283* 

l[12] = 25.08* 

* p = 0.05-0.01. 

11.63 
6.19 

22.54 
Significantly earlier than CS 
Significantly later than CS 

[i]sA.SD = - 5.529 
[i]sA.SD = 7.665* 
[i]sn sA = - 8.594 * 
[1]sA5D = 10.047* 
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methods of weighted and unweighted least squares. The results of applying this 
method to an extended triparental cross is given in Table 4.8 for the character 
time to ear-emergence and its control by the chromosomes of homoeologous 
group 5. The analysis reveals the major effect of chromosome 50, due to the 
gene Vrn3 for vernalization requirement (Snape et al., 1979), but more 
importantly the large interaction effect between chromosomes SA and 50. 

4.6.1 Complete analyses 

The triparental cross analyses are concerned with the relationships and 
differences between only two chromosomes at one time. In some crosses, 
particularly for triparental cross 2 analyses, it is not possible to separate the 
effects of background chromosomes from the chromosomal effects which are of 
interest. This difficulty may be overcome by using an overall or complete 
analysis of a single substitution set to determine those chromosomes 
contributing to the background effects revealed by the simpler analysis. 

Little work of this nature has been attempted, but one of the best examples of 
a complex cross was the extension of the triparental cross 2 to all21 substitution 
lines of the variety Hope into Chinese Spring (Law and Worland, 1973). In this 
crossing programme each of the 21 substitution lines was crossed to both donor 
and recipient varieties to give 42 genotypes. Measurement· for final plant 
height and grain weight were then made on these 42 hybrids, the 21 substitution 
lines, Hope and Chinese Spring, and the hybrid between them. Several genetic 
models, estimating parameters for the effect of each chromosome as well as 
interactions between them, were fitted to the data for these two characters. For 
grain weight the additive model involving the estimation of 21 parameters 
representing the additive contribution of each chromosome was found to be 
adequate and to give a close fit with the observed variation. For height, on the 
other hand, neither the simple additive nor the additive plus within
chromosome interaction models proved capable of explaining the phenotypic 
variation. Parameters describing homoeologous chromosome interactions 
were therefore introduced into the model to give a total of 57 parameters, and 
esti~ates were obtained. These were found to give a satisfactory description of 
the variation in height. 

The estimates of the parameters for grain weight and height are presented in 
Table 4.9. It is of interest to note that the between-chromosome interaction 
estimates are those expected when the type of interaction is of a duplicate 
nature. For example, when the within-chromosome interaction estimates are 
positive both of the between-chromosome interaction estimates will be 
negative when duplicate gene actions occur, whereas positive estimates result 
when the action is complementary (Mather, 1967). Duplicate interactions are, 
of course, expected when homoeologous chromosomes are concerned, since in 
essence the chromosomes belonging to such a group represent a naturally 
occurring dose series in which identical loci are involved. 
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TABLE 4. 9 Estimation of genetic parameters describing the different effects of the chromo-
somes of Hope and Chinese Spring on 250-grain weight and final plant height; r and s refer 
to between chromosome interactions within a homoeologous group of chromosomes 

Chromosome 250-grain weight (g) Height(cm) 

Additive Within- Additive Within- Between-
effects chromosome effects chromosome chromosome 

interaction interaction interaction 

1A 0.05 0.19 6.60*** 3.91 * r1 = - 2.48*** 
1B 0.35*** 0.52*** 8.11 *** 5.95*** s1 = -1.57* 
1D 0.04 0.06 1.87* 5.24*** 
2A 0.01 0.41 *** 1.09 3.04 r2 = -1.21 
2B 0.01 0.06 0.78 2.29 s2 = -1.22 
2D 0.28*** -0.04 6.52*** 2.78 
3A 0.24** - 0.30* 4.63 3.28* r3 = -1.51 * 
3B 0.00 0.09 0.83 0.73 s3 = -0.70 
3D 0.01 -0.10 2.47 2.46 
4A 0.64*** 0.13 3.86** -0.39 r4 = -1.01 
4B 0.08 0.16 0.95 0.11 s4 = 0.89 
4D 0.04 -0.11 -0.61 -0.45 
SA 0.00 0.16 5.20*** -1.69 r5 = 0.71 
5B 0.20** 0.32* 1.76* -0.93 s5 = 0.07 
5D 0.21 ** -0.04 8.56*** -0.48 
6A 0.46*** -0.18 0.29 2.01 r6 = -0.61 
6B 0.24** 0.38** 4.92*** 1.95 s6 = 1.55* 
6D 0.10 -0.09 3.42*** 4.14** 
7A 0.03 -0.29* -0.48 -0.47 r1 = 0.30 
7B 0.32*** 0.11 1.54 * -1.51 s1 = 0.23 
7D 0.01 0.14 0.13 -1.40 

*P = 0.05-0.01; **P = 0.01-0.001; ***P<O.OOl. 

Some of the striking features of this analysis concern the chromosomes of 
group 1 and group 5. Group 1 chromosomes contribute greatly to the difference 
in height between Hope and Chinese Spring, and a large proportion of this is 
due to interaction. In other words, the chromosomes of group 1 influence the 
level of a particular product or products which affects final plant height, but the 
response to this product is not linear- as the plant becomes taller the response 
is diminished. The group 5 chromosomes also influence height greatly, but 
in this case, because the between-chromosome interaction estimates are 
not significant, there appears to be no evidence of diminishing effects at the 
upper end of the height scale. There is also the suggestion that the within
chromosome interaction terms are negative rather than the positive effects 
found for most of the other chromosomes studied. This could indicate a totally 
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different physiological pathway to that controlled by the group 1 chromo
somes. This analysis therefore highlights an interesting distinction between 
chromosomes in their control of height. 

4.7 CHROMOSOME SUBSTITUTIONS AND PREDICTION 

Since a genetic model has been specified which explains the observations, it 
should be possible to extrapolate from the limited samples studied and predict 
the phenotypes of all possible genotypes which could be produced from the 
hybridization of Hope and Chinese Spring. The only restriction that would 
apply to this extrapolation would be that the chromosome must segregate as a 
unit, in other words crossing-over must be absent. 

Predictions based upon the height data indicate that from the cross of 
Chinese Spring (109cm) and Hope (122cm), extreme homozygous genotypes 
with heights of 30 em and 170 em could be obtained, although their expected 
frequencies would be so small as to make their selection extremely difficult. 
Genotypes, on the other hand, having semi-dwarf phenotypes (70-80 em) 
could be selected for with a reasonable chance of success. For 250-grain weight, 
the limits predicted are 6.4g and 13.2g, whereas Chinese Spring and Hope 
have weights of 7.8 g and 11.5 g, respectively. In this case also these extreme 
phenotypes would occur with a low frequency. 

The estimation of chromosomal and between-chromosomal effects for a 
number of characters allows not only the prediction of phenotypes for each 
character separately, but also in combination. Thus, it is possible to state both 
the height and the 250-grain weight of each of the chromosomal genotypes 
which could be derived from this cross (Fig. 4.10). 

A major feature of this bivariate distribution is the strong positive 
correlation that exists between the two characters. The tallest wheats derived 
from this cross should therefore have large kernels, whereas the extremely 
short wheats should have smaller grain. Selection for the large kernel and short 
stature should therefore prove to be extremely difficult although not 
impossible, since the distribution clearly shows that short-statured wheats with 
acceptable grain weights could be obtained. 

The predictions which can be made using whole-chromosome substitution 
lines do not take into account the consequences of linkage. The extreme 
phenotypes and their frequencies are therefore likely to be minimal estimates 
of the limits which might be achieved. For instance, the strong association 
between height and grain weight for many of the chromosomes of Hope and 
Chinese Spring could have a linkage component. The ease with which this 
association might be broken will depend upon the number and tightness of the 
linkages involved. Methods can be devised to detect linkage (Mather and Jinks, 
1971), but it is difficult to see how estimates of the many linkage values could be 
made so that the consequences of such linkage could be predicted with the same 
degree of accuracy as that possible when the unit of inheritance is the 
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Figure 4.10 Predicted phenotypes and their frequencies for 250-grain weight (g) and 
height (em) for each of the homozygous genotypes which could be obtained from the 
cross of Chinese Spring with Hope, assuming that no crossing-over takes place and that 
the chromosome is the unit of segregation. 

chromosome. The assessment of the relative ease with which certain 
phenotypes may be achieved must therefore rely very much on predictions 
based upon whole-chromosome effects, although it can obviously be tempered 
by noting the number of chromosomes involved and whether linkage can be 
detected. 

Despite the problems imposed by linkage, the method of combining 
different characters in the process of prediction could enable a wide range of 
plant models to be assessed in terms of their agricultural merit. Provided 
appropriate characters are measured, including yield itself, then it should be 
possible to define those combinations of characters which would be associated 
with higher yields. A definition of such an ideal plant model would greatly assist 
in breeding and would also serve to supplement the work being carried out on 
physiological models (Donald, 1968), where the range of genetic variation is 
severely restricted. 

4.8 LOCATION OF GENETIC FACTORS 

Apart from the F2 monosomic method, the analytical methods which have been 
described concern differences between whole chromosomes. These differences 
represent the summed effects of possibly a number of loci carried by a 
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chromosome. Whether this is the case cannot be assessed from the study of 
whole-chromosome substitution lines. The presence oflinkage can be detected 
by studying the means of the selfed and crossed generations resulting from a 
cross between either two substitutions lines or a single substitution line and its 
recipient or donor variety. These methods have been described by Aksel (1967) 
and Snape et al. (1979) and are extensions of the generation means analysis of 
Mather and Jinks (1971). However, these methods depend upon the 
simultaneous occurrence of epistasis between the linked genes before linkage 
can be detected. Without epistasis linkage cannot be detected. Also, it is 
difficult to establish whether more than two linked genes are involved. The 
presence of linkage could also be ascertained from the results of the complex 
crossing designs mentioned earlier, but again it is doubtful if linkages between 
more than two genes could be recognized. 

However, it is possible to take advantage of the simplified genetic situation 
presented by inter-varietal chromosome substitutions where only a single 
chromosome difference occurs in a constant genetic background. Provided 
background effects are not present, the variable products of the cross between 
a substitution line and its recipient variety can only be due to the gene 
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Figure 4.11 Derivation of homozygous recombinant lines by crossing a substitution line 
(the substituted chromosome denoted by cross-hatching and carrying the two genes 
a and b) with its recipient variety (recipient chromosomes being coloured black and 
the chromosome homologous to the substituted homologue carrying the two genes A 
and B) and then crossing the resultant hybrid as pollen parent to the recipient variety, 
monosomic (mono.) for the chromosome being studied. The monosomic products of 
this cross are selected to give a range of recombinant lines which can be selfed, and 
true-breeding F1 products or homozygous recombinant lines obtained. 
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differences between the substituted chromosome and its homologue. The study 
of this segregation can thus provide the means for detecting linkage and in some 
cases for determining the number of genes concerned and their locations. 

If the variation obtained from the cross is discontinuous there is no difficulty 
in carrying out an analysis. On the other hand, if the variation is continuous, 
then use may be made of the aneuploids available in the recipient variety to 
derive homozygous recombinant lines. The hybrid between a substitution line 
and its recipient, or between two homologous substitution lines, is crossed as 
male to the recipient monosomic for the chromosome under investigation. 
Monosomic progeny can then be obtained which will be hemizygous for either 
a non-recombinant or a recombinant chromosome. By selfing these selected 
monosomics, euploid lines can be obtained in which the non-recombinant and 
recombinant chromosomes are homozygous (Fig. 4.11). 

As in the case of the substitution line itself, the development of these 
homozygous products of recombination allows a more exact description of the 
genotype by permitting extensive replication. Discontinuities among the F1 

products may thus appear which would not be apparent among the F2 and back
cross generations. Furthermore, the variation obtained among the F1 products 
contains no dominance component, because all the products are homozygous. 

The recognition of discontinuities or recombinant genotypes among the F1 

products can also be facilitated by growing them along with the products of 
crossing the substitution line and its recipient with the recipient monosomic 
(Fig. 4.12). These parental products provide a sample of the effects of the non
recombinant chromosomes, so that if any of the F1 products can be shown to 
differ from this sample, then recombination must have taken place and at least 
two linked genes must be responsible for the control of the character being 
studied. On the other hand, if the F1 products are indistinguishable from their 
parental products but yet the products of the two parents are different, then 
segregation at one locus only can be concluded. 

Several examples now exist where this method has been used to identify 
single genes, often affecting quantitative characters, and to determine their 
locations (Law, 1966, 1967; Scarth and Law, 1983; Worland and Law, 1986). 
The analysis of homozygous recombinant lines derived from the cross of 
Cappelle Desprez with the substitution line, Cappelle Desprez (Mara 2D), 
leading to the location of the genes Ppdl, for day-length insensitivity, and 
Rht8, for plant height, is a good illustration of the method (Worland and Law, 
1986). The distributions obtained for both the parental and F 1 products for days 
to ear-emergence and final plant height are shown in Fig. 4.13. For each 
character the distribution of the F 1 products falls into two distinct classes of 
approximately equal numbers, indicating that a single gene is responsible. 
Comparisons between the variances and means of the F 1 products with those of 
the parental products showed that the gene Ppdl, for day-length insensitivity, 
which is responsible for the variation in ear-emergence times, accounted for all 
of the variation in this character, since the distributions obtained from the two 
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Figure 4.12 Derivation of homozygous parental products by crossing the substitution 
line (substituted chromosome cross-hatched and carrying the genes a and b) and the 
recipient variety (chromosomes coloured black and chromosome homologous to the 
substituted chromosome carrying the genes A and B) with the recipient monosomic for 
the chromosome being studied. Selection of monosomics from this cross produces a 
sample of non-recombinant chromosomes. Selfing followed by selection for disomics 
gives rise to homozygous parental products. 

types of product were indistinguishable. This was not the case for the variation 
in final plant height, where the distributions obtained for the F1 products were 
more variable than those of the parental products. Although a gene of large 
effect, designated Rht8, must be segregating to account for the bimodality of 
the F1 products, another gene or genes of much smaller effect must also be 
present and recombining with Rht8. Further analysis demonstrated that this 
additional variation could be accounted for by the segregation of Ppdl whose 
'early' allele reduced final plant height slightly, the 'late' allele having the 
opposite effect. The variation in ear-emergence time and final plant height 
could therefore be accounted for by the two genes Ppdl and Rht8 and, because 
the classification was clear-cut and unequivocal, the location of the genes could 
be established and a recombination frequency of 0.17 ± 0.04 between them 
determined. 

Although the development of homozygous recombinant lines is time
consuming, it nevertheless provides the best method available for studying the 
genetics of quantitative characters. Once established such lines can be 
extensively replicated, an advantage where characters of low inheritability are 
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Figure 4.13 Homozygous recombinant lines obtained from the cross of Cappelle 
Desprez with Cappelle Desprez (Mara 2D) followed by back-crossing and selection to 
the Cappelle Desprez monosomic 2D in the manner described in Figs 4.11 and 4.12. 
Variation for two characters- days to ear-emergence from an arbitrary date and final 
plant height- are shown for the parental and F1 products. 
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concerned (Law et al., 1978). They may also be grown under different 
conditions or at different sites to study genotype-environment interactions, or 
maintained as a series of lines available immediately for mapping genes as they 
are discovered (Ainsworth, Gale and Baird, 1983). 

4.9 THE USE OF WHEAT ANEUPLOIDS IN THE FUTURE 

The methods of analysis of aneuploids presented in this chapter provide a much 
more complete taeans of describing the genetic structure of wheat than is 
currently possible using other methods. One of its major advantages is the 
ability to identify single genetic factors affecting quantitative characters, the 
quantitative trait loci, or QTLs, of Geldermann (1975). Once such factors are 
located it is possible to describe and evaluate their effects on agronomic 
performance, since it is a relatively easy matter to produce near-isogenic lines 
from homozygous recombinant lines. By multiplying the seed of isogenic lines 
realistic evaluations of the effects of genetic factors can be made under field 
conditions, providing useful information for the breeder. 

The results of the aneuploid analysis can also be exploited by physiologists 
and biochemists interested in describing plant processes. Near-isogenic lines 
carrying factors affecting the characters and sub-characters being studied by 
these research workers can be extremely valuable in establishing the causal 
relationships between them. A comparative genetic approach may lead to the 
truth more readily than the use of environmental treatments whose effects may 
not be so specific. 

Yet another area of application is just beginning to surface. Although the 
transformation of wheat by genetic manipulation has still to be accomplished, it 
is confidently predicted to occur in the very near future, at which time genes 
worthy of manipulation will need to be designated. Apart from genes for 
disease resistance, which are obvious 'target' genes for manipulation, it is not 
clear which other genes should be considered at present, other than vaguely 
referring to them as genes which influence productivity. Aneuploid methods of 
analysis will thus have a role in recognizing such genes and describing their 
effects so that 'target' genes can be ranked and identified for use by the 
molecular genetic engineer. 

It is probable that the recognition in wheat of restriction fragment length 
polymorphisms (RFLPs), as well as further variation at isozyme and grain 
protein loci, will provide a very large number of gene markers which will add 
greatly to the power of genetic analysis. In combination with the aneuploid 
methods described, this may remove the need for cytological screening, the 
cytological marker being replaced by one or more genetic markers. However, 
aneuploidy or the loss or addition of whole chromosomes will still provide 
many advantages when it comes to locating genes or to transferring 
chromosomes intact from one variety into another or from another species. 
Aneuploid stocks, which have been so extensively and painstakingly produced 
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over the years, and the methods that have evolved for their use will thus 
continue to have an important role in both the wheat genetics and wheat 
improvement of the future. 
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CHAPTER 5 

Conventional methods of genetic 
analysis in wheat 

]. W.Snape 

5.1 INTRODUCTION 

5 .1.1 Purpose of genetic analysis 

The aim of genetic analysis in wheat, as in other species, is to understand the 
way in which different characters are inherited. For characters where variation 
is qualitative with discrete, clearly discernible phenotypes the questions asked 
are: 

(a) How many loci are involved? 
(b) How many alleles at each locus? 
(c) What are their dominance properties? 
(d) Do different loci interact? 

These are the properties that determine the segregation ratios of different 
genotypes and hence phenotypes in any generation. Subsequent genetic 
analysis can elucidate the chromosomal locations of the loci, their linkage 
relationships with other loci, and the genotypic constitutions of different 
varieties. All of this information enables the frequencies of different 
phenotypes in specific cross combinations to be predicted. 

With characters where phenotypic variation is quantitative and distinct 
phenotypic classes are not found in segregating generations a different 
approach is necessary. The variation is described in terms of the statistical 
properties of the distribution of individuals, measured on an appropriate scale, 
within a generation or population. Here the questions asked are: 

(a) What are the relative influences of genotype and environment on the 
phenotype? 

(b) What are the relative contributions of additive effects, dominance effects, 
epistasis and linkage to the mean expression of a generation or population 
and to the genetic variation between individuals and families within a 
generation or population? 
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(c) How do these properties determine the phenotypic relationships between 
parental and offspring generations? 

The analysis of such characters provides estimates of genetic parameters in 
units of measurement: numbers, em, g, etc. Although the actual values relate 
only to the experiment in which they were measured, the relative values 
indicate the importance of the different components of variation. These 
provide a general description of the mode of inheritance, termed the 'genetic 
architecture' of a character. Knowledge of the genetic architecture permits an 
overall assessment of the probable effects of selection on any generation or 
population and the probable frequency of specific phenotypes in a population. 
When specific crosses are being considered, the actual parameter values can be 
used to predict the response to selection and to estimate the frequencies of 
recombinant inbred phenotypes. 

5.1.2 Implications of the breeding system 

The types of genetic analyses that can be carried out within a species are 
determined by the breeding system, since this controls the ease with which 
selfed and crossed seed can be produced, and therefore the generations that 
can be studied. Wheat is an autogamous species and normally over 95% of 
grain produced on a plant results from self-fertilization, although this does vary 
between genotypes depending on the floral morphology and environmental 
conditions during growth. Nevertheless, wheat can also be artificially cross
pollinated with relative ease by emasculation (either by hand or using a male 
sterility system) and subsequent pollination. Practical considerations apart, the 
absence of genetic barriers to self- and cross-fertilization within wheat means 
that most types of experimental generation can be produced for genetic 
analysis. 

The breeding system also determines the type of variety produced from 
breeding programmes. Most programmes use the pedigree system (Chapter 
16) whose end-products are inbred homozygous genotypes. Consequently, the 
starting points for genetic analyses in wheat are, invariably, such homozygous 
varieties. In general these are also genotypically well defined, and therefore 
genetic analysis of specific characters can be performed on a known range of 
phenotypes. The use of homozygous lines and generations derived from them 
greatly simplifies the theoretical basis for the analysis of both major gene 
variation and quantitative variation. Consequently, clear interpretations of the 
modes of inheritance of different characters can be obtained. 

5.1.3 Consequences of polyploidy 

Bread wheat is a hexaploid species and, in theory, each locus is present in six 
doses (Chapter 4). However, because of pairing control, wheat behaves 
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cytologically as a diploid, and recombination only occurs between homologous 
chromosomes (Chapter 7). Consequently, alleles on homoeologous 
chromosomes - homoeoalleles - segregate independently of one another. The 
effects of polyploidy are thus not on gene segregation, but on gene expression 
where the presence of alleles on one chromosome can affect the phenotypic 
expression of segregation at a corresponding homoeoallelic locus. In genetic 
experiments this manifests itself as epistatic disturbances of segregation ratios 
for major genes and the expression of epistatic components of variation for 
quantitative characters. Numerous characters show the effects of such 
homoeoallelic variation - for example, major genes controlling vernalization 
requirement, photoperiodic response, dwarfism and a wide range of 
quantitative characters such as height, yield and yield components- although 
the effects do vary between different crosses (Law and Worland, 1973; Law, 
Worland and Giorgi, 1976; Law, Sutka and Worland, 1978; Snape, Law and 
Worland, 1977; Chapter 6). 

5.2 ANALYSIS OF MAJOR GENE VARIATION 

5.2.1 Qualitative versus quantitative variation 

The first step in the genetic analysis of a character is to establish whether the 
variation should be considered qualitative or quantitative. This is determined 
by whether clear, discrete, phenotypic classes can be distinguished in 
segregating generations of crosses between contrasting genotypes. If separate 
classes are clearly distinguishable, then the variation is most likely to be 
controlled by one or a few genes. In many cases in wheat the distinctions 
between classes are obvious; for example, by a distinct phenotype such as the 
presence or absence of awns, or alternatively single genes can be distinguished 
by 'gene handles' such as electrophoretic bands on gels. Often, however, when 
metrical characters are being considered the distinction is not so obvious, 
although the character may in fact be controlled by few loci of major effect, as 
in the case of ear-emergence time (Chapter 6). In practice, whether a few loci 
of distinguishable effect are detected, the so-called major genes will be 
determined by the sensitivity of the experiment in exhibiting discrete 
phenotypic classes in segregating generations, which in turn depends upon the 
particular character and genotypes used. 

To establish whether variation for a character is controlled by major genes 
requires an experimental environment and genetic background which enables 
individual plants to be classified into clear phenotypic classes. Crosses between 
contrasting genotypes are carried out and segregation ratios in different 
generations, usually the F2 and back-crosses, are tested for their goodness-of
fit to appropriate gene models. Only if unequivocal evidence of monofactorial 
segregation for individual genetic factors is obtained is it proper to assign new 
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gene symbols to new loci. If discrete phenotypic classes are not distinguishable, 
then the variation has to be handled by methods appropriate to a quantitative 
character. 

5.2.2 Conventional mapping of major genes 

Having established that variation for a character is determined by major genes, 
it is useful to locate,the loci involved on specific chromosomes and to map their 
positions relative to other major gene loci. 

The chromosomal locations of major genes in wheat are usually established 
using aneuploid methods (Chapter 4). By F2 monosomic analysis, genes can 
be located on particular chromosomes and using telosomics onto specific 
chromosome arms. In addition, telocentric mapping procedures can be used 
to estimate the frequency of recombination with the centromere. These 
techniques have established the locations of a wide range of major genes on all 
chromosomes of the wheat genome, and an extensive catalogue of gene 
symbols has been compiled (Mcintosh, 1973). 

Conventional mapping techniques are used to a lesser extent. This is because 
aneuploid methods are easily applied in wheat and hence little effort has been 
devoted to synthesising the appropriate multiple marker stocks necessary for 
determining detailed chromosome locations. Consequently, detailed genetic 
maps of individual chromosomes in wheat have not yet been formulated, and 
most linkage data relate to distances from centromeres or between pairs of 
linked loci (see Chapter 6). 

Where multiple marker stocks are available conventional methods of 
mapping can be used. Starting with homozygous marker stocks, the classical 
methods of mapping, using back-crosses to the multiple recessive parent or 
selfing generations, are appropriate. The statistical methods for detecting 
linkage and obtaining maximum-likelihood estimates of the recombination 
frequency using such generations are outlined in the books by Mather (1938) 
and Bailey (1961). On theoretical grounds, for most genetic situations, back
crosses to the multiple recessive parent are the most efficient. However, on 
practical grounds F2s may be preferred since larger population sizes can be 
grown. Commonly, when using the F2 , F3 progeny tests are also carried out to 
ensure a more complete classification of the F2 individuals. 

In practice a combination of aneuploid and conventional methods of 
mapping is used. An example of this is the location of the gene, designated 
Sr22, transferred from Triticum monococcum, which confers resistance to 
Puccinia graminis tritici (Kerber and Dyck, 1973; The, 1973; The and 
Mcintosh, 1975). Initially, conventional back-crosses and F2s were developed 
to show that the gene segregated monofactorially, and that the transferred 
resistance was due to a single dominant major gene. Then F2 monosomic 
analysis was used to locate the gene onto chromosome 7A. Subsequently, 
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telocentric mapping showed that the locus was on 7 AL at 27 ± 4 crossover 
units from the centromere. Conventional genetic analysis using F2s and their F3 

progeny was then performed to locate Sr22 relative to other major genes 
already located on 7 AL: cn-Al determining chlorina phenotype (Sears and 
Sears, 1968) and Pml which confers resistance to certain cultures of Erysiphe 
graminis (Sears and Briggle, 1969). This analysis located Sr22 very close to Cn
Al, with only 2% recombination between them, but 41 crossover units from 
Pml. The order on 7 AL is thus centromere-Cn-Al I Sr22-Pml, although 
because of the close proximity of Cn-Al and Sr22 the exact order could not be 
established. 

5.3 GENETIC ANALYSIS OF QUANTITATIVE 
CHARACTERS 

5.3.1 Basis of analysis 

Although a large number of major genes have been identified in wheat, genetic 
variation for most of the characters that the plant breeder is concerned with is 
not qualitative but quantitative. In general this variation is controlled by many 
loci whose effects combine to produce the observed genotype. Segregation of 
individual genes is not discernible in segregating generations and phenotypic 
differences between individuals and families have to be expressed as statistical 
properties of populations rather than as frequencies of distinct phenotypic 
classes. To study the inheritance of such characters requires the interpretation 
of these population statistics: means, variances and covariances in terms of the 
combined effects of many genes, each behaving in a Mendelian fashion, and of 
environment. To do this an extensive methodology, originating from the classic 
paper of Fisher (1918), has been developed. Where analyses of crosses 
involving homozygous lines are appropriate, as in wheat, much of this work 
stems from the studies of Mather, Jinks and co-workers at the University 
of Birmingham (Mather, 1949; Mather and Jinks, 1982). There is now an 
extensive array of analyses available to the wheat geneticist which enable the 
genetical variation to be partitioned and interpreted in terms of different types 
of gene action and interaction: additive effects, dominance, epistasis, linkage 
and genotype-environment interaction. 

These analyses aim to do two things: first to detect the effects of specific types 
of gene action, second to estimate the contribution of a particular component to 
the overall variation. In most instances an analysis will be able to do these 
simultaneously, and the number of different components of variation that can 
be detected and estimated will depend upon the number and types of 
generations grown. In general the greater the number of statistics available, the 
more penetrating the analysis is in detecting and estimating different 
components of variation. 
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5.3.2 Types of experimental populations 

Genetic analyses in wheat can be divided into two groups on the basis of the 
types of experimental populations produced for studying the inheritance of a 
particular quantitative character. 

First there are individual crosses between pairs of homozygous parents and 
the generations derived from them. Here two parents are usually chosen as 
being of contrasting phenotype for the character under study, and their F 1 and 
subsequent generations are selfed and intercrossed to produce an array of 
experimental generations. These are then grown in a suitable randomized and 
replicated experiment and the character measured on either an individual plant 
or a plot basis. The advantage of this approach is that the alleles segregating 
between the parents in each cross are at a known frequency in each 
experimental generation, since they are initially at a frequency of 1-in-2 in the 
Fb and this greatly simplifies the genetic basis for detecting, estimating and 
interpreting the components of variation. Analysis of generation means as well 
as of variances can be carried out, and this produces complementary 
information for interpreting the genetic architecture. Considerable detail of 
the genetic control of a character in a particular cross can be obtained, and this 
information can have important predictive value within the cross. 

This information can also be extrapolated to the species as a whole. 
However, caution has to be expressed in interpreting the genetic control in the 
wider context, since the genetic information produced relates only to the loci 
which are segregating between two parents. Consequently, alleles segregating 
in the wheat population as a whole but not in the particular crosses being 
examined will not contribute to the genetic variation. Hence, specific 
components of variation may be expressed in some crosses but not in others, 
depending upon the alleles present in the crosses chosen for analysis. 

The second type of experimental population overcomes this problem. This is 
where the parental generation consists of a population of wheat varieties which 
are chosen to represent a random sample of all wheat genotypes for the 
characters being considered. Consequently, details of the genetic architecture 
should relate to the species as a whole. Here the frequency of any particular 
allele is not known, since this will depend upon the origins of the sample and the 
frequency in the whole population of wheat varieties. Hopefully, all of the 
alleles that are segregating are representative of the genetic variation available 
within wheat, or at least of a more restricted but relevant sample such as an 
ecologically adapted group. Because gene frequencies are unknown the 
theoretical basis of the genetic analysis is more complicated than when 
examining individual crosses, and these experimental generations have genetic 
expectations which are functions of the unknown gene frequencies. 

Although such parental populations are said to consist of a random sample, 
this is rarely the case in practice. The genotypes are generally chosen to 
represent a range of phenotypes for the character(s) under study, which 
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invariably includes the extremes. This may bias the interpretation of the 

genetic architecture and could exaggerate the influence of certain components 
of variation although the presence or extent of such bias has never been 
investigated. 

Such experimental populations usually consist of the parental lines and F1s 
between them, although F2 or back-cross populations may also be included. 
Whether the complete set of F1s between the parents is produced, as in a 
diallel, or only certain combinations, as the inbred triple test cross (Jinks, 
Perkins and Breese, 1969) will depend upon the objectives of the study. 
However, in most of these designs fewer generations are available, and conse
quently fewer different components of variation can be detected and estimated 
than within individual crosses. In fact, many of the designs must assume the 
adequacy of an additive/dominance model before components can be 
estimated at all. Some of the designs, for example the complete diallel and the 
triple test cross, have tests of this assumption built into the analysis. 

The choice of whether to use individual crosses or a population sample for 
examining the genetic control of a character will depend upon whether the 
investigator wishes to have a large amount of information on a few parents or 
less detail on a larger sample of genotypes. In either case interpretation of the 
genetic control should, in a general sense, point to the best breeding strategy 
for that character. However, often the analysis is also used to identify good 
parental combinations for breeding programmes. In this case population 
designs are good for estimating the general combining abilities of a range of 
parents, whilst analysis of specific crosses can accurately predict the outcome of 
inbreeding the F2 of that cross (Jinks and Pooni, 1976). Thus, analysis of 
individual crosses offers a much more accurate l!lethod of cross discrimination 
although practical aspects restrict the number of crosses that can be handled. 
Where many parents need to be screened a population approach, in the first 
instance, is appropriate. 

5.3.3 Analysis of individual crosses 

For the analysis of crosses between pairs of homozygous varieties the 
methodology of Mather and Jinks (1982) is appropriate. This provides an 
algebraic representation of the expectations of the means and variances of any 
generation in terms of genetic parameters defining the different possible types 
of gene action. Simple Mendelian segregation determines the frequency of 
different genotypes for separate loci in any generation, and the algebraic 
contribution of each locus to the phenotypic mean and variance is calculated by 
allocating to each genotype its appropriate metrical value. Summation over the 
effects of all segregating loci and the addition of an environmental component, 
when appropriate, specifies the full phenotypic expectation. Genetic analysis 
consists of using statistical methods to test the goodness-of-fit of models, 
containing the different components of gene action, to observed means and 
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variances of different generations measured in a suitable experiment. Usually a 
model of additive and dominance effects is tried first. If this is inadequate, then 
epistatic parameters are included and then, if necessary, parameters specifying 
linkage and linked epistatic effects. 

The most common experimental structure in wheat is to use the early filial 
generations derived by intercrossing and selfing the parents and their F1s. This 
produces six generations: P 1 (the higher-scoring parent), P 2 (the lower-scoring 
parent), F1 , F2 , B1 (back-cross of the F1 to the higher-scoring parent) and B2 

(back-cross of the F1 to the lower-scoring parent). More-complex experiments 
can be produced by intercrossing and selfing these generations further: 21 
different generations can be produced from the initial six, although commonly 
only the F3 or selfed back-crosses are developed. A particularly useful addition 
to the original six generations is the F2 triple test cross, where a random sample 
of F2 plants is back-crossed with the parents and F1 (Jinks and Perkins, 1970). 
Analysis of this design combined with the conventional generations provides a 
very powerful analysis for interpreting the genetic control and also for 
predicting cross performance (Jinks and Pooni, 1976; Snape, 1982). 

Analysis of the generation means and variances is carried out separately 
to provide complementary information. Generally, however, because of 
problems of numbers and experimental design, means are measured with 
greater accuracy than variances, and usually form the best basis for 
interpretation. Also, genetical variances can only be measured in segregating 
generations. This restricts analysis to the F2 and back-crosses when only the 
six basic generations are used. However, with the F3 and other complex 
generations a hierarchical family structure can be obtained which enables more 
than one variance to be calculated within a generation, as well as covariances 
between parental and offspring generations. 

Analysis of generation means is used initially to detect additive and 
dominance effects and the presence of epistasis, using scaling tests (Mather 
and Jinks, 1982). A joint scaling test detects epistasis and also estimates the 
relative contributions of additive and dominance effects to the variation. If 
epistasis is present this can be partitioned into effects due to digenic inter
actions - homozygous X homozygous, homozygous x heterozygous and 
heterozygous x heterozygous- by fitting a model containing these parameters 
to the observed means. Failure to obtain a fit with a model of additive, 
dominance and digenic epistatic parameters implies the presence of higher
order interactions or interactions between linked loci. To distinguish between 
these requires a specific range of back-cross generations (Hill, 1966) which are 
generally not available in most experiments. The more generations available, 
the more parameters that can be fitted to the data: if there are n statistics then 
(n - 1) parameters can be fitted, leaving one degree of freedom to test the 
goodness-of-fit. Nevertheless, in most experiments an additive, dominance, 
digenic epistasic model is sufficient to explain most of the observed differences 
in generation means, and more-complicated interaction parameters rarely 
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contribute a major source of variation. If experiments are replicated over 
treatments or environments, further parameters specifying the interaction of 
genetic effects with the environment can be defined. These can give rise to very 
complex models which can be used to predict the mean performance of any 
specified generation in any environment. 

A problem in interpreting the analysis of generation means is that the 
parameters specifying the effects are the balanced effects of all segregating 
loci. This means that additive and additive-related interaction parameters are a 
function of the degree of dispersion of increasing genes between the parents, 
and dominance effects are the net product of the direction of dominance at each 
locus. Consequently, estimates of additive effects could be small because there 
is a high degree of dispersion rather than because there is little variation. 
Similarly dominance (or, more correctly, potence) could be small because of 
ambidirectional contributions. A very common example, particularly when 
analysing yield and yield components in wheat, is to find that the additive effect 
is small and non-significant while the dominance estimate is large and highly 
significant, giving apparent overdominance with no epistasis (Snape, 1982). 
This usually indicates a high degree of dispersion of increasing genes between 
the parents combined with strong directional dominance - a classical 
explanation of F1 heterosis. 

Genetic variances, on the other hand, are not influenced by balance, because 
they are the sum of the squared effects of each locus and hence express the total 
variation of additive and dominance effects. Estimation of components of 
variance is carried out in the same way as for means: by fitting models of 
increasing complexity until an adequate description of the observed variances 
is found. Usually an additive, dominance, plus environment model is fitted 
first. If only F2 and back-crosses are available, then only a perfect-fit solution 
can be obtained, although including the F3 provides two more generation 
variances for testing goodness-of-fit. If linkage or epistasis are present their 
specification is complex and experiments are rarely extensive enough to 
provide estimates of all of the relevant parameters. Consequently, in most 
experiments, where epistasis is demonstrated by analysis of generation means, 
caution has to be used in interpreting what are biased estimates of additive and 
dominance variances. Nevertheless, these estimates are usually sufficient for 
cross prediction purposes (Pooni, Jinks and Cornish, 1977; Snape, 1982). 

Although model fitting provides a general approach for detecting and 
estimating components of variation, specific combinations of generations are 
sometimes more suitable for detecting specific types of gene action. This is 
particularly so for epistasis and linkage, when model-fitting approaches often 
have insufficient numbers of statistics for a complete specification. Thus, a 
comparison of the variances and means ofF 2 , F 2 x F 1 and F 2 x F 2 generations 
provides an unambiguous test of linkage and linked epistatic effects (Snape, 
1978). Similarly, the F2 triple test cross can unambiguously separate the 
different types of epistasis (Jinks and Perkins, 1970; Snape, 1982). 
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An alternative method for estimating additive effects of means and variances 
is to develop a random sample of homozygous recombinant lines from a cross, 
using the techniques of single-seed descent or doubled-haploid production 
(Snape and Riggs, 1976; Snape et al., 1979). Indeed, analyses have recently 
been developed which utilize doubled-haploid lines derived from different filial 
generations, and these enable the partitioning and estimation of components of 
additive variation in the absence of dominance effects (Snape and Simpson, 
1981, 1982). 

5.3.4 Analysis of populations of inbred lines 

A number of different mating designs are available for the genetic analysis of 
populations of inbred lines in wheat, although the design that features most in 
the wheat literature is undoubtedly, the diallel cross. The major purpose of 
these designs is the detection and estimation of additive and dominance 
variances, but some of the designs also have tests of the presence of epistasis 
and linkage equilibrium built into them. Because gene frequencies are 
unknown, genetic analysis of generation means is not very meaningful, and the 
theoretical expectations of the additive and dominance variances are not 
equivalent to those defined for the analysis of individual crosses. These 
parameters are defined relative to random mating populations and are 
equivalent to those used in animal breeding and in describing outcrossing plant 
populations. 

The detection and estimation of the components of variance are carried out 
via the analysis of variance of family means. In a properly designed experiment 
the total sum of squares can be partitioned into separate components to allow 
tests of additive and dominance variance and other factors. By equating the 
expected mean squares with the observed mean squares the components can 
be estimated. As with the analysis of individual crosses, the more complex 
the mating design is, the more different types of variances, and therefore 
components, that can be estimated. 

The major designs available for the genetic analysis of random mating 
populations are described by Mather and Jinks (1982; Chapters 8 and 9), and 
comparisons of their relative efficiencies in detecting and estimating additive 
and dominance variance are described by Kearsey (1965, 1970). All of these 
designs are capable of being used in wheat, although the simpler designs such 
as the North Carolina models 1 and 2 have rarely been used. These designs 
generally increase in complexity by reducing the number of parents used and 
increasing the number and type of family derived from the individual parents. 
The two most complex designs are the diallel cross (Jinks, 1954, 1956; Hayman, 
1954a, b, 1957) which has been used extensively in wheat starting with the work 
of Lupton and colleagues (Chapter 16); and the inbred triple test cross (Jinks, 
Perkins and Breese, 1969). Those two designs have the advantage that, unlike 
the other designs, they provide tests of the assumptions underlying the 
specification of the genetic model. 
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The F1 diallel cross provides a great deal of genetic information from 
relatively few parents. This design involves crossing a sample of parents in all 
combinations and growing the F1s together with the parental lines in a suitable 
experiment. Analysis allows a test of the assumptions underlying the genetic 
model and a detailed partitioning of the genetic variation. Initially, a Hayman 
analysis of variance is performed to detect additive and dominance variation 
and to partition the dominance variance into directional and ambidirectional 
effects. If data from a full diallel are available this analysis can also test for 
reciprocal differences. If dominance variation is present then the relationship 
between WR (the covariance of family means within an array with their non
recurrent parents) and V R (the variance among families within an array) over 
arrays can test for the adequacy of the additive/dominance model. This is 
carried out by an analysis of variance of W R- V R and the regression of W R on 
V R. Provided these analyses show that epistasis or correlated gene distributions 
are absent, then graphical analysis of WRNR can indicate the distribution 
of dominant and recessive genes amongst the parents. Individual genetic 
parameters can then be estimated and interpreted in terms of gene action and 
distribution so that great detail of the genetical architecture of a character 
can be accumulated. Although the F1 diallel is the most common design, 
modifications such as the F2 or back-cross diallel can also be carried out; or if 
a large sample of parents is to be tested, then a partial diallel can be performed. 

The inbred triple test cross design involves crossing a random sample of 
genotypes to two tester lines- the phenotypic extremes for the character being 
examined. It does not require such an extensive crossing programme as the 
diallel, and a larger sample of parents can be examined. Additive, dominance 
and epistatic variances can be detected by an orthogonal partitioning of the 
family means, and this results in independent estimates of additive and 
dominance variance, which is not possible with any other design. However, 
testers with extreme expression of each character examined are required, and if 
this requirement is not fulfilled biased estimates of the variances are obtained 
(Virk and Jinks, 1977). To overcome this problem modifications, such as 
including the F 1 between the testers or by extending the range of generations 
with selfed or back-cross families, have been developed (Jinks and Virk, 1977; 
Chahal and Jinks, 1978). 

The other mating designs that can be used have little advantage over these 
two designs for examining the inheritance of a quantitative character, other 
than that they generally require a less extensive crossing programme, and they 
have only been used very rarely in wheat. 

~.3.5 Estimating numbers of segregating factors 

Conventional genetic analyses of a quantitative character estimate the 
combined effects of all segregating loci and can rarely identify the effects of any 
particular gene. Nevertheless, in many circumstances it is important to 
distinguish control by a few genes of major effect from that of many genes of 
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minor effect, since this can have important consequences for selection strategy 
as well as being intrinsically interesting. To do this requires a method for 
establishing the number of genes or factors involved in the genetic control when 
discrete phenotype classes are not distinguishable. 

The most powerful way of identifying the number of genetic factors 
segregating in wheat is to use aneuploid techniques (Chapter 4). These allow 
the variation to be partitioned into the effects of individual chromosomes and 
then into the effects of individual arms or regions of these chromosomes. This 
method estimates numbers and locations of factors and also, importantly, the 
relative size of effects. However, these techniques require the use of aneuploid 
stocks and a certain level of expertise in cytogenetic manipulations, which are 
not always readily available. The alternative is to use methods of quantitative 
genetics which, although they do not establish the identity of individual factors, 
do give an estimate of how many are segregating. In using these techniques, 
however, it is important to realize that they estimate the number of units that 
are segregating, which is not necessarily the same as the number of different 
gene loci, and are thus termed the number of effective factors rather than genes, 
to highlight this distinction (Mather and Jinks, 1982). 

The first method developed to calculate the number of effective factors in a 
cross is to use estimates of the genetic parameters obtained from an analysis of 
a conventional mating design. Numbers are obtained from ratios of calculated 
parameters which are functions of the same components of variation but differ 
by a factor of k, the number of effective factors. The most common method is to 
use the ratio of the square of the additive effect of means to the additive genetic 
variance, but other parameters can also be used. In these calculations it is 
assumed that all factors are of equal effect. Other assumptions are also 
necessary, which if not fulfilled result in different estimates from the different 
methods. Thus, epistasis and linkage are assumed to be absent and, if additive 
effects are used, then it is assumed that alleles of like effect are in complete 
association in the parents. Similarly, if parameters containing both additive and 
dominance effects are used, then it is assumed that the dominance ratio is 
constant over all loci. It is unlikely that all of these assumptions will be met in 
practice, particularly that all factors are of equal effect, and estimates are 
generally likely to be underestimates of the true number of effective factors 
segregating in a cross (Mather and Jinks, 1982). 

A different approach has been devised by Wehrhahn and Allard (1965). 
Their method, termed the inbred back-cross technique, involves the 
development of a novel set of genotypes from a cross specifically for the 
purpose of estimating the number of effective factors. These lines are produced 
by back-crossing the F1 to the parents, back-crossing the resultant progeny for 
a few further generations, and then selfing the derived back-cross progenies to 
homozygosity; hence the name. Because genes from the non-recurrent parent 
are diluted out by each back-cross according to binomial probabilities, the 
proportion of inbred back-cross genotypes differing from the recurrent parent 
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is a direct function of the number of factors segregating and the number of 
back-crosses made. Hence, from the distribution of the inbred back-cross 
progenies, in relation to the parents, it is possible to estimate the number of 
effective factors segregating for each character examined. This method has the 
big advantage that no estimation procedure of genetic parameters, with its 
inherent difficulties and assumptions, is required. The method has been 
evaluated in wheat by Wehrhahn and Allard (1965), Talukdar (1972), Baker 
(1977, 1978) and Johnson (1980), and appears to be useful for identifying 
differences between parents determined by a few genes of large effect which 
cause discontinuities to appear in the distribution of the inbred back-cross 
lines. However, if discontinuities are not observed, then classification into 
genotypic classes is only possible by using confidence limits calculated from the 
experimental error. In these circumstances it is very difficult to distinguish 
between models of a few factors and many factors, and an unambiguous 
interpretation is not possible. 

Another method developed by Jinks and Towey (1976) uses a similar 
principle but a different set of genotypes, namely families from a selfing series 
rather than a back-crossing series. Their method, termed genotype assay, is 
based on estimating the proportion of lines in the Fn generation, that are 
heterozygous for one or more factors, by detecting differences between their 
progenies in Fn+ 2 families. For example, the proportion of F2 individuals that 
are heterozygous can be assessed by comparing pairs of F 4 families derived 
from each. Expected proportions of heterozygotes are obtained from 
probability equations which are a function only of the numbers of factors 
segregating. For each generation and number of progeny families used, a graph 
can be plotted of the expected proportion of families differing, against the 
numbers of factors segregating. Thus, for any experiment or character the 
observed proportions of segregating families can be equated to numbers of 
effective factors using the appropriate graph. 

This method has not yet been used in wheat, but experiments in Nicotiana 
rustica by the originators indicate that it is a much better method than using 
estimates of genetic parameters. In wheat it also has the advantage over the 
inbred back-cross method that the genotypes used are much easier to produce: 
indeed, they are available in most breeding programmes. However, both 
methods have similar statistical problems in detecting differences between 
genotypes. Thus, the significance of differences between the Fn+ 2 families will 
depend upon the estimate of the experimental error. Hence the greater the 
sensitivity of an experiment is, the higher the proportion of families that are 
likely to differ and the more factors that will be detected, particularly if many 
loci of varying effect are segregating. However, both of these methods should 
distinguish between situations involving a few genes of large effect from those 
with many genes of small effect. From a genetic viewpoint it is much more 
important to distinguish between two genes of large effect and 10+ genes of 
small effect; rather than between 20 genes and 100 genes of small effect. 
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5.4 EXAMINING RELATIONSHIPS BETWEEN 
DIFFERENT CHARACTERS 

5.4.1 Pleiotropic effects of major genes 

Many quantitative characters of agronomic importance in wheat have major 
gene components of variation, although this is usually combined with the 
effects of background genotype. Such major genes can be followed in 
segregating generations because they confer a distinct phenotype, or exhibit 
discrete metrical classes, or are associated with 'gene handles' such as hormone 
response or bands on electrophoretic gels. 

When using such genes in a breeding programme it is valuable to know if they 
have any pleiotropic effects on characters other than the ones they influence 
directly. This can have important implications in deciding which are the best 
alleles to use and the best strategy for their exploitation; for example, in 
choosing amongst different dwarfing genes (Chapter 6). Similarly, with the 
increasing use of electrophoretic markers for varietal identification it is 
important to establish whether enzyme isoallelic variation has agronomic 
significance. Genetic analysis of genotypes with contrasting alleles can 
establish these relationships. 

Many wheat researchers have investigated pleiotropic relationships by 
making comparisons between varieties carrying alternative alleles for the 
major gene loci of interest. However, this approach confounds the effects of 
the allelic differences with the genetic background, can give spurious results 
and should be avoided in most circumstances. The unambiguous approach is to 
compare genetic stocks which differ for the appropriate alleles but have 
equivalent genetic backgrounds; such as may be provided by isogenic lines and 
random lines. 

Isogenic lines are the best lines to use for such a study. These are developed 
by crossing genotypes carrying a contrasting allele(s) with a common variety 
and then carrying out recurrent back-crossing with that variety while selecting 
every generation for the required allele(s). After sufficient back-crosses, 
usually six or more, the genetic background of the recurrent variety should be 
reconstituted. Homozygous isogenic lines are then extracted from the selfed 
progeny of the final back-cross. These should differ from the recurrent parent 
only for the major gene locus or genes closely linked to it, so that pleiotropic 
effects can be ascribed to the different alleles. By placing the same allele in 
different genetic backgrounds the interaction of the major gene with other 
genes can be examined. 

The disadvantage of using isogenic lines is the amount of time and practical 
effort required for their development. This is particularly serious if alleles are 
completely recessive, as progeny testing is thus required in every generation to 
identify the heterozygotes carrying the gene. A quicker alternative approach is 
to use random lines. Most commonly these are developed from the selfed 
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progeny ofF 1s of crosses between cor.trasting genotypes. The easiest technique 
is to identify F2 homozygotes for the alternative alleles and assess their F3 
progeny. This can be extended to the F 4 and further generatio:. >a~ required. A 
novel approach is to develop doubled-haploid lines from the F1 which, as such, 
are instantly homozygous for the alternative alleles. Because of background 
segregation large samples of lines, say 20 or more, of each alternate allele are 
necessary for a thorough evaluation of effects, regardless of the generation 
used. 

Comparisons between the means of the alternative groups for a range of 
characters should indicate the pleiotropic effects of the rna j or gene variation. If 
advanced homozygous generations or doubled haploids are used, then the 
additive genetic variation for different characters can be partitioned into the 
effects of the major gene and of the background. As with isogenics, different 
crosses should be used to examine any interaction between the major gene and 
the genetic background. The disr:dvantage of random lines compared with 
isogenics is the large number required for unar.tbiguous assessment of effects 
and also the possibility of linked 'hitch-hil;e' effects. Thus, genes linked to the 
major gene locus may influence results because there is much less opportunity 
for recombination than when using the corresponding isogenic lines. 

5.4.2 Correlations between quantitative characters 

Most genetic analyses in wheat concentrate on elucidating the mode of 
inheritance of characters separately. However, it is equally important to .o:tudy 
the genetic relationships between different characters so that the consequences 
of selet:tion for one character on the performance of another can be predicted. 
The degree of genetic relationship between pairs of characters is expressed by 
the genetic covariance or its standardized form, the correlation coefficient. 
Functionally, a significant relationship implies the pleiotropic effect of the 
same genes or linkages of genes controlling the separate characters. 

Genetic analysis of relationships is concerned with estimating the 
magnitudes of the covariances and correlations and interpreting these in terms 
of gene action. In statistical terms, tests of significance of correlation 
coefficients are easier to carry out than thc·3e of covariances, and in most 
experiments the genetic relationships between all pairs of characters measured 
are expressed as a correlation matrix. 

Many published examples of cor! elations between characters in wheat have 
been obtained from studies of samples of varieties. However, significant 
correlations obtained in this way do not necessarily imply a functional 
relationship, and may be completely fortuitous because of the sample chosen. 
The correct approach for estimating the genetic relationships between 
characters is to estimate the genetic covariance in segregating generations of 
crosses. The actual estimation of covariances is analogous to the estimation of 
variances. Given an appropriate mating design and experimental structure, 
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generation covariances can be calculated and partitioned into genetic and 
environmental components. If the experiment allows, the genetic covariances 
can be partitioned further into the effects of additive, dominance and other 
components of covariation. Combining the estimates of variances and 
covariances provides values of environmental and genetic correlation 
coefficients. 

Using model-fitting procedures to estimate individual genetic components of 
covariation from a range of segregating generations poses statistical and 
computational problems. A simpler method of estimating genetic covariances 
is to use the family means of a random sample of lines in a selfing series, the F3 

and later generations. Genetically, these values are a function of both additive 
and dominance effects and will also contain a small environmental component. 
The more homozygous the generation used is, the closer the values represent 
the additive genetic covariance. 

Another alternative and useful approach, when interest is centred on 
relationships to a specific quantitative character, is to select homozygous lines 
for extreme high and low expression of the character and then to examine the 
correlated responses in other characters. This is a method commonly used in 
animal breeding, and it is analogous to the approach described above for 
looking at the pleiotropic effects of major genes. Here relationships are not 
expressed in terms of correlation coefficients, but in terms of units of response. 

Having established that two characters are genetically correlated it is often 
necessary to understand whether this is due to pleiotropy or linkage, since the 
distinction can indicate whether the relationship can be broken by 
recombination and selection. This is particularly important when a correlation 
between a desirable and undesirable attribute is found. Tests for linkage can be 
made by examining specific generations which have the same genetic 
expectations of covariances when linkage is absent but linkage contributions 
which differ according to the number of generations allowing recombination. 
For example, comparisons of the total covariances of the F2 , F2 X F1 and 
F2 X F2 generations of a cross were used by Law, Snape and Worland (1978) to 
show that both linkage and pleiotropy were involved in the positive correlation 
found between height and yield in wheat. In the absence of any evidence of 
linkage, pleiotropy is assumed, although the balancing effects of opposing 
linkages cannot be ruled out. 

The relationships between all pairs of characters measured in a cross are 
expressed in the correlation matrix. Frequently, however, a single character is 
correlated with several others, which are themselves also correlated. Thus, 
there is usually a complex set of relationships between characters and it is useful 
to try to elucidate, by the application of multivariate analyses, whether there is 
an underlying genetic structure. 

One approach is to consider a character of interest, say yield, as being 
composed of components which contribute to a greater or lesser extent to 
variation for the primary character. Using multiple regression analysis, or a 
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derivative, path-coefficient analysis (Wright, 1968), the variation for yield can 
be expressed in terms of regression onto the other characters. By trying 
different combinations of characters, 'best fit' equations can establish which 
components are the most important and how much they contribute to variation 
for the primary character. This information is particularly useful for 
establishing selection criteria in terms of correlated responses for characters 
which can be difficult to measure because of low inheritability or complexity of 
measurement. However, it does not provide any information concerning a 
common genetic control of the variation for different characters. 

Alternatively, multivariate methods such as factor analysis can be used to 
reduce the number of dimensions of the correlation matrix and to produce what 
is termed 'simple structure'. Here the original correlated characters are 
transformed to a reduced number of new, independent, statistical parameters
factors - which represent separate combinations of the original characters. 
Hopefully, each factor represents the expression of a separate group of genes 
controlling the variation for a set of characters. Thus, the least number of 
factors which accounts for most of the correlated variation indicates the 
number of separate genetic systems controlling the observed phenotypic 
variation. These analyses are statistically and computationally very complex, 
although there are now several computer packages to carry out the required 
analyses. However, great care has to be exercised in the choice of method used 
and the interpretation of the output that they produce. They should not be used 
without a good understanding of their purpose and limitations. 

5.5 GENETIC ANALYSIS AND WHEAT BREEDING 

There can be misconceptions concerning the use of genetic analysis in a 
breeding programme, and often analyses are carried out without a clear idea of 
objectives or of the relevance of a particular analysis to those objectives. In this 
respect it is necessary to distinguish between analyses that are descriptive and 
those that are predictive and the circumstances under which an analysis can be 
both. 

Knowledge of the overall genetic architecture of a quantitative character is 
descriptive and not in itself predictive. Its main use is in deciding breeding 
strategy. Thus, the type of inheritance will determine which is the best 
generation in which to practise selection; what are the consequences of 
inbreeding; what is the genetic basis of heterosis; and whether it is better to 
produce hybrids rather than homozygous varieties in a breeding programme. 
For example, if the desired expression for a character is found to be recessive, 
then selection is better delayed until the generations are more homozygous. 
Similarly, if the heritability is low, then high levels of replication need to be 
introduced, or selection for a correlated character should be practised to 
improve the chances of identifying the superior genotypes. Strong directional 
dominance for a character can indicate that F1 hybrids can be usefully 
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exploited. Thus, mating designs using individual crosses or samples of inbred 
lines can provide information upon which decisions concerning breeding 
strategy can be made. In this context, however, much of the literature, 
particularly on diallel analysis, is very repetitive when commonly measured 
characters such as yield are examined. Most such studies come to similar 
conclusions concerning the genetic control, and further experiments contribute 
little extra to understanding of these characters and have limited value. 

The second contribution of genetic analysis to a breeding programme is the 
ability to predict which are the best parents and best crosses to use. However, 
here the objectives of an analysis have to be carefully defined since different 
types of analysis are relevant to different objectives. All too often an analysis is 
dismissed as being of little use when it was not designed to solve the problem 
being investigated. In general, analyses of mating designs using populations of 
varieties cannot point to the specific crosses likely to give greatest genetic 
advance, and this can only be deduced from detailed analysis of individual 
crosses. However, these designs can be used to identify superior parents ofF1s. 
Thus, in an analysis of an F1 diallel, estimates of general combining abilities can 
be obtained which indicate the superior parents, although arguably this can be 
obtained from the parents alone. An F1 diallel analysis will not, however, 
predict the specific cross likely to produce the superior recombinant inbreds, 
since the relevant parameters such as within-cross genetic variance cannot be 
measured from this design. 

Analysis of individual crosses provides the most information concerning 
cross prediction. Estimates of the genetic parameters from each cross can 
accurately predict the proportions of recombinant inbreds that are likely to 
transgress the parental range for any character (Jinks and Pooni, 1976; Snape, 
1982). Comparisons between different crosses can indicate which cross is likely 
to give greatest advance. Consequently, such detailed genetic analysis can 
provide an objective method of cross discrimination. Estimates of components 
of variance can also be used to predict the response to selection in any filial 
generation of a pedigree breeding programme from calculations of the 
covariance between parental and offspring generations. 

Genetic analysis of major gene variation can contribute directly and 
indirectly to a breeding programme. Direct benefits are obtained from 
understanding the pleiotropic effects of major genes. From such analyses 
decisions can be made on the most appropriate alleles to use in a breeding 
programme to give the desired plant ideotype. The establishment of the 
locations of major genes is of more indirect benefit by increasing our 
understanding of the variation being handled. It does, however, indicate the 
opportunities for assembling gene complexes on a particular chromosome, and 
is essential if genetic manipulation techniques are to be properly exploited 
(Chapters 6 and 7). 

Finally, when using genetic analyses in a breeding programme it is sensible to 
use parental material and generations relevant to the breeding objectives, 



References 127 

although this is not always possible. Thus, although the information obtained 
may only relate to a small restricted sample of the overall population of wheat 
varieties, it nevertheless should reflect the actions of genes upon which 
selection is being practised. 
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CHAPTER 6 

Wheat genetics 

A.]. Worland, M. D. Gale and C. N. Law 

6.1 INTRODUCTION 

The genetics of hexaploid wheat is complicated because of its polyploidy. The 
duplication and triplication of genes resulting from this leads to complex 
segregational patterns and epistatic effects, which can be difficult to analyse 
and resolve into the effects of component genes. It is therefore not surprising 
that the description and location of genes in wheat lags behind that of diploid 
crop species such as barley. This is despite the advantages that the aneuploid 
methods described in Chapter 4 have given to the analysis of wheat. 

Nevertheless, the state of wheat genetics today is much improved on that 
described ten years ago. In part this has been due to the present widespread use 
of aneuploid methods, but it has also been to advances in electrophoretic 
techniques which have allowed many more proteins to be separated on gels, 
and the genes responsible for them to be identified. In the near future the 
application of molecular techniques (see Section 8.2.10 and Fig. 6.1) to 
recognize DNA base-sequence diversity through the use of restriction enzymes 
and DNA probes (restriction fragment length polymorphisms- RFLPs) can be 
expected to add greatly to the list of genetic markers and to play a major role in 
extending the genetic map of wheat. 

Most genes that have been identified and located are ones affecting quali
tative variation, such as those for many morphological characters where the 
different alleles at a locus can be readily distinguished by their marked effects 
on the phenotype and those determining most of the proteins that have been 
characterized through gel-electrophoresis. The other large class of genes 
producing qualitative distinctions are those which determine disease resist
ance, particularly the genes which give hypersensitive reactions at the seedling 
stage. 

There is, however, a group of genes whose effects are large but whose 
individual identification is not easy in segregating populations because the 
characters they influence are also controlled by many other genes. Such genes 
include those which regulate the plant's response to day-length and 
vernalization and many of the genes affecting metric characters of interest to 
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breeders. These genes are probably synonymous with the quantitative trait loci 
(QTL) mentioned in Chapter 4. The aneuploid methods also described in that 
chapter are particularly effective in analysing and mapping these genes. Several 
genes have been identified and their effects evaluated. 

The purpose of this chapter is to summarize present knowledge about the 
location of the genes within these various categories. In most cases the 
approach is to describe the genetic control of a character; the choice of 
character depending upon whether it is important as a means of classification or 
is of interest to breeding programmes. A short description of cytoplasmic 
variation, mostly through the comparison of alloplasmic lines, is also included. 
Finally, the genetic maps of all 21 wheat chromosomes completes the chapter 
and presents the locations of most of the genes so far identified in wheat. 

6.2 MORPHOLOGICAL CHARACTERS 

Several genes affecting gross morphological features of the wheat plant have 
been identified. These include genes controlling the shape of the ear, awning, 
the hairiness of glumes, leaves, nodes and peduncles, the presence of ligules, 
and the pigmentation of coleoptiles, culms and glumes. Whereas many of these 
morphological characters are of interest mainly as a means of distinguishing 
between varieties or as valuable markers in genetic analysis, others such as ear 
shape or awning may be of interest for their direct and indirect effects on the 
plant's yield potential. 

6.2.1 Ear morphology 

Ear shape is influenced by three major genes, Q for square-headed ears, C for 
compactoid ears, and sl for rounded glumes and spherical or shot-like grains. 
Bread wheats of the Triticum aestivum group are square-headed and have the 
constitution QQ, cc, Sl SJ. Club wheats of the T. compactum group have short 
compact spikes, and have the genotype QQ, CC, SJSJ. Spelt wheat such as 
T. spelta and T. vavilovi have lax, narrow, elongated ears with poor thresh
ability, and carry the genes qq, cc, SJSJ. Reduction in dosage of Q as in 
monosomics in a square-headed wheat results in ears with similar speltoid 
morphology. Shot wheats of the T. sphaerococcum group carry QQ, CC, slsl. 
Genes Q, C and Sl are located on+; e chromosome arms SAL, 2Df3 and 3D, 
respectively (Sears, 1947, 19S4; Rao, 1972). 

Only square-headed wheats combine good threshability with good grain size 
and shape. The pleiotropic effects of Q, determining differences between 
square and speltoid ear morphologies, have been studied by Snape et at. 
(198Sa) amongst homozygous recombinant lines produced from the hybrid 
between Hobbit 'sib' (QQ) and Hobbit 'sib' (T. spelta SA) (qq) using the 
method described in Section 4.3.4. Whereas Q reduces ear length, the altered 
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ear morphology permits development of more spikelets, thus increasing 
yielding potential. Q or a very closely linked gene also influences the final plant 
height. 

6.2.2 Awning 

The development of awns in wheat can be suppressed by at least three - and 
probably four- genes; Hd for hooded and inhibitors of awning, Bl, B2 and B3. 
These four genes are located on the short arm of chromosome 4B, the long 
arms of SA and 6B and on 1D, respectively (Sears, 19S4; Tsunewaki, 1966a). 
Of these genes Bl is the most potent and will suppress awns even in the 
heterozygous condition. B2 is the next strongest, followed by Hd then by B3, 
none of these three genes inhibiting awning on their own. Genes promoting 
awning are found on each of the group 2 chromosomes (Sears, 19S4). The 
degree of awning is a consequence of a balance of activities between promoting 
and suppressor genes. 

The presence of awns provides a large surface area favourably placed for 
both light interception and C02 uptake, which may double the net photo
synthetic rate of wheat ears (Evans and Rawson, 1970). This increase occurs 
when water is either plentiful or limited in supply. However, only under 
droughted conditions does the increased assimilate contribute to higher yields 
(Evans et al., 1972). 

6.2.3 Hairiness 

Hairiness of the glumes is a common feature of wheat varieties. It is controlled 
by a single dominant gene, Hg, located distally on the short arm of chromo
some 1A. It is frequently associated with the gene, Bg, for black glumes, 
extremely tight linkage being involved. Amongst some Russian wheats, for 
instance Saratovskaya 29, the upper and lower surfaces of young and old leaves 
are covered by small hairs that are clearly visible to the eye. Maystrenko 
(1976), using F2 monosomic methods, established that this character was 
determined by a single dominant gene, HI, located on chromosome 4A. 
Several wheat varieties exhibit hairy nodes, a condition which appears to be 
controlled by a single dominant gene, Hn, on the long arm of SA and linked 
with the awn inhibitor gene Bl (Gaines and Carstens, 1926; Love and Craig, 
1924; Matsumura, 1936). 

The character hairy neck or peduncle is a striking feature of rye, and the 
dominant gene Hp responsible on chromosome SR has been transferred to 
wheat, where it provides a useful morphological marker. Four different trans
locations have been observed in wheat, the first involving the /3-arm of chromo
some 4A (Driscoll and Sears, 196S) and the other three the short arms of 
chromosomes SB, 6D (Sears, 1967) and SA (see Table 7.4). 
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6.2.4 Presence of ligules 

The genetic control of ligules in wheat has been studied in crosses involving 
completely liguleless ( eligulate) varieties with normalligulate wheats. These 
have shown that the presence of ligules is determined by duplicate dominant 
genes Lgl and Lg2, the liguleless phenotype appearing when both recessive 
genes are homozygous. Monosomic analysis of the character established that 
Lgl was located on chromosome 2B and Lg2 on 2D (Mcintosh and Baker, 
1967). 

6.3 PIGMENT CHARACTERS 

6.3.1 Grain colour 

The colour of the grain is determined by pigments present in three separate 
layers of the bran (Bradbury, Gill and McMasters, 1956). The outermost 
pericarp layers may carry purple, the testa red and the aleurone blue pigments. 
Pigments produced in the pericarp and testa are maternally inherited, whereas 
those produced in the aleurone are determined by the triploid endosperm. 

Purple grain colour is probably controlled by two pairs of incompletely 
dominant genes, the expression of which may be enhanced by genes promoting 
red testa coloration. Purple grains are rarely seen in T. aestivum and the genes 
responsible are probably derived from Ethiopian T. durum (Sharman, 1958) or 
T. dicoccum var Arraseita (Copp, 1965). Piech and Evans (1979) showed that 
complementary dominant genes on chromosomes 3A and 7B were involved in 
determining purple pigmentation from T. durum sources. It is likely that the 
gene on 7B is the same as Pc (see Section 6.3.2), located on the short arm ofthat 
chromosome by Law (1966), as identical anthocyanins are involved. 

Red-grain-colour genes are dominant to those for white colour. The three 
homoeologous genes Rl, R2 and R3 occur on the a (long) arms of 
chromosomes 3D, 3A and 3B, respectively (Sears, 1954; Allan and Vogel, 
1965; Metzger and Silbaugh, 1970a). Red-grained varieties may carry one, two 
or three pairs of these genes, an increase in gene number intensifying the 
pigmentation. 

Blue-grain genes have been introduced into hexaploid wheats from 
Agropyron spp. (Bolton, 1968). As these genes are located in the triploid 
endosperm, segregation for grain coloration may occur within the ear. The 
genes are probably carried on a chromosome homoeologous to group 4 
(Metzger and Silbaugh, 1970b). 

6.3.2 Glume, stem and coleoptile colours 

Single dominant genes affecting glume coloration have been located on each of 
the chromosomes of group 1. It is therefore possible that they are a homoeo-
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allelic series. This is supported by the locations of the gene Bg for black glumes 
on lA and the gene Rg for red glumes on 1B, both of which map distally on the 
short arms of these two chromosomes. The brown-chaff phenotype which 
occurs in several Aegilops squarrosa accessions is due to a single gene on lD, 
but its map position is unknown. A gene or genes suppressing the level of 
pigmentation in the glumes has been located on the long arm of lB. In its 
absence glume pigmentation becomes much more intense (Law and Chapman, 
1974). 

The red-to-purple coloration often found in the stem and coleoptile of wheat 
is probably controlled by alleles at three homoeologous loci on the short arms 
of the group 7 chromosomes. Red coleoptiles have been shown to be 
determined by Rcl, Rc2 and Rc3 on the 7 A, 7B and 7D chromosomes, respec
tively, the last two locations being on the short arms (Law, 1966; Sutka, 1977). 
The control of purple stem or culm has also been assigned to the short arms of 
7B (Pc) and 7D. In both cases the incidence of red coleoptile was exactly 
correlated, suggesting that the same genes were responsible. 

6.4 ADAPTIVE CHARACTERS 

Wheat is the most widely adapted of the major cereal crops and is grown in 
most countries of the world. In part this is due to the exploitation of genes that 
control the time to flowering, so that breeders have been able to adjust the life 
cycle to suit differing environmental conditions. 

The most important of these are the genes for vernalization and photo
periodic response, which regulate the need for either cold requirement or long 
days before floral development can proceed. By using these genes to adjust the 
total length or the extent of parts of the life cycle, it is possible to escape the 
hazards of adverse environmental conditions. A third category of genes 
affecting time to flowering is also thought to exist. These are the genes which 
influence the rate of development independently of vernalization and day
length (Scarth and Law, 1984). 

The genetic control of flowering is complex, and is influenced by genes on 
most chromosomes. Group 1 chromosomes carry genes that inhibit flowering; 
increased dosage of the short arm of chromosome lA delays flowering, 
whereas reduced dosage has the opposite effect (Law and Scarth, 1984). Group 
2 chromosomes carry the major genes for photoperiod sensitivity, and also 
factors acting independently of environmental variables that control the rate of 
spike development (Scarth and Law, 1983). Group 3 chromosomes have some 
effect on vernalization response, and chromosomes of groups 5 and 7 carry 
major genes for vernalization sensitivity (Halloran, 1966; Maystrenko, 1974; 
Law, Worland and Giorgi, 1975; Law, 1983). Group 6 chromosomes probably 
carry minor photoperiodic genes (Halloran and Boydell, 1967) as well as genes 
that determine spikelet number and thereby time to flowering (Law, 1987). 
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6.4.1 Vernalization 

Winter wheats adapted to areas where severe winter conditions occur normally 
have a vernalization requirement which delays floral development until 
temperatures rise in the spring. Spring wheats do not require this protection, 
and are usually either insensitive or only weakly sensitive to vernalization. 

Spring-winter differences are controlled principally by the major loci Vrnl, 
Vrn3, Vrn4 and Vrn5 for vernalization. The lack of a vernalization requirement 
is dominant to sensitivity. Vrnl and Vrn3 are located distally on the long arms 
of SA and 50, respectively (Law, Worland and Giorgi, 1975). Vrn4 is found on 
the long arm of 5B, but its distal location has yet to be confirmed. Almost 
certainly these genes are identical and are homoeoalleles, triplicated as a result 
of the polyploid nature of wheat. Vrn5 is located on the short arm of 7B (Law, 
1966). 

Multiple allelism leading to variation in vernalization requirement occurs at 
the Vrnl and Vrn3loci (Snape, Law and Worland, 1976). Alleles at the Vrnl 
locus appear to be the most potent in reducing vernalization requirement 
(Pugsley, 1971). In a study carried out using a series of SA substitution lines 
into Chinese Spring, the most insensitive Vrnl allele was found on SA of an 
accession of Triticum spelta (Law, Worland and Giorgi, 1975). If this allele is 
substituted for the vernalization-sensitive allele present at the Vrnllocus in UK 
winter wheats, these grow and flower from a spring sowing with minimal 
vernalization requirement. 

It is claimed that a gene for vernalization designated Vrn2 is located on 
chromosome 2B (Tsunewaki, 1966b; Maystrenko, 1980). However, experi
ments involving 'alien' chromosome substitution lines for each of the group 2 
chromosomes in the variety Chinese Spring, as well as aneuploids of this variety 
grown under vernalized and unvernalized conditions, failed to identify an 
interaction with chromosome 2B (Law, Sutka and Worland, 1978; Scarth and 
Law, 1984). On the other hand, a large photoperiodic effect and a small 
developmental rate effect were observed. This suggests that the previously 
described Vrn2 is either Ppd2 (see Section 6.4.3) or an allele of a gene affecting 
developmental rate. 

A strongly insensitive allele at the Vrn3 locus is present in Chinese Spring. 
This variety also carries an insensitive allele at the Vrnl locus which is not as 
potent as the Vrn3 allele. Replacement of both by homologous loci from the 
winter wheat Cappelle-Desprez converts Chinese Spring into a winter wheat 
(Worland and Law, 1985a). 

Investigations of the Vrn4 locus have been hampered by a lack of allelic 
variation amongst the varieties studied, but a strongly insensitive allele recently 
discovered in the Italian variety Mara now permits more detailed genetic 
analysis of this locus. 

Since vernalization genes alter the length of time it takes for a plant to 
develop, it is not surprising to find that they influence other agronomic 
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characters. This was shown by Snape et al. (1985a), who developed homo
zygous recombinant lines from the cross of Hobbit 'sib' with a substitution line 
of Hobbit 'sib' carrying a SA chromosome from an accession of Triticum spelta. 
This material allowed a comparison between the effects of the sensitive vrnl 
allele from Hobbit 'sib' with the very insensitive Vrnl allele from T. spelta in 
uniform Hobbit 'sib' background. 

From an autumn sowing that gave adequate vernalization, all lines flowered 
at similar times but pleiotropic effects of Vrnl increased height, ear length and 
plant yields. From a spring sowing Vrnl brought forward ear emergence by 
11 days, and increased tillering, ear length, plant yield and grain weight. Con
verting Hobbit 'sib' from a winter to spring wheat through the introduction of 
vernalization-insensitive Vrnl alleles gave rise to a spring variety which out
yielded commercial spring wheats grown at that time by around 10% (Law, 
Snape and Worland, 1981). 

6.4.2 Winter-hardiness 

The genetic control of winter hardiness is complex, and is partly determined by 
cold resistance genes on group 5 chromosomes and chromosomes 4B, 4D and 
7A (Law and Jenkins, 1970; Jenkins, 1971; Puchov and Zhirov, 1978; Sutka, 
1981). The group 5 chromosomes and 7A are also known to control 
vernalization requirements. By studying the behaviour of group 5 aneuploids 
and intervarietal chromosome substitutions, Cahalan and Law (1978) demon
strated that there was no correlation between vernalization requirement and 
freezing resistance, indicating that winter-hardiness is determined by two 
separate genetic systems on group 5 chromosomes, one providing frost 
resistance, the other frost avoidance. 

Other important factors contributing to winter-hardiness include resistance 
to such diseases as snow mould Fusarium nivale (Nelson, Toussoun and Cook, 
1981) and the effects of cytoplasmic genes. Cahalan and Law (1978), for 
example, showed that plants of Chinese Spring with Aegilops ovata cytoplasm 
were more susceptible to frost damage. 

6.4.3 Photoperiodism 

The major genes for photoperiodism are located on the group 2 chromosomes 
and are extremely important in determining the adaptability of wheat. In the 
maritime conditions of the UK and northwestern Europe maximum yield 
potential can be achieved by extending the growing season of winter wheats to 
nearly a year by delaying flowering with photoperiod-sensitive genes. In 
central and southern Europe, the Indian sub-continent, Australia and many 
other countries, hot summer conditions cause desiccation and yield losses to 
late flowering wheats, so plants must carry photoperiod-insensitive genes to 
accelerate flowering. 
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Group 2 genes for photoperiodic response were first located by Welsh et al. 
(1973) who showed by monosomic analysis that day length insensitivity in the 
Mexican semi-dwarf Sonora 64 was determined by major genes Ppdl and Ppd2 
located on chromosomes 2D and 2B, respectively. Using 'alien' chromosome 
substitutions for group 2 chromosomes, Law, Sutka and Worland (1978) 
showed that in addition to Ppdl and Ppd2 a third locus, Ppd3, was almost 
certainly located on chromosome 2A. Scarth and Law (1984) used intervarietal 
chromosome substitutions to demonstrate that multiple alleles actively 
promoting insensitivity ~ere present at the Ppdl and Ppd2loci, the Ppdl allele 
from another Mexican semi-dwarf, Ciano 67, being the most insensitive. Little 
variation has been detected at the Ppd3 locus. 

Worland and Law (1986a) used homozygous recombinant lines developed 
from the cross of Cappelle-Desprez with Cappelle-Desprez (Mara 2D) to study 
the effects of Ppdl versus ppdl on other agronomic characters. Grown from an 
autumn sowing in which the plants would be subjected to short days for a part of 
their life cycle, the presence of Ppdl accelerated flowering by more than 7 days. 
Pleiotropic effects of this allele included an 8% reduction in plant height and a 
reduced spikelet number as direct consequences of the shortened growth 
period, and a reduced grain size, leading to a reduction in overall yield of 
about 5%. 

When grown in southern European countries such as Yugoslavia where 
summer desiccation can be very serious, the benefits of Ppdl can be very 
striking. Although the effects of Ppdl on flowering, height, spikelet number 
and grain size are similar to those recorded in the UK, lines carryingppdl have 
much reduced grain sizes. This effect, opposite to that found in the UK, is 
presumably a consequence of the effect of high temperatures on the grain 
development of ppdl genotypes, which results in a yield advantage for plants 
with the insensitive allele (Worland, Petrovic and Law, 1987). 

6.5 AGRONOMIC AND GRAIN CHARACTERS 

6.5.1 Height 

Many genes, in fact most genetic factors which regulate development, 
morphology or vigour, will have effects on final plant height. This is evident 
from the quantitative nature of variation in height, and from the many 
chromosomal effects noted in comparisons of aneuploid monosomic series with 
euploid varietal controls and of intervarietal chromosome substitution lines 
with recipient varieties (see Chapter 4). 

Genetic effects reducing plant height also frequently reduce grain yield 
(Law, Snape and Worland, 1978). This positive correlation is mainly due to 
pleiotropic effects of the same genes rather than linkage, and probably arises 
from a general loss of plant vigour associated with reduced heights. The genes 
chosen by breeders to reduce stature as a means of minimizing yield losses due 



Agronomic and grain characters 137 

to lodging must be capable of breaking this relationship. The Norin 10 genes, 
Rhtl and Rht2, which operate by reducing stem internode lengths while having 
no direct effects on spike morphology, are a means of achieving this. Their 
value is reflected in the part that Norin 10-derived semi-dwarf varieties have 
played in the worldwide increases in wheat yields since the 1960s. Furthermore, 
the positive height-yield correlation can be used to advantage in the presence 
of Rhtl and Rht2 through the selection of 'tall-dwarfs' (Gale and Law, 1977). 

Several major genes reducing plant stature have been identified. All have the 
symbol Rht relative to their tall, rht, alleles, irrespective of the direction of 
dominance expressed in heterozygotes. The genes can be classified into two 
groups on the basis oftheir reaction to exogenous gibberellic acid (GA). In the 
first group both seedlings and mature plants are insensitive to GA. The Norin 
10 genes, Rhtl and Rht2, fall into this category, and the lack of reaction to GA 
conferred on plants by these genes is a useful diagnostic feature. The second 
group respond toGA, producing elongated stems and leaves, indistinguishable 
from the behaviour of tall wheats in this respect. 

The genes for GA insensitivity and dwarfism include not just Rhtl and Rht2, 
but also the extremely potent Rht3 from the variety Tom Thumb, and RhtlO 
from Ai-bian 1. Recently another dwarfing gene of less potency than the Norin 
10 genes has been discovered in the variety Saitama27 (Worland, 1986). At one 
time the insensitivity of these genes was thought to be due to linked genes, 
Gail, Gai2 and Gai3, separate from Rhtl, Rht2 and Rht3. It is now considered 
that the insensitivity results from the pleiotropic activities of the Rht genes. 

All of these genes are carried on the short arms of the group 4 chromosomes. 
Rhtl (Gale and Marshall, 1976), Rht3 (Morris, Schmidt and Johnson, 1972) 
and the Saitama 27 gene (Worland and Petrovic, 1987) are all alleles at a locus 
13 recombination units from the centromere on 4AS (McVittie et al., 1978). 
Rht2 (Gale et al., 1975) and RhtlO (Wang et al., 1982) are carried on 4DS, but 
their allelism has not been established. 

The physiological and agronomic effects of the Norin 10 and Tom Thumb 
genes have been investigated. These semi-dwarf and dwarf alleles appear to 
hinder the active turnover of gibberellins in vegetative tissues. In isogenic lines 
carrying Rhtl and Rht3, levels of GA1 and its precursor GA20 are elevated in 
proportion to the height-reducing effect of the alleles (Lenton, Hedden and 
Gale, 1987). Levels of GA56 , the predominant GA, in the developing grains 
are not affected (Lenton and Gale, 1987). Analyses of these same genotypes 
detect no effects on developmental events other than reduced elongation 
growth in the stem, and no effects at all in the developing spike (Youssefian, 
1986). The precise mechanism by which the GA-insensitive alleles cause these 
tissue-specific effects is still unknown, but one consequence of these effects is 
an increase in the proportion of total assimilate available to the growing ear 
(Brooking and Kirby, 1981). In all cases, apart from situations of high stress, 
this results in increased grain numbers per ear and, where total biomass is 
adequate such as in semi-dwarf genotypes, in an increase in grain yield of up to 
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20% (Allan and Pritchett, 1980; Gale and Youssefian, 1984). Reduced grain 
size and reduced grain percentage protein levels, although not necessarily 
protein yield, are usually found to be associated effects ofthese alleles (Gale 
and Youssefian, 1985). 

Rht3 and RhtlO have not been exploited in successful pure-line varieties, but 
may be of value in F1 hybrid breeding programmes. Rht3/rht heterozygotes, 
produced by use of a chemical hybridizing agent, have been shown to be of 
ideal stature and to display higher levels of yield heterosis than genetically 
comparable hybrids homozygous for the tall allele, rht (Gale, Salter and 
Angus, 1987). 

Less information is available concerning the known 'GA-sensitive' Rht 
alleles. To date only Rht8 and Rht9, transferred from Akakomugi to Italian 
wheats by Strampelli early this century (Law, 1983), have found use in modern 
varieties. Rht8 is carried on the short arm of chromosome 2D and is often found 
associated with the photoperiod-insensitive allele Ppdl, to which it is closely 
linked (Worland and Law, 1986a); Rht9 is located on the short arm of 
chromosome 7B (Worland, Law and Parker, 1984). Experiments in which the 
effects of Rht8 have been assayed independently of those of Ppdl show the 
allele to reduce height by about 9% and yield by about 5% (Worland, Law and 
Petrovic, 1985). The range of varieties which carry the Akakomugi genes is 
difficult to assess because they can only be recognized by extensive test-cross 
procedures, but it is probable that they are widespread in Italian wheats and 
Eastern European varieties that have been derived from Italian germplasm 
(Worland, Petrovic and Law, 1987). 

The other major Rht genes in hexaploid wheat include Rht4 (Hu, 1980), Rht5 
(Woo and Konzak, 1969), Rht7 (Worland, Law and Shakoor, 1980) and Rhtl2 
(Konzak, 1982). All are induced mutations and all, except Rht12, are recessive 
alleles. Only Rht7has been investigated for its agronomic utility, and was found 
to reduce yield (Worland, Law and Shakoor, 1980). Rht12, carried on 
chromosome SA (Sutka and Kovacs, 1987), is notable as the only dominant 
dwarfing gene known in wheat. The allele was induced by X-ray treatment 
of the variety Karcag, and reduces height by 46% (Konzak, Wilson and 
Franks, 1984). Initial analysis showed no reduction of yield (Viglasf, 1968), 
but its potential for incorporation in commercial varieties has yet to be 
established. 

6.5.2 Grain storage proteins 

Because of their importance in bread-making (see Chapter 15), a great deal of 
effort has been given to studying and identifying the genes controlling storage 
proteins. 

Thirteen different loci have now been identified and their chromosomal 
locations determined. High-molecular weight (HMW) glutenin subunits are 
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encoded by three loci, Glu-Al, Glu-Bl and Glu-Dl, mapped close to the 
centromeres on the long arms of the homoeologous chromosomes 1A, 1B and 
1D (Payne et al., 1982). A group of proteins comprising low-molecular weight 
(LMW) glutenin subunits, w-and y-gliadins are controlled by loci Gli-Al, Gli
Bl and Gli-Dl, located distally on the short arms of each of the chromosomes 
of homoeologous group 1 (Rybalka and Sozinov, 1979; Payne et al., 1984). A 
further series of genes has recently been identified which control the synthesis 
of minor gliadin and glutenin subunits. So far three genes, Gld-2-lA (Sobko, 
1984), Glu-B2 (Jackson, Holt and Payne, 1985) and Gld-B6 (Galili and 
Feldman, 1984) have been recognized, and these map on the short arms of 
chromosomes 1A and 1B about 20 eM from the centromere and proximal to 
Gli-1. These minor loci have recently been studied further by Metakovsky, 
Akhmedov and Sozinov (1986). A minor group of proteins, referred to as 
'triplet band proteins' because of their appearance when fractionated by 
SDS-PAGE, have been shown to be determined by two genes, Tri-Al and 
Tri-Dl, located on the short arms of the 1A and 1D chromosomes. Tri-Al is 
positioned nearer Glu-Al on the long arm than to Gli-Al on the short arm, 
and so must lie close to the centromere on chromosome 1A (Singh and 
Shepherd, 1984). 

One other set of genes has also been implicated, and these are the Gli-21oci, 
located on each of the short arms of the homoeologous group 6 chromosomes, 
and which encode for a- and /3-gliadins (Dvorak and Chen, 1983). 

Many of these loci appear to be genetically complex, since they are com
posed of tightly linked genes which rarely recombine. From molecular studies it 
is evident that Glu-Jloci are made up of two genes (Thompson et al., 1983), 
whereas the Gli-1 and Gli-2loci can contain up to 20 genes (Harberd, Bartels 
and Thompson, 1985). This complexity is responsible for the multiplicity of 
protein subunits that are seen on gels. The potential for allelic variation is 
therefore very large. Considerable progress has been made in describing the 
extent of available variation, and several alleles have been recognized. The 
effect of some of these alleles on bread-making has also been investigated, and 
it has been possible to rank them in terms of their contribution to this character 
(see Chapter 15 for a fuller description of this work). 

6.5.3 Percentage grain protein 

Whereas studies of endosperm protein types have been greatly simplified by 
the development of electrophoretic techniques, the quantitative study of 
percentage protein relies on conventional genetic analyses and on cytogenetic 
techniques. Usually negative correlations between percentage protein and 
grain yields are found in segregating populations. This may be a consequence of 
the higher energy requirements for protein compared with carbohydrate 
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synthesis, so that in selecting for high yielding genotypes it is easier to increase 
carbohydrates (Bhatia and Robson, 1976). 

It is likely that all genes affecting yield will influence protein levels in the 
grain. The inheritance of this character is therefore multigenic, and almost all 
chromosomes have been shown to have an effect (Kasarda, Bernardin and 
Nimmo, 1976). However, there are reports of genes for high protein being 
identified. Almost all of these seem to lie on the chromosomes of group 5. Law 
et al. (1978a) showed that chromosome SD, which exerted most control of 
protein levels in the varieties Atlas 66 (Morris et al., 1978) and Avalon (Snape, 
1986) carried two genes, Pro] and Pro2, that control percentage grain protein. 
Pro] was either closely linked or was identical to Vrn3, the gene for 
vernalization requirement. Pleiotropic effects of vernalization genes on other 
agronomic characters have already been considered; the pleiotropic effect of 
Vrn3 increased plant size and could provide a greater source of protein for the 
grain. However, similar experiments on chromosome SA, whilst detecting an 
allele possibly homoeoallelic to Pro2, failed to correlate an effect on 
percentage protein with Vrnl (Snape et al., 1985a). 

The influence of the Vrn genes on protein amounts suggests that other genes 
having major effects on the development of the wheat plant may also be 
involved. A good example of such effect occurs in the case of the semi-dwarf 
genes Rhtl and Rht2 which reduce grain size and increase grain numbers, 
causing variable increases in yield always associated with reduced levels of 
grain protein. 

6.5.4 Grain size 

Grain size is influenced by many genes, most of these probably relating to the 
indirect effects of genes for other characters, for example genes for floret 
fertility, vernalization, photoperiodism and height. However, some genetic 
effects on grain size which are not associated with other character changes have 
been recognized. Chojecki, Gale and Bayliss (1985) using reciprocal 
monosomics showed that chromosomes 1A, 1D and 7 A had direct effects on 
grain size without compensating effects on grain number per ear. Increases in 
grain size resulted from a faster rate of endosperm cell division, producing 
more endosperm cells in the time available for development. 

6.5.5 Floret fertility 

The control of floret fertility is undoubtedly a major determinant of final plant 
yields. It is likely that many genes influence this character. Direct effects on 
increasing fertility have been observed for all the GA-insensitive semi-dwarf 
alleles, Rhtl, Rht2, Rht3 and the recently discovered allele of Rhtl in Saitama 
27. In the aneuploids of Chinese Spring, lack of chromosomes of group 2 
reduces grain setting through an adverse effect on female fertility, whereas 
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nullisomics of group 6 have reduced pollen fertility and are partially sterile as a 
consequence (Sears, 19S4). A recessive gene, msl, for complete male sterility 
has been located on the (3-arm of chromosome 4A (Driscoll, 197S; Barlow and 
Driscoll, 1981). A similar phenotype results amongst aneuploids lacking this 
chromosome or arm in a wide range of varieties. A gene for increased floret 
fertility Ft on the short arm of chromosome 2D of the variety Mara compared 
with its allele in the variety Cappelle-Desprez (Worland, Petrovic and Law, 
1987). The allele in Mara was shown to confer an 8-10% yield advantage. 

6.5.6 Grain hardness 

Hardness of grain is an important character, as much higher percentages of 
white flour can be extracted from hard-grained varieties where less of the 
endosperm is lost through adhesion to the bran. 

A major effect on grain hardness was first associated with chromosome SD 
by Symes (196S) and subsequently by Mattern et al. (1973). Law et al. (1978a) 
located a single gene for grain hardness Ha on the short arm of chromosome 
SD. Removal of the chromosome SD short arms of soft-grained wheats like 
Chinese Spring or Bersee increased grain hardness, showing that Ha must 
promote softness (or alternatively, suppress hardness). It is likely that 
homoeologous loci exist on chromosomes SA and possibly SB as removal of the 
short arms of SA also affects grain hardness (Law and Krattiger, 1987). 

6.6 CROSSABILITY 

Much variation exists in the ability of wheat varieties to cross with species 
and genera such as Secale and Hordeum. This is of great importance in the 
study and transfer of interspecific and intergeneric genetic variation, in 
creating new polyploid species such as Triticale and in the production of 
wheat haploids through chromosome elimination following pollination of 
wheat by H. bulbosum (Snape et al., 1978). 

Crossability of wheat with rye (S. cereale) was shown by Lein (1943) to be 
controlled by two genes, Krl and Kr2, whose dominant alleles reduce cross
ability. Riley and Chapman (1967), using substitutions of chromosomes from 
the non-crossable variety Hope into crossable Chinese Spring, demonstrated 
that Krl, and the more potent allele, was located on chromosome SB and Kr2 
on SA. A third allele Kr3 was located on chromosome 5D by Krolow (1970). 
Both Krl and Kr2 are located at similar positions on chromosomes SB and SA, 
and are about 4S recombination units from the centromeres (Sitch, Snape and 
Firman, 198S). 

Crossability genes are probably non-specific as lines giving poor crossability 
with rye are non-crossable with Hordeum bulbosum (Snape eta!., 1978). This 
holds true for both the potent Krl and weaker Kr2 genes (Sitch, Snape and 
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Firman, 1985). Genes located on group 3 chromosomes (Miller, Reader and 
Gale, 1983) and on the short arms of group 5 chromosomes (Sitch, Snape and 
Firman, 1985) may also influence crossability. Genes for the control of inter
genomic chromosome pairing, an alternative system for maintenance of geno
type specificity, are located in similar regions of group 3 and 5 chromosomes 
(see Chapter 7), but Sitch, Snape and Firman (1985) suggest control is by 
separate loci. 

The exploitation of H. bulbosum in the production of double haploids is 
limited, as only a minority of wheats are crossable with this species. In order to 
use this system to improve the efficiency of breeding programmes there is thus 
a need to introduce genes for crossability into advanced varieties and breeders' 
lines to provide a pool of material within which crosses and selections can be 
made. Alternatively Falk and Kasha (1981) have suggested that genes for 
crossability may exist in other species, so crossability barriers in wheat may 
be overcome by use of suitable genotypes from these species. For instance, 
rye has a single dominant gene for crossability (Tanner and Falk, 1981), 
whereas H. bulbosum probably has at least two gene pairs with dominance for 
reduced crossability (Sitch and Snape, 1985). 

Haploid production also depends on the successful development of embryos 
following fertilization. This has been shown to be under a separate genetic 
control, as is the control of embryo size and the ability of the embryo to 
germinate and grow, all characters influencing the final frequency of haploids 
(Sitch and Snape, 1986). 

6.7 DISEASE RESISTANCE 

Problems of breeding for resistance to pests and diseases are considered in 
Chapters 13 and 14, where reference is made to the genetic basis of resistance. 
In many cases this follows simple Mendelian patterns of inheritance, so 
individual genes often occurring in allelic series can be identified. In the 
Catalogue of gene symbols for wheat Mcintosh (1985) lists 114 such genes 
determining resistance to 10 pathogens, of which most are concerned with 
Erysiphe graminis (10), Puccinia graminis (37), Puccinia recondita (30), 
Puccinia striiformis (16), Tilletia caries (10) and Mayetiola destructor (10). 
Alleles that confer the greatest degree of resistance are assigned a capital letter 
irrespective of the level of dominance or recessiveness of the gene. 

Wheat is attacked by many other pathogens, such as Septaria nodorum, 
Septaria tritici, Pseudocercosporella herpotrichoides, Gaeumannomyces 
graminis, Helminthosporium spp., Fusarium spp. and a number of bacterial 
and viral diseases. In many cases genes for resistance have not been identified. 
This is partly because the testing procedures are not sufficiently precise, 
or because the inheritance is multigenic. In a few cases there would appear 
to be a lack of resistance in wheat, for example to the disease take-all 
( Gaeumannomyces graminis). 
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In this chapter resistance to yellow rust (Puccinia striiformis) and eyespot 
(Pseudocercosporella herpotrichoides) are used to illustrate genetic studies of 
disease resistance. 

6.7.1 Yellow-rust resistance 

Genes for resistance to yellow rust show different patterns of infection when 
inoculated with a range of physiological races. Ten genes for seedling resistance 
were listed by Mcintosh (1985). Eight of these are single, mostly dominant 
genes (Macer, 1972; Taylor, Smith and Johnson, 1981), but complementary 
interactions may occur between the genes Yr3 and Yr4. Chromosomal 
locations of some of these genes have been assigned either through monosomic 
analysis or by observations of intervarietal chromosome substitution series. 
The reaction of these genes to a number of races of yellow rust, their chromo
somal location and varietal source are given in Table 6.1. A number of other 
genes affecting adult plant resistance have been proposed (Mcintosh, 1986), 
but only in one instance has a single gene Yrl6 been unequivocally identified 
and mapped on a chromosome (Worland and Law, 1986a). 

Specific seedling resistances can be readily overcome by changes in the 
pathogen, so are often of limited use in breeding. Breeders have therefore 
attempted to introduce a more durable form of resistance using varieties with a 
long history of resistance to the disease at the adult plant stage (Johnson and 
Law, 1975). Such resistance is shown by the French varieties Bersee and 
Cappelle-Desprez. By studying monosomic and nullisomic lines in these 
varieties it has been established that a major part of their resistance, although 
not necessarily that part which is responsible for durability, is determined by 
the translocated 5BS-7BS chromosome (Law et al., 1978b). Loss of either of 
these arms as in ditelocentrics 5BS or 7BS gave rise to susceptible plants, 
indicating that both arms carry genes for resistance (Gaines, 1976). Combined 
together, as in the translocated chromosome, these genes provide a very useful 
source of resistance. Pink et al. (1983) later observed that all group 5 chromo
somes carry genes affecting levels of adult plant resistance to yellow rust. 
Genes were found for resistance on their short arms and for susceptibility on 
their long arms, since loss of a long arm gave plants with increased resistance. 
The effects of these opposing gene sets often cancel out each other to give a net 
effect of the whole chromosome which is neutral. However, allelic variants in 
either set can shift the balance towards resistance or susceptibility; for 
example, chromosome 5D of Hobbit 'sib' has alleles for susceptibility which 
predominate. Replacement of such a chromosome would improve resistance in 
the variety. 

Whereas susceptibility to a pathogen must undoubtedly reduce yield, few 
studies have been made to determine how resistance genes affect other 
agronomic characters in the absence of the pathogen. One such study, 
employing random recombinant lines, indicated that Yrl6 for adult plant 
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resistance to yellow rust had no effect on a range of other characters which 
included flowering time, height, yield and yield components (Worland and 
Law, 1985b). 

6. 7.2 Eyespot resistance 

Studies of resistance to eyespot are complicated, due to difficulties of testing 
because extensive replicfl,tion is necessary to distinguish resistance from 
susceptibility. Law et al. (1976) used both single-chromosome substitution lines 
and F2 monosomic analyses involving the resistant variety Cappelle-Desprez 
to show that a major part of the widely exploited resistance of Cappelle
Desprez was determined by chromosome 7A; chromosomes 2B and 5D 
increased resistance to a minor extent, whereas chromosome lA increased 
susceptibility. Resistant genes tended to be dominant, and there was some 
indication that between-chromosome interactions could be involved. 

TABLE 6.1 Known genes for resistance to yellow rust (Puccini a striiformis), their chromo 

Gene 

Yrl 
Yr2 
Yr3a 

Yr4a 

Yr3b 

Yr4b 

Yr5 

Yr6 

Yr7 

Yr8 

Yr9 
YrlO 

Race 

37E132 104E9 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ Susceptible; - resistant. 

232E137 104E137(3) 41E136(4) 108E141(2) 

+ 
+ + + + 
+ + + + 

+ + + + 

+ + + 

+ + + 

+ 

+ 
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Very effective resistance to eyespot has been introduced from Aegilops 
ventricosa into bread wheat (Maia, 1967). Much of this resistance is controlled 
by a single gene located distally on chromosome 7D, but on which arm is not 
certain at the moment (Jahier et al., 1978). This was transferred with genes for 
red coleoptile colour (Worland and Law, 1986b) and a-amylase production 
(Gale et al., 1984) on the same A e. ventricosa chromosome and released as the 
breeders' line VPM 1 (Doussinault and Dosba, 1977). 

6.8 GENETIC DISORDERS 

Wheat plants suffer from a range of genetic disorders that prevent the growth of 
normal healthy plants. The disorders fall into two main groups - those 
associated with the bringing together of complementary genes, usually after 
wide hybridization, and those associated with loss or mutation of genes 
essential to healthy plant growth. 

some locations and reaction to various races of this pathogen 

43El38 

+ 
+ 
+ 

+ 

+ 

171El38 

+ 
+ 
+ 

+ 

+ 

+ 

109E9 108E25 

+ 

+ + 

+ + 

+ + 

+ + 

+ + 

+ 

Chromosome 
location 

2A 
7B 

2BL 

7BS 

2BL 

2D 

lBL/lRS 
lBS 

Original source of 
resistance; reference of 
chromosome location 

Chinese 166; Macer (1966) 
Heines VII; Labrum (1980) 
Cappelle Desprez; 
Lupton and Macer (1962) 
Cappelle-Desprez; 
Lupton and Macer (1962) 
Hybrid 46; Lupton and 
Macer ( 1962) 
Hybrid 46; Lupton and 
Macer(1962) 
Triticum spelta album; 
Gaines (1976), Law (1982) 
Heines Kolben; 
Labrum (1980); 
EI-Bedewy and Rob belen 
(1982) 
Thatcher; Johnson, 
Wolfe and Scott (1969) 
Com pair; Riley, Chapman 
and Johnson (1968) 
Clement; Zeller (1973) 
Mora; Metzger and 
Silbaugh (1970b) 
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Three main disorders are associated with hybridization. These involve genes 
for hybrid dwarfing (D), hybrid necrosis (Ne) and hybrid chlorosis ( Ch), and all 
arise from complementary gene action in the hybrids. These genes are 
extremely widespread, most varieties carrying them either singly or in non
critical combinations. Under these circumstances they appear to have no 
recognizable effect on the phenotype. 

The group of disorders associated with the loss or inactivity of vital metabolic 
genes consists of the chlorophyll abnormalities, virescence (V) and chlorina 
(en), seedling or adult plant corroded genes (Co) and genes for flecking. 
Normal plant development requires critical numbers of genes to be present on 
homoeologous chromosomes, and disorders are expressed when the number of 
genes falls below this critical number through chromosome loss, deletion or 
mutation. Expression is usually greatest under conditions of stress such as low 
light intensity, cool temperatures, short days or during periods of very active 
plant development. 

6.8.1 Hybrid Dwarfs (D) 

Hybrid dwarfs occur after crossing wheat genotypes of normal height, and are 
characterized by short 'grass clump' phenotypes that often die before 
flowering. Three phenotypes are recognized. 

Type I. Severely dwarfed plants which appear stunted from the second leaf 
stage onwards. These plants eventually die and never flower. 

Type II. Plants dwarfed from the time tillering commences. Sometimes they 
flower but remain dwarfed until death. 

Type III. Plants only showing dwarfing symptoms for a short period at tillering 
before running up to flower and producing a plant of near normal height. 

Four hybrid dwarfing genes are recognized. Dl is completely dominant and 
essential for production of hybrid dwarfs. D2 and D4 are partially dominant, 
and produce type II dwarfs in the presence of D I when either is homozygous or 
both are heterozygous together. D3 is also partially dominant, and causes any 
of the above combinations to give more severe type I dwarfs (Worland and 
Law, 1980). A modified allele D2M, when present with DJ genes, produces 
type III dwarfs when heterozygous and type II dwarfs when homozygous 
(Worland, 1982). Genes Dl, D2, D3 and D4 are located on chromosome arms 
2DS, 2BL, 4BL and 2DS, respectively (Hermsen, 1963a, 1967; Metzger, 
1971). 

6.8.2 Hybrid necrosis (Ne) 

Hybrid necrosis results in the premature death of leaf blades and sheaths. 
Death of previously healthy leaves begins at the leaf tip as groups of dull or light 
green dots which expand and increase in number until they join to form spots 
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or zones. Initial necrotic patches may spread along the entire leaf blade and 
down the sheath, resulting in death of the leaf and in severe cases of the whole 
plant. Symptoms of necrosis always spread from the leaf tip and affect older 
leaves first. In severe cases they appear from the first or second leaf stage, 
where the normal green tissue turns a darker green, then greyish-brown as the 
chlorophyll degenerates and the remaining leaf tissues die. If symptoms appear 
early in development plants fail to tiller and die between the third and sixth leaf 
stage. Often symptoms are not so severe and do not appear until ear 
emergence, usually showing as a lightening of the usual coloration which 
progressively yellows to produce brownish-yellow leaf tips. Such weak necrosis 
is not lethal, but it may result in slight dwarfing and a reduction in yield. 

Necrosis results from the interaction between two complementary dominant 
genes, Nellocated on 5BL and Ne2 on 2BS (Tsunewaki, 1960, 1969). Multiple 
allelic series exist at both loci, alleles being classified as weak, moderate or 
strong. Nel occurs in about 18% of varieties and Ne2 in just over 40% 
(Hermsen, 1963b). 

6.8.3 Hybrid Chlorosis (Ch) 

Hybrid chlorosis is characterized by a yellowish chlorotic discoloration of 
previously healthy leaf tissue. It may be associated with a reddening that starts 
at the tips and edges of leaves either just before or at the onset of chlorosis. 
Unlike the gradual spread of hybrid necrosis symptoms, chlorosis is seen as a 
rapid change of the whole plant, which quickly turns greenish-yellow. 
Symptoms develop at different growth stages depending upon the hybrid. 

Hybrid chlorosis is due to the interaction between pairs of dominant 
complementary genes, Chi and Ch2, located on chromosomes 2A and 30, 
respectively (Hermsen and Waninge, 1972; Koba and Tsunewaki, 1978). 
Hybrid combinations showing chlorosis are rare as Chi is only found in two 
accessions of Triticum macha and a few ofT. dicoccoides. However, Ch2 is 
widespread, occurring in over 90% of wheat varieties (Hermsen and Waninge, 
1972). 

6.8.4 Corroded (Co) 

The corroded gene produces a form of leaf necrosis expressed in seedlings as 
white stripes across the entire leaf blade, or in adult plants as brownish-white 
necrotic patches or streaks along previously healthy tissue. In seedlings the 
symptoms are expressed from the second leaf when plants are grown under 
short days (Morris, Schmidt and Johnson, 1972; Faridi, 1984). In adult plants 
the symptoms are expressed in upper leaves around the time of flag-leaf 
emergence, and will occur under long-day conditions. 

The corroded phenotype appears to be due to a reduction in dosage of genes 
carried on the short arms of group 6 chromosomes. Col, Co2 and Co3, located 
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on chromosomes 6B, 6D and 6A, respectively (Sears, 1954; Wenzel, 1971), act 
as inhibitors of corrosion by permitting normal development under adverse 
conditions. 

6.8.5 Chlorina (en) 

Chlorina mutants cause pale yellow-green seedlings that darken with maturity. 
They have reduced levels of chlorophyll, especially chlorophyll b. The 
alteration of the normal ratio of chlorophyll a to b causes leaf-yellowing. The 
mutant genes are found on the long arms of homoeologous group 7 
chromosomes. Chlorina 1 and Yellow are allelic 7 A mutants, Chlorina 488 a 7B 
mutant and Chlorina 214 a 7D mutant (Sears and Sears, 1968; Washington and 
Sears, 1970). 

Chlorina mutants are partially expressed in the hemizygous state, giving light 
green foliage. As heterozygotes they are ineffective, except when homoeo
logous chromosomes are absent through aneuploidy. In three doses the genes 
produce extreme chlorina phenotypes with golden leaves. The gene is not a null 
allele, as group 7 nullisomics have normal green leaves. The chlorina mutants 
suppress the action of normal alleles, possibly by altering the shape of the 
chloroplasts (Pettigrew, Driscoll and Rienits, 1969). 

6.8.6 Virescent ( V) 

Virescent is a form of chlorophyll abnormality where normal chlorophyll 
production is restricted, resulting in production of pale green or in extreme 
cases albino leaf tissue. Normal chlorophyll development is determined by 
three homoeologous genes, V 1, V2 and V3, carried on the short arms of 
chromosomes 3B, 3A and 3D respectively. Mutants of these genes, Neatby's 
Virescent (Sears, 1956), Hermsen's Virescent (Sears and Sears, 1968) and 
Viridis (Washington and Sears, 1970) show virescent symptoms. 

Neatby's Virescent is a mutant which actively interferes with normal chloro
phyll production. As a heterozygote the mutant allele via behaves as a 
recessive in plants grown under warm long days, but some chlorophyll 
reduction is noticeable under cool short days. As a homozygote it retards 
normal chlorophyll development even under long-day summer conditions and 
can be lethal under cool short-day winter conditions. When present in three 
doses the gene produces extremely virescent or albino plants (Sears, 1956). 
Symptoms are also enhanced by reducing the dosage of homoeologous 
chromosomes 3A or 3D through aneuploidy. 

Hermsen's Virescent carries null alleles of VI and V2, designated vl b and 
v2b. The virescent symptoms are only exhibited when both null alleles are 
homozygous, and are much less severe than in Neatby's Virescent. Viridis is 
probably a 3A mutant behaving as a simply inherited recessive ( v2a). The 
normal level of chlorophyll production associated with the V genes may also be 
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impaired if the six short arms of group 3 chromosomes are reduced to two 
(Washington and Sears, 1970). 

6.8. 7 Flecking 

Many aneuploid plants that lack either a complete group 5 chromosome or the 
long arm of a group 5 chromosome exhibit a characteristic orange-to-brown 
flecking of young leaves when grown under cool short days (Worland, Law and 
Taylor, 1987). Symptoms spread until temperatures and day-lengths increase, 
when normal foliage is produced and flecks become less pronounced. Similar 
flecks may recur when the plant is growing rapidly, around flag-leaf or ear 
emergence. 

Flecking is due to a reduction in dosage of genes for normal development 
located on the long arms of all group 5 chromosomes, and is expressed under 
cool conditions when one of these six chromosomes is absent. Flecked mutants 
are available, but tests have not been carried out to see if these carry alterations 
to group 5 chromosomes. 

6.9 CYTOPLASMIC INHERITANCE 

Hexaploid wheat and related species do not transmit cytoplasmic organelles 
through the pollen. All genetic information present in the DNA of cytoplasmic 
organelles such as chloroplasts and mitochondria shows maternal inheritance. 

Both intra- and interspecific variation exists within the cytoplasms of wheat 
and related species; such variation may be of importance to breeders (Kihara, 
1951). However, the variation detected in reciprocal crosses between 
hexaploid wheats is trivial compared with the variation derived from the 
cytoplasm of related species. To study and exploit such variation, related 
species are back-crossed repeatedly to wheat used as the male parent until the 
hexaploid nuclear genetic constitution has been reconstituted (Maan, 1975; 
Tsunewaki et al., 1976). The success of this back-cross programme relies on the 
cytoplasmic genes remaining stable as the hexaploid wheat nucleus is 
reconstituted and thereafter as an alloplasmic line. The very similar 
phenotypes produced by alloplasmic lines derived by different back-cross 
routes but with maternal cytoplasms maintained suggests that this is essentially 
the case (Tsunewaki, 1980). 

Tsunewaki (1980) substituted 12 different hexaploid wheat nuclear 
genotypes into 25 cytoplasms of related species of Aegilops and Triticum. The 
different nuclear-cytoplasmic combinations affected a spectrum of characters 
such as winter kill, winter variegation, vigour, days to ear emergence, male 
sterility and haploid production. It was then possible to divide the 25 cyto
plasms into nine different plasma types (Table 6.2), each plasma type 
consisting of a group of cytoplasms having similar effects on the range of 
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TABLE 6.2 Classification of Triticum and Aegilops species into nine plasma types 
(Tsunewaki, 1980) 

Plasma type Carrier species (genome constitution) 

A T. boeoticum (2x AA) 
C A e. caudata (2x CC) 
U Ae. umbellulata(2xUU);Ae. triuncialis(4xCCUU); 

A e. biuncialis ( 4x UUMbMb) 
A e. columnaris ( 4x UUMcMc); A e. triaristata ( 4x UUM1M1); 

Ae. triaristata (6x UUM'M'MiM:D 
D Ae. squarrosa(2xDD);Ae. cylindrica(4xCCDD); 

Ae. ventricosa (4x DDM•M•);Ae. juvenalis (6x UUDDMiMi); 
Ae. crassa (6x DDD2D2McrMc'); 
Ae. vavilovii (6x DDMcrMc'SPSP) 

G T. dicoccoidesnudiglumis(4xAAGG); T. timopheevi(4xAAGG) 
M A e. comosa (2x MM) 
M0 A e. ovata ( 4x UUM0 M0 ) 

S Ae. speltoides (2x SS); T. dicoccoides (4x AABB); 
T. dicoccum(4xAABB);Ae. kotschyi(4xuus•s•); 
Ae. variabilis (4x uus•s•); T. aestivum (6x AABBDD) 

S1 Ae. sharonensis (2x S1S1) 

characters. This division has largely been confirmed by restriction fragment 
analyses of the chloroplast DNA amongst these same species (Bowman, 
Bannard and Dyer, 1983). 

The most frequently studied nuclear-cytoplasmic interactions are probably 
those concerned with male sterility, haploid production, biomass, time to ear 
emergence and winter variegation. 

6.9.1 Male sterility 

Interest has centred on cytoplasmic male sterility, because of its potential use in 
hybrid wheat production. In combination with specific nuclear genotypes, 
cytoplasms from within all plasma groups except group D are known to induce 
male sterility. Nuclear genes are available for restoration of all cytoplasmically 
induced sterile lines. The nuclear restoring genes are usually cytoplasmically 
specific. Thus, Chinese Spring and Norin 26 nuclear genotypes give about 90% 
selfed seed set with Aegilops variabilis cytoplasm, but the nuclear genotypes of 
Triticum spelta and T. macha do not restore fertility. Conversely, T. spelta and 
T. macha but not Chinese Spring or Norin 26 will restore fertility of wheats with 
T. timopheevi cytoplasm (Tsunewaki, 1980). 

As T. timopheevi cytoplasm induces complete male sterility with most 
nuclear genotypes, and as genes from T. spelta var duhamelianum give 90% 
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fertility restoration, initial studies on hybrid wheat production concentrated 
on this system. Heterosis for yield advances was, however, low due to the 
incomplete fertility restoration of the restorer lines. Tahir and Tsunewaki 
(1969) showed that a single dominant gene RfJlocated on chromosome 1B was 
involved. At least two other genes, Rful and Rfvl, restoring fertility to 
Aegilops umbellulata and Ae. variabilis cytoplasms, respectively, are also 
located on chromosome 1B. Rfv 1 and rf3 are probably different expressions of 
the same allele as are rfvl and Rf3. This would explain why particular varieties 
are fertile in either Triticum timopheevi (Rf3) or Aegilops variabilis (Rfvl) 
cytoplasms but never in both (Mukai and Tsunewaki, 1979). 

Restoration of fertility with Ae. ovata cytoplasm is best achieved by Rfcl 
from Triticum aestivum var erythrospermum line P168. This gene is located on 
the satellited chromosome 1C of Aegilops caudata which has been substituted 
for 1D in P168. To a lesser extent Rfo2 from Chinese Spring will also restore 
fertility to Ae. ovata cytoplasm when present as a homozygote and in the 
presence of modifiers. Rfo2 is located on 1B and could be identical to Rful 
(Tsunewaki, 1982). Other identified restorers are Rfc2 and Rfc3, located on 
chromosomes 6B and 1D, respectively, for restoration of A e. caudata 
cytoplasm and Rfu2 on 2B which restores Ae. umbellulata cytoplasm 
(Tsunewaki, 1974). 

Cytoplasmic male sterility can also be overcome by substituting restorer 
genes from the cytoplasmic donor into bread wheat. This approach was 
adopted by Wilson and Ross (1962) to restore male sterility induced by 
Triticum timopheevi cytoplasm, and by Maan and Lucken (1967) to restore 
T. boeoticum and T. zhukovskii cytoplasmic male sterilities. 

Monosomic analysis of a T. timopheevi restorer line R113 that combined 
strong male fertility restoration with good agronomic characteristics showed Rf 
genes on chromosomes 1A and 6B. Additional fertility modifiers were present 
on lB, 4B and 4D (Maan, Lucken and Bravo, 1984). 

Strong restorers of cytoplasmic male sterility are usually located on 
chromosomes that carry nucleolus organizers. However, mapping studies with 
Rf3 show that the gene is closely linked to but independent of the nucleolus 
organizer Norl. The genetic association between the two types of gene would 
appear therefore to be coincidental (Snape et al., 1985b ). 

6.9.2 Haploid production 

Certain wheat nuclear genotypes, especially those from the variety Salmon, 
produce up to 30% haploid offspring with Aegilops caudata cytoplasm (Kihara 
and Tsunewaki, 1962). Salmon carries a lB/lR translocation which is essential 
for production of haploids. Although plants heterozygous for chromosomes 1B 
and lB/lR preferentially transmit about twice as many 1B as lB/lR egg cells, 
only those carrying lB/lR produce haploids. Around 85% of embryos carrying 
lB/lR are either haploid or haploid/diploid twins which have developed 
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parthenogenetically without need of pollen stimulation (Tsunewaki, Noda and 
Fujisawa, 1968). 

6.9.3 Flowering time and biomass 

Certain cytoplasms such as A e. ovata and A e. mutica cause delayed flowering of 
alloplasmic wheat lines. This is correlated, especially in the case of Ae. ovata, 
with tall and highly tillered plants that would show very large increases in 
biomass if the cytoplasm did not also reduce fertility. 

Law, Worland and Young (1980) showed that the Ae. ovata cytoplasm 
delayed flowering time independently of nuclear vernalization genes in 
vernalized plants, but that unvernalized plants showed significant interactions 
between the cytoplasm and Vrn genes. They interpreted this to mean that 
vernalization had no direct effect on the cytoplasmic differences, but that the 
cytoplasm interfered with the direct responses of the Vrn genes to vernaliz
ation. However, a major interaction with day-length and the effect of the 
Ae. ovata cytoplasm has been observed (Law and Scarth, 1984). 

6.9.4 Winter variegation 

Autumn-sown plants with particular nuclear-cytoplasmic gene combinations 
become stunted over winter, and produce pale chlorotic patches on their 
leaves. Once temperatures increase in spring this so-called winter variegation is 
lost as plants produce normal leaves. However, the general vigour of these 
plants remains less than that of corresponding genotypes with Triticum 
aestivum cytoplasm. 

Symptoms of winter variegation are particularly pronounced in combi
nations of Aegilops umbellulata cytoplasm with nuclear genotypes of European 
wheats such as Bersee, Cappelle-Desprez, Hobbit 'sib', Mara or Maris 
Huntsman. Other nuclear genotypes including Bezostaya I, Chinese Spring, 
Koga II, Poros and Triticum spelta exhibit no variegation. 

The F 1 of crosses between non-variegated plants such as Chinese Spring with 
Aegilops umbellulata cytoplasm and normal Cappelle-Desprez are all 
variegated, whereas F2 progenies segregate variegated plants in a 3 : 1 ratio, 
demonstrating that a single dominant nuclear gene V g interacts with the alien 
cytoplasm to promote variegation. Worland and Law (1983) showed that this 
gene was located on the long arm of chromosome 5B. 

Other cytoplasms such as Triticum boeoticum also produce winter varie
gation with a range of nuclear genotypes. Here the appearance of the varie
gation, the range of nuclear genotypes promoting variegation and the degree of 
dominance differ from that detected with Aegilops umbellulata cytoplasm, 
suggesting that a different genetic system is involved. 
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6.9.5 Disease resistance 

Whereas most of the nuclear-cytoplasmic interactions so far investigated have 
yielded little of practical importance to breeders, recent investigations demon
strate that alien cytoplasms can increase disease resistance. Thus, the eyespot 
resistance determined by nuclear genes from chromosome 7D ofAe. ventricosa 
can be further improved by substitution of A e. ventricosa cytoplasm. Similarly, 
Labrum (1979) showed that wheat lines with Ae. ovata cytoplasm had better 
adult plant resistance to yellow rust than genetically similar lines with Triticum 
aestivum cytoplasm. 

6.10 BIOCHEMICAL AND MOLECULAR MARKERS 

This is an area of interest which is currently expanding rapidly. Through the 
application of improved electrophoretic techniques many different proteins 
can be recognized and their genetic control determined. This is particularly the 
case for isoenzymes, where more tha-n a hundred different genes have been 
recognized and their location assigned to chromosome arms. These locations 
are listed in Table 7 .1. 

The use of DNA and RNA probes to identify, through nucleic acid hybridiz
ation, regions of homology in the DNA of a donor individual is also an area of 
considerable research activity. Such homologies can be used as markers if the 
hybridization can be visualized cytologically at a particular region of a chromo
some as in the method of in situ hybridization (Hutchinson, 1983). Another 
method is to use probes to identify variation in DNA fragment lengths 
produced from restriction enzyme digests of the DNA from different 
individuals. These different DNA lengths reflect differences in base sequences 
around or within the sequence homologous to the probe, and as such can be 
used as genetic markers. These RFLPs (see Fig. 6.1) are likely to be of 
increasing value in the genetic analysis of wheat in the future. 

The detection of RFLPs is based upon the fact that any radioactively labelled 
fragment of DNA (the probe) will hybridize with any fragment, or fragments, 
that contain a similar sequence. Polymorphisms are detected by variation in the 
length of the fragment( s) which hybridize in this way. 

In practice, genomic DNA extracted from a plant is cut into fragments by 
digestion by an endonuclease restriction enzyme. The fragments are separated 
according to size by electrophoresis on an agarose gel, then transferred to a 
filter by the Southern blot procedure. The labelled probe is then allowed to 
hybridize with the DNA on the filter, the unbound radioactive DNA is washed 
off, and any probe bound to fragments containing homologous sequences is 
visualized by exposing the filter to an X-ray plate. 

In diploid organisms this hybridization can result in a single band on the X
ray plate, provided that the genomic DNA contains only a single copy of the 
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sequence and the restriction enzyme used does not cut within the sequence that 
is homologous with the probe. In hexaploid wheat such hybridizations will 
generally produce at least three bands, because similar fragments are usually 
present in each of the three genomes. The probes used are often cDNAs, 
i.e. complementary DNA sequences synthesized from extracted mRNAs, 
which will hybridize with the transcribed regions of gene sequences. 

Before these fragments can be used as genetic markers they must be 
individually identified. This can be achieved by probing the DNA from 21 
Chinese Spring Nulli-tetrasomic (CSNT) lines. This will enable the chromo
somes carrying RFLf loci to be identified in the absence of hybridizing bands 
in a particular nullisomic line indicating the chromosome location. 

Figure 6.1 shows such an analysis for probe 009 against the DNA from 21 
Chinese Spring (CSNT) lines, each lacking a different wheat chromosome, 
which has been digested with the restriction enzyme Dra1. Clearly P009 detects 
sequences on chromosomes 4A, 4B and 4D. 

Gp1 
r- ..-, 

2 

CS NTs 

3 <000 5 ,----, v v v .....---, 6 7 

Figure 6.1 RFLP analysis for probe 009 against the DNA from 21 Chinese Spring 
NT lines. 
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Any RFLPs associated with these bands in other genotypes can now be 
assigned as alleles at particular loci. Polymorphisms may be due to base-pair 
changes which result in the loss of a restriction site or the insertion of a new 
restriction site i:~ the regions of the DNA flanking the probe site. Such poly
morphisms will be specific to the restriction enzyme employed in their 
detection. Polymorphisms can also be due to the insertion or deletion of a 
length of DNA near the probe site. This type of variation may be detectable 
with any of the several restriction enzymes. 

Wheat RFLPs are demonstrated in Fig. 6.2, which shows an analysis of 22 
wheat varieties digested with the enzyme BamHl and hybridized with the 
probe POOl. The six bands in CS have already been assigned to loci on chromo
somes 2A, 2B, 2D, 4A, 4D and 5A. Variation from CS (marked with white 
arrows) can be seen at all loci except that on 2D. Most RLPP are apparent as 
altered fragment sizes. For example, the variety Manella (Man) shows a 5A 
allele with a slightly larger fragment than that carried by a CS, and a 4D allele 
with a much larger fragment than CS. The variety Sava demonstrates a further 

20-
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4D-
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Figure 6.2 Analysis of 22 wheat varieties digested by enzyme BamHl and hybridized 
with the probe POOl. 
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type of RFLP. The 4A probe site appears to be duplicated relative to CS. The 
other named varieties are Maris Ranger (MR), Timstein (Tim), Mara, 
Synthetic hexaploid (Syn) and Minister Dwarf (MOw). Analysis with a 
different restriction enzyme may detect quite different polymorphisms, even 
with the same probe. 

Arm unknown 
Rf1 
Gb2 

18 

1A 

L.q. 
Mdh-A1 
Pur-A1 
Lec-A1 

Glu-A1 

Centromere 

8 + 11 20 

S.p. 
Gpi-A1 
Hk-A1 

451nd. 

8g 
Hg 

Pm3 

Lr 10 (close to Gli-A1 and Hg) 
Nor-A1 

Satellite 
constriction 

8t4 10 3 0 J2 

~~~ .----------t--3 ----+-~ -;,.,--10 ------+-i --'!1------+1~ I r++-+---+-ih 

Black glume G/u-81 j Sr1 4 J Hk-81 j l Rf3 Yr10 
suppressor Lr33 Per-81 Nor-81 Gpi-81 l Rg1 

Glu-82 Gli-81 
[Gid-86] 

Sr18 

L.q. 
Mdh-81 
Pur-81 
Lec-81 

1D 

Ind. 

Sr33 

L.q 

Mdh-01 
Pur-01 
Lec-01 

Figure 6.3 Maps of group 1 chromosomes. 

S.p. 
55-Rrna-81 

N.B. Glu-82 and [Gid-86] 
refer to same gene 



Biochemical and molecular markers 157 

At the moment RFLPs in wheat have been identified for each of the 
nucleolar organizer regions on chromosomes lA, lB, 5D and 6B in hexaploid 
wheat through the use of ribosomal RNA probes (Gerlach and Bedbrook, 
1979; Snape et al., 1985b). Many other RFLPs will be recognized in the near 
future as single-copy probes, genomic or eDNA, become available. 
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6.11 CHROMOSOME MAPS AND GENE LOCATIONS 

Figures 6.3--6.9 show the 21 chromosome maps of hexaploid wheat drawn in 
proportion to their physical lengths. The maps depict the location of presently 
known genes. Where their map positions in relation to the centromere have 
been established, these positions are indicated in recombination units from the 
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centromere. Where the gene has been found to map more than 50 
recombination units from the centromere, this is shown on the map as 
independent (Ind). In many cases map distances between genes have been 
estimated, but it has not been possible to relate these to the centromere. In such 
cases only approximate locations, denoted by broken lines on the chromosome 
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map, are given. In a much greater number of cases the map location of the gene 
is unknown, but it is known to be sited on a particular chromosome arm. For 
these cases, the genes concerned are listed immediately below the appropriate 
arm. Another category of gene also exists in which only the chromosome 
location has been identified. For these genes lists are given at the side of the 
chromosome concerned. 
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The arm designations of wheat are rather confused at present, and an agreed 
nomenclature has yet to be accepted by all wheat cytogeneticists. However, a 
summary of the currently used designations in which the relationships between 
different symbols are indicated is shown in Table 6.3, wh~re S usually refers to 
the short arm but occasionally to the standard arm, e.g. 6AS, 6BS and 6DS, and 
L to the long arm. 
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In this table the generally accepted relationships between the arms across a 
homoeologous group are indicated as p and q. In the case of the group 2 
chromosomes this homoeology is not as clear as in other groups. In the 
chromosome maps, homoeologous arms are lined up under each other. 

TABLE 6.3 (a) Relationship between symbols used in Figs 6.3--6.9 (after Mcintosh, 
1985) 

Homoeologous Genomes 
group 

A B 

1 lAS= lAp lBS = lBp 
lAL = lAq lBL = lBq 

2 2AS = 2Ap 2BL = 2Bp 
2AL = 2Aq 2BS = 2Bq 

3 3AS = 3Af3 = 3Ap 3BS = 3Bp 
3AL = 3Aa = 3Aq 3BL = 3Bq 

4 4AS = 4Aa = 4Ap 4BL = 4Bp 
4AL = 4Af3 = 4Aq 4BS = 4Bq 

s SAS =SAp SBS = SBp 
SAL= SAq SBL = SBq 

6 6AS = 6Aa = 6Ap 6BS = 6Bp 
6AL = 6Af3 = 6Aq 6BL = 6Bq 

7 7AS = 7Ap 7BS = 7Bp 
7AL = 7Aq 7BL = 7Bq 

(b) Key to gene symbols 

Aadh 
A co 
Acph 
Adh 
Amp 
a Amy 
f3Amy 

B 
Bg 
Bs 
Bt 

Aromatic alcohol dehydrogenase 
Aconitase 
Acid phosphatase 
Alcohol dehydrogenase 
Amino peptidase 
a Amylase 
f3Amylase 

Inhibitor of awns 
Black glume colour 
Inhibitor of basal sterility in speltoids 
Reaction to bunt (Tilletia spp.) 

D 

lDS = lDp 
lDL = lDq 

2DS = 2Da = 2Dp 
2DL = 2Df3 = 2Dq 

3DS = 3Df3 = 3Dp 
3DL = 4Da = 3Dq 

4DS = 4Dp 
4DL = 4Dq 

SDS = SDp 
SDL = SDq 

6DS = 6Da = 6Dp 
6DL = 6Df3 = 6Dq 

7DS = 7Dp 
7DL = 7Dq 
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TABLE 6.3 (b) continued 

c 
Ch 
en 
Co 
Cre 
Crr 

D 
Dfql 
Dip 

Ep 
Es[Pch] 
Est 

Gb 
Gli(Gld) 
Glu 
Got 
Gpi 

H 
Ha 
Hd 
Hg 
Hk 
HI 
Hn 
Hp 

Ki 
Kr 

Lee 
Lg 
Lpx 
Lr 
Ltp 

ms 
Mdh 

Nra 
Nor 

Club spike 
Hybrid chlorosis 
Chlorina 
Corroded 
Reaction to cereal root eel worm (Heterodera avenae) 
Reaction to Cochliobolus root rot ( Cochliobolus sativus) 

Hybrid dwarfness 
Difenzoquat insensitivity 
Di-peptidase 

Endopeptidase 
Reaction to eyespot ( Pseudocercosporella herpotrichoides) 
Esterase 

Reaction to green bug (Toxoptera graminum) 
Gliadin 
Glutenin 
Glutamate oxaloacetate transaminase 
Glucose phosphate isomerase 

Reaction to Hessian fly ( Mayetiola destructor) 
Grain hardness 
Hooded awns 
Hairy glumes 
Hexokinase 
Hairy leaf 
Hairy node 
Hairy peduncle 

Pollen killer 
Crossability 

Lectins 
Liguleless 
Lipoxygenase 
Reaction to leaf rust ( Puccinia recondita) 
Low-temperature pairing 

Male sterility 
Malate dehydrogenase 

Nitrate reductase activity 
Nucleolusorganiser region (18S-5.8S-26S rRNA genes) 
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Pa 
Pbc 
Pc 
Pde 
Per 
Pgd 
Pgm 
Ph 
Pin 
Pm 
Ppd 
Pro 
Pur 

q 

R 
Ra 
Rf 
Rht 
Rg 

s 
Skdh 
Sod 
Sr 

Tg 
Ti 
Tpi 
Tri 

Us 

v 
Vg 

Vrn 

Yr 

SS-Rrna 

Pubescent auricles 
Pseudo-black chaff 
Purple culm 
Phosphodiesterase 
Peroxidase 
Phosphogluconate dehydrogenase 
Phosphoglucomutase 
Homologous pairing 
Sterol esterification 
Reaction to powdery mildew ( Erysiphe graminis) 
Photoperiodic response 
Seed protein amounts 
Lipopurothionin 

Spelt 

Red grain colour 
Red auricles 
Restorer of cytoplasmic male sterility 
Reduced height 
Red glume colour 

Sphaerococcum spike 
Shikimate dehydrogenase 
Superoxidase dismutase 
Reaction to stem rust (Puccinia graminis) 

Tenacious glumes 
Trypsin inhibitor 
Triosephosphate isomerase 
Triplet endosperm proteinsffriticum 

Uniculm stunt 

Virescent 
Nuclear promoter of winter variegation with A e. umbellulata 
cytoplasm 
Vernalization response 

Waxiness 
Inhibitor of waxiness 

Reaction to yellow rust (Puccinia striiformis) 

SS-rRNA genes 
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6.12 WHEAT GENETICS IN THE FUTURE 

The list of characters whose genetics has been described in this chapter is, of 
course, by no means complete. Numerous other characters could have been 
considered; for example, the genetics of drought tolerance, or of sensitivity to 
temperature and other stress characters, are not described at all and other 
characters are only briefly mentioned. In part this is due to the need to restrict 
the length of the chapter to manageable proportions, but is mainly due to the 
lack of detailed genetic knowledge about the control of many of these 
characters. In the future it can confidentally be predicted that such areas of 
genetic ignorance will be much reduced and many more genes will be identified 
and located on the genetic map. The established aneuploid methods and the 
newly emerging molecular techniques will add greatly to the ease and precision 
of genetic analysis. When this is combined with the improvements that are also 
occurring in understanding physiological and biochemical processes, then the 
prospects are good for the development of a much-expanded wheat genetic 
map. 

In this advancement many of the genes of direct influence on wheat 
productivity will be recognized and their activities fully described for the first 
time. This will be of rna j or interest to the breeder, but will expose the need for 
rapid diagnostic techniques enabling such genes to be identified amongst 
varietal populations and segregating generations. The emergence of such 
techniques will enable the breeder to impose genotypic rather than phenotypic 
selection in attempts to improve agronomic performance. In some instances 
the expanded genetic map may lead to methods of selecting for particular genes 
through establishing close linkages with genes whose phenotypes can easily be 
recognized. Selection for the latter would thus be 'diagnostic' for the more 
important, but phenotypically obscure, genes. In other instances diagnostic 
tests for the desirable gene itself will have to be developed. The identification 
and description of the effects of such genes through the use of near-isogenic 
lines will greatly assist in narrowing the search for those component features of 
the genes' behaviour needed for rapid diagnosis. 

At the same time the identification of many more genes will provide the 
'targets' required by the molecular biologist in developing useful transfers by 
genetic engineering. The creation of an enlarged genetic map of wheat upon 
which many more genes have been placed and their activities described will 
thus be central to many anticipated developments in the wheat breeding and 
genetics of the future. 
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CHAPTER 7 

The introduction of alien genetic 
variation in wheat 

M. D. Gale and T. E. Miller 

7.1 INTRODUCTION 

In 1876, when Stephen Wilson humbly presented some completely sterile ears 
of probable wheat-rye hybrids for the consideration of the Botanical Society of 
Edinburgh (Wilson, 1876), a beginning was made in expanding the gene pool 
available to wheat breeders to include variation carried by many of the wild and 
exotic grasses which make up the tribe Triticeae (see Chapter 1). By exploiting 
the homoeologous relationships between the genomes of related species and 
those of hexaploid wheat, Triticum aestivum, it is now possible to take genes or 
chromosome segments from several of the genera comprising the tribe and 
incorporate them into bread wheat. 

During the evolution of the Triticeae the basic primeval genome of seven 
pairs of homologous chromosomes has been modified following speciation 
and allopolyploidization. However, a degree of similarity or 'homoeology' 
(Huskins, 1931) has been retained, so the genetic material may be transferred 
to T. aestivum directly from closely related species with one or more genomes 
in common with bread wheat and, with the use of cytogenetic techniques, from 
more distant relatives providing they can first be hybridized with bread wheat. 

The triplication of much of the genetic material in the hexaploid (2n = 6x = 
42) provides two facilities which can be exploited in these transfers. First, 
wheat can tolerate the loss or addition of whole chromosomes, usually without 
drastically affecting the viability of the plant, and secondly, duplicate genes 
present in the other two genomes can often mask the effects of a deleterious 
gene present on an alien chromosome substituted for a given wheat chromo
some from the third genome (see Chapter 4). These factors, together with the 
level of development of aneuploid cytogenetic techniques achieved over the 
last 50 years, have set wheat apart from other cereal crops in terms of the 
possibilities for the introduction of genetic material from other species. 

The essential steps in the procedures for making these interspecific transfers 
can be simply stated. First, identify related (alien) genotypes which carry genes 



174 Introduction of alien genetic variation 

that are required in the commercial crop and make a wheat-alien hybrid. Next 
induce the transfer of alien genetic material and reconstitute the wheat 
genotype with as little unwanted alien genetic material as possible. The first 
step, that of identifying the genes for transfer, is actually one of the most 
difficult and is dealt with at the end of this chapter. The second has been the 
subject of intensive research over the last 20 years and a wide range of elegant 
cytogenetic techniques is now available. 

Before discussing the methodology of making transfers we must introduce 
three genotypes which, with notable exceptions, are not usually economically 
important themselves but are invaluable aids to pin-pointing the chromosomal 
location of useful genes and for simplifying eventual transfer. 

1. Amphiploid: the chromosomally doubled product of a hybrid between two 
species. The chromosome number of an amphiploid is the sum of that of the 
two parents, and the genotype will be entirely homozygous. 

2. Wheat-alien addition line: a complete wheat genome with additional 
chromosomes from another species. Monosomic additions have 21 wheat 
pairs of chromosomes plus a single alien chromosome, disomic additions 
have 21 wheat pairs plus a homologous alien pair. Misdivision of an alien 
chromosome can give rise to telocentric and isobrachial chromosomes. 
Therefore telocentric and isochromosome additions are also possible, as are 
multiple additions of more than one different alien chromosome. 

3. Wheat-alien substitution line: a wheat genome in which chromosomes 
are replaced by chromosomes from another species. Monosomic substi
tutions have a homologous pair of wheat chromosomes replaced by a single 
alien chromosome. Disomic substitutions have a homologous pair of 
chromosomes replaced by a homologous pair of alien chromosomes. Substi
tution of wheat chromosomes by alien telocentric chromosomes and by 
more than one alien chromosome is also possible. Substitutions usually 
involve the replacement of wheat chromosomes by homoeologous alien 
chromosomes. 

However, even before these can be made, the first step is always 
hybridization. 

7.2 CROSSABILITY WITHIN THE TRITICEAE 

Hybridization between wheat and alien species are made by methods similar to 
those for wheat x wheat crosses. Usually wheat is used as the female parent. 
The anthers are removed a few days before dehiscence and pollen from the 
alien is applied when the stigmas are receptive. Often the yield of hybrid grain 
is extremely low, even in the hands of experts, but it can sometimes be 
improved by post-fertilization hormone treatment (Larter and Evans, 1960; 
Kruse, 1967). Even after seed set, hybrid grains often shrivel and die if left on 
the wheat ear, due to failure of endosperm development. In these cases the 



(a) 

(b) 

Figure 7.1 (a) Immature grain (left) with normal endosperm and grain of similar age 
(right) lacking endosperm. (b) Embryo culture in vitro: (left) freshly excised embryo; 
(centre) germinating embryo; (right) young plantlet. 
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hybrid embryos can be rescued by removal and culturing on nutrient agar 
medium (Taira and Larter, 1978; Fig. 7.1). Further problems can arise from the 
genetic effects of genes such as those producing hybrid necrosis and lethality 
(Sachs, 1953). 

Hybrids have now been obtained between wheat and species in the genera 
Aegilops, Haynaldia, Secale, Agropyron, Elymus, Leymus, Elytrigia and, most 
recently, Hordeum (Chapter 1, Fig. 1.1). However, the range of wheat 
varieties that may be used in the production of these hybrids is restricted. The 
widespread distribution in modern wheat varieties of the genes Kr 1 and Kr2 on 
chromosomes SB and sA, respectively (Riley and Chapman, 1967a), which 
prevent crossability with rye (Lein, 1943), H. bulbosum (Snape eta/., 1979) and 
probably other related species has resulted in many of the initial wheat-alien 
hybrids being made with the variety Chinese Spring, which carries the recessive 
krl and kr2 alleles at these loci. 

7.3 SYNTHETIC AMPHIPLOIDS 

Amphiploids are the usually fertile products of spontaneous or induced 
chromosome doubling of sterile interspecific or intergeneric hybrids. The first 
synthetic amphiploid reported was a spontaneously doubled T. aestivum 
(AABBDD) X S. cereale (RR) hybrid (Rimpau, 1891), although, of course, 
both tetraploid and hexaploid wheats must have arisen in precisely the same 
way (Chapter 1). Similar spontaneous amphiploids from Aegilops species x 
tetraploid wheat hybrids were reported by Tschermak and Bleier (1926) and 
Kihara and Katayama (1931). 

The first deliberately produced amphiploids involving wheat were induced 
by heat treatment ofT. aestivum x S. cereale hybrid zygotes by Dorsey (1936). 
The discovery (Blakeslee and A very, 1937) that the alkaloid colchicine can be 
used to induce chromosome doubling led to the production and study of many 
synthetic amphiploid combinations (e.g. Sears, 1941; Kihara and Kondo, 
1943). Colchicine, applied in any one of several ways (for a review, see 
Kaltsikes, 1974), and also other chemicals such as nitrous oxide (Kihara and 
Tsunewaki, 1960) and halothane (Nunn, Louis and Kimball, 1971) have been 
employed to produce amphiploids from interspecific and intergeneric hybrids. 
However, another method, known as 'direct amphiploid synthesis', in which 
the parents are doubled before hybridizing to give rise directly to a fertile 
amphiploid, has been used hy Tsuchiya and Larter (1968). The second scheme, 
which has not been widely used, has the advantages that doubling is carried out 
on the parents, for which seed is usually more plentiful, and that seed set is 
usually higher. 

Amphiploids provide a starting point for the production of alien addition 
lines and interspecific transfers. Most amphiploids, especially those with ploidy 
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levels higher than six, have proved to be agronomically inferior to wheat itself. 
Nevertheless, it is clear that the possibilities for new commercial 'synthetic' 
crops have by no means been exhausted (Feldman and Sears, 1981). 

7 .3.1 Triticale 

The notable exception to the commercial inferiority of amphiploids relative 
to wheat is hexaploid triticale (x Triticosecale Wittmack) (Chapter 9), an 
amphiploid between tetraploid wheat and rye. Triticale has been investigated 
in many breeding programmes, and has been found to out-yield wheat in some 
environments (Skovmand, Fox and Villareal, 1984; Wolski and Tymieniecka, 
1983). Also, the better agronomic properties of wheat and rye, such as high 
protein levels with higher proportions of some essential amino acids such as 
lysine, can be combined in triticale (Hulse and Laing, 1974). Here the 
possibilities have certainly not been exhausted. It is also possible to create 
segmental amphiploids by crossing hexaploid triticale (genomically 
AABBRR) with bread wheat (AABBDD). In the resulting segregants the R 
and D genomes do not pair, but intermediate combinations (substituted 
triticales) carrying from one to six pairs of rye chromosomes can usually be 
recovered (Gustafson and Zillinsky, 1973; Merker, 1975). Some of the 
successful triticale varieties are certainly of this type, particularly those with 
2D substituted for 2R (Gustafson, Lukaszewski and Robertson, 1985). 

In addition to hexaploid triticale, octoploid (AABBDDRR) and tetraploid 
(AARR, stable ABRR forms or BBRR) amphiploids have also been pro
duced. Octoploids have been produced in the same way as hexaploids, but 
using hexaploid bread wheat rather than tetraploid wheat in the production 
of the initial amphiploid. Considerable research has resulted in the conclusion 
that they offer fewer commercial possibilities than the hexaploids. 

Tetraploid triticales (Roupakias, Kaltsikes and Krolow, 1979) could be 
produced, in theory, by doubling a diploid wheat X rye hybrid (AARR) or by 
selecting stable ABRR genotypes from hybrids between hexaploid triticale and 
rye. The former method has not yet been successful, although the initial 
hybridization to produce an undoubled AR hybrid plant has been made 
(Sodkiewicz, Kesicki and Rybczynski, 1980). The latter method has produced 
lines which have been evaluated in breeding programmes, particularly at 
Poznan, Poland. Although no potential as a crop species has yet been 
demonstrated, tetraploid triticale does provide possibilities as a tool for 
chromosome manipulation in hexaploid triticale (Krolow, 1973) and for studies 
of wheat chromosome behaviour and relationships. An analysis of the C
banded chromosomes of 69 lines by Lukaszewski et al. (1984) has identified 
tetraploids with 31 different chromosomal combinations including wheat/rye 
translocations. 
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7.4 WHEAT-ALIEN CHROMOSOME ADDITION LINES 

Disomic addition lines in which single pairs of homologous chromosomes from 
a related species are added to the wheat complement, are used to identify alien 
chromosomes carrying useful genes and form the starting point for the 
cytogenetic transfer of alien genetic material to wheat. In general such lines 
have been agronomically inferior to wheat, just as tetrasomics (Sears, 1954) 
tend to be inferior to euploid genotypes. Also, they are not entirely stable and 
require cytological maintenance at each selfing generation (Miller, 1984). 
Stocks can quickly degenerate once the added chromosome has been lost in 
even a small percentage of the population, as male gametes carrying an alien 
chromosome are less competitive than normal wheat gametes. 

Wheat-like plants with alien characteristics were being studied in the 1920s, 
for example the 'hairy neck' character of rye (Leighty and Taylor, 1924); 
however, the first unequivocal additions were reported by Florell (1931), who 
isolated cytologically confirmed disomic additions from back-cross progenies 
of a hexaploid wheat X rye F1 hybrid. Later O'Mara (1940) published what is 
now regarded as the standard method of producing alien chromosome addition 
lines via an amphiploid crossed with wheat, followed by back-crossing. Since 
then many such lines and sets have been produced (listed in Driscoll, 1983) by 
a variety of methods. Figure 7.2 shows methods of achieving this end: A, via 
amphiploids (e.g. wheat-rye (O'Mara, 1940; Riley and Chapman, 1958a); 
wheat-Aegilops (Kimber, 1967); wheat-Agropyron (Dvof:'ik and Knott, 
1974)); B, via F1 hybrids (e.g. wheat-rye (Florell, 1931); wheat-H. vulgare 
(Islam, Shepherd and Sparrow, 1975)); C, via a 'bridging species' (wheat
Haynaldia villosa - Hyde, 1953); and using the H. bulbosum-induced 
chromosome elimination (Islam, Shepherd and Sparrow, 1975). The bridging 
species technique, as used in the production of the addition lines of Haynaldia 
villosa to hexaploid wheat is needed when it is impossible or difficult to 
hybridize wheat directly with an alien species. The H. bulbosum approach was 
used in the production of wheat-H. vulgare additions because of the difficulty 
of obtaining the disomics from the monosomic additions. 

7.4.1 'Cuckoo' chromosomes 

Recently the propensity of certain alien chromosomes to be preferentially 
transmitted during back-crosses to wheat has become appreciated as a 
hindrance to the production of sets of addition lines (Miller, 1983). In the case 
of the T. aestivum x Ae. sharonensis amphiploid back-crossed by wheat, the 
gametocidal action of chromosome 4S1 ensures that all 43-chromosome 
monosomic additions obtained carry 4S1 (Miller, Hutchinson and Chapman, 
1982). It seems likely that a gene or genes conferring the 'cuckoo' quality to the 
chromosomes that carry them may be widespread; they have been reported 
in Ae. caudata (Endo and Katayama, 1978), Ae. cylindrica (Endo, 1979), 
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Figure 7.2 Cytogenic methods for the addition of single chromosomes from alien 
species to bread wheat. A, standard method; B, via F1 hybrid; C, via bridging species. 
W, wheat chromosomes, X, alien chromosomes; ', univalent; ", bivalent; select, 
selection for chromosome number; double, treatment with colchicine. Sex of parents 
is only denoted when the direction of a cross is critical. 

Ae. triuncialis (Endo and Tsunewaki, 1975), Ae. longissima (Maan, 1975) 
and Ae sharonensis (Maan, 1975; Miller, Hutchinson and Chapman, 1982). 
Even in rye where complete sets of additions have been obtained, clear differ
ences in the relative transmission rates between the seven rye chromosomes 
have been observed (Miller, 1984). 



180 Introduction of alien genetic variation 

7 .4.2 Recognition and homoeology of individual alien chromosomes 

Once additions - either monosomic or disomic - have been isolated, it is 
necessary to determine the identity of the added alien chromosome, which may 
often necessitate identifying its homoeology with one or more of the wheat 
chromosomes. Two methods have been used, involving either observation of 
the chromosomes themselves or observation of the phenotype produced by 
genes on the added chromosomes. 

(a) Identification by karyotypic variation 

Many alien species have karyotypes which contain chromosomes that are 
morphologically distinct from those of wheat. The wheat chromosomes have 
either median or sub-median centromeres, whereas the aliens, for example 
many Aegilops species, may have some chromosomes with sub-terminal 
centromeres (Chennaveeraiah, 1960). Alien satellited chromosomes, i.e. those 
displaying visible secondary constrictions at the site of nucleolus organizer 
activity, are often distinguishable from those of wheat in the size of the satellite 
as well as their relative arm lengths. However, caution is required in the 
recognition of satellited chromosomes, due to the possible suppression of the 
appearance of the secondary constrictions of satellited chromosomes of one 
species in the presence of those of another species (Cermeiio et al., 1984). For 
example, the satellite of rye chromosome 1 R is not apparent when lR is added 
to wheat (Lacadena et al., 1984), whereas the chromosome lU satellite of 
A e. umbellulata is clearly visible but suppresses the appearance of the satellites 
of both chromosomes 1B and 6B of wheat (Martini, O'Dell and Flavell, 1982). 

However, nucleolus organizer regions can be identified, whether the 
secondary constrictions are visible or not, by hybridization in situ of RNA 
probes which are specific for genes in these regions (Appels, Driscoll and 
Peacock, 1978; Miller, Gerlach and Flavell, 1980; Gerlach, Miller and Flavell, 
1980). The silver satellite staining technique (Lacadena et al., 1984) is also 
available to identify active nucleolus organizer regions clearly. 

Various chromosome-banding techniques are available which aid the 
recognition of individual chromosomes (see Chapter 8). Many species have 
been shown to produce distinct C- or N-banding karyotypes, often with each 
chromosome identifiable; for example Aegilops spp. (Teoh and Hutchinson, 
1983), Hordeum chilense (Fernandez and Jouve, 1984) and rye (Sybenga, 
1983). C-banding has been used as the major selection and identification 
criterion in the case of a set of additions of the chromosomes of Haynaldia 
villosa added directly to hexaploid wheat (E. R. Sears and A. 1. Lukaszewski, 
personal communication). 

Hybridization in situ of highly repeated DNA sequence probes (see 
Chapter 8) can also be used in a similar way to C-banding. These probes 
hybridize to localized areas of chromosomes and can be made visible in meta-
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phase chromosome spreads. The banding patterns observed following auto
radiography or enzyme-linked staining can identify chromosomes, as demon
strated for rye by Jones and Flavell (1982), who mapped the chromosome 
locations of three probes using wheat-rye addition lines. 

(b) Identification by observation of the phenotype 

An early report of a phenotypic effect of a specific alien chromosome on a 
wheat background was provided by Florell (1931), who described the 
association of the 'hairy neck' character of rye with a specific single 
chromosome of rye added to wheat. Riley and Chapman (1958a) extended this 
idea to show that distinct phenotypes could be associated with other individual 
rye chromosomes. 

Phenotypic recognition of alien chromosomes has become increasingly 
valuable, and perhaps more importantly, has extended our understanding of 
the homoeologous relationships between wheat and alien chromosomes. The 
extent of homoeology, i.e. the arrangement of similar loci in similar linkage 
groups over the different Triticeae genomes, has only recently become 
appreciated. The early identification of three genes controlling grain colour 
(Heyne and Livers, 1953; Heyne and Johnson, 1954) on the long arms of 
chromosomes 3A, 3B and 3D (Sears, 1944; Metzger and Silbaugh, 1970) has 
been followed by identification of many duplicate or triplicate sets of genes 
controlling dwarfism, homoeologous chromosome pairing, crossability with 
alien species, anthocyanin pigmentation, protein structural genes and many 
other characters (see Chapter 6). The protein structural genes (Table 7.1), 
particularly those coding for isozymes, are ideal as markers for the 
determination of homoeology. 

The presence of marker genes for both arms of an alien chromosome gives 
greater precision in the selection of addition lines and guards against selection 
of translocated chromosomes resulting from centric fusion (see Section 
7.6.4(a)), which can often happen during cytogenetic manipulation of alien 
chromosomes. 

Homoeologous relationships are also seen in the overall plant morphology of 
addition lines. Again, similar morphologies can be recognized in lines in which 
the added chromosomes belong to the same homoeologous group, even when 
the chromosomes are derived from different genera. This similarity extends to 
the wheat tetrasomic lines which are, in effect, additions of A, B or D genome 
chromosomes. For example, the wheat tetrasomics and the disomic alien 
additions of homoeologous group 2 generally have thin culms, narrow leaves 
and narrow ears with tough glumes and short awns (Fig. 7.3(a)). Similarly, the 
addition of a pair of homoeologous group 5 chromosomes generally results in 
plants which are shorter with stout culms, broader leaves, and ears that are 
square and coarse, and there is usually increased susceptibility to powdery 
mildew (Fig. 7.3(b)). 
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TABLE 7.1 Protein structural genes, identified as loci with homoeologous products on 
homoeologous chromosome arms in various genomes among species of the Triticeae 1•2 

Homoeologous 
group 
(chromosome arm) 

Group 1 (S) 

(L) 

Group2 (S) 
(L) 

Group3 (S) 

(L) 

Group4 (S)9 

(L)9 

GroupS (S) 
(L) 

Group6 (S) 

(L) 

Protein 

Gliadin storage protein 
Glucose phosphate isomerase 
Hexokinase 
Peroxidase 
Glutenin storage protein 
'Triplet' protein 
Glutenin storage protein 
Lipopurothionin 
Malate dehydrogenase 

Peroxidase 
Superoxide dismutase 

Esterase 
Phosphodiesterase 
Triosphosphate isomerase 
Hexokinase 
Esterase 
Esterase 
Glutamic oxaloacetate transaminase 

Alcohol dehydrogenase 
Lipoxygenase 
Phosphoglucose mutase 
,8-Amylase 
Acid phosphatase 

Shikimate dehydrogenase 
,8-Amylase 
Aromatic alcohol dehydrogenase 
Triosphosphate isomerase 
Lipoxygenase 

Aminopeptidase 
Gliadin storage protein 
Glutamic oxaloacetate transaminase 
a-Amylase 
Aconitase 
Aromatic alcohol dehydrogenase 
Esterase 
Glutamic oxaloacetate transaminase 

Symbol 

Gli-1 
Gpi-1 
Hk-1 
Per-l 
Glu-2 
Tri-1 
Glu-1 
Pur-l 
Mdh-1 

Per-2 
Sod-1 

Est-1 
Pde-1 
Tpi-1 
Hk-2 
Est-2 
Est-5 
Got-3 

Adh-1 
Lpx-1 
Pgm-1 
,B-Amy-1 
Acph-1 

Skdh-1 
,B-Amy-2 
Aadh-1 
Tpi-2 
Lpx-2 

Amp-1 
Gli-2 
Got-] 
a-Amy-l 
Aco-1 
Aadh-2 
Est-4 
Got-2 



183 

Cultivated species Wild species6 

Wheat3 Rye4,7 Barley5 

(Triticum (Secale (Hordeum 
aestivum) cereale) vulgare) 

A B D Rs Hs Hch u 
A B D R H E Hch u sl sG 

B D 
B D R Hch 

B D 
A D 
A B D Rs Hs E Hch u 
A B D R 
A B D R H 

B D R H 
A B D R 

A B D R E 
A B D sl 
A B D R H E sl 

B E 
A B D 
A B D (R/o H Hch sl sb 
A B D R H E 

A B D R H E 
A B D E 

B D R H 
A D H Hch u s~ 

A B D R H 

A B D R u 
A B R u 
A B D E 
A B D R H u sl 
A B D E 

A B D R H E 
A B D R u 
A B D 
A B D R H E 
A B D 
A B D E 
A B D 
A B D R H E 
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TABLE 7.1 Continued 

Homoeologous 
group 
(chromosome arm) 

Group7 (S) 

(L) 

Protein 

Esterase 
Peroxidase 
a-Amylase 
Endopeptidase 

Introduction of alien genetic variation 

Symbol 

Est-3 
Per-3 
a-Amy-2 
Ep-1 

1 All of the original references to gene locations are quoted in the Catalogue of Gene Symbols for 
Wheat (Mcintosh, 1985, 1986, 1987). 
2 The absence of a locus in any genome may indicate either that the relevant genotypes have not been 
studied or that, using a particular protein electrophoretic system, the products of a locus in one 
genome are indistinguishable from those in another, i.e. the genes are conserved. In some cases in 
hexaploid wheat the absence of a location may indicate that the gene, while present, has been 
'silenced' since speciation as in the case of the Glu-Al locus (Payne et al., 1983). 
3 Most A, B or D genome locations have been ascertained from analysis of the Chinese Spring 
nullisomic-tetrasomic or ditelocentric stocks. In a few cases, e.g. {3-Amy-B2 (Ainsworth, Gale and 
Baird, 1983) intervarietal chromosome substitutions have been employed. 
4 Rye (R genome) locations are all from studies of the various wheat-rye addition series, listed in the 
Third Compendium of Wheat-Alien Chromosome Lines (Driscoll, 1983). 
5 Barley (H genome) locations are all from the study of the Chinese Spring-Hordeum vulgare cv. 
Betzes addition lines (Islam, Shepherd and Sparrow, 1975), the barley chromosome number and the 
homoeology of the additions in the wheat are: 1H (the H genome chromosome homoeologous to 

7.5 WHEAT-ALIEN CHROMOSOME SUBSTITUTION LINES 

These genotypes, in which a pair of alien homologues is substituted for a 
homoeologous pair of wheat chromosomes, have certain advantages over 
addition lines, although they are generally more difficult to obtain. They are 
more stable, allowing large-scale multiplication, and they permit the value of 
the genes carried by the alien chromosome to be evaluated against each of the 
three possible wheat homoeologous alleles in turn. Thus, the evaluation of such 
lines can pin-point not only an alien chromosome with advantageous effects, 
but also the position in the wheat genotype where it will have optimum effect. 

The starting point for alien substitutions is usually an alien addition. The 
standard procedure is to hybridize a wheat monosomic for a chromosome 
homoeologous to the alien pair in the addition line with the addition line itself 
and then to extract a substituted genotype as shown in Fig. 7 .4. Even if the 
homoeology of the addition line to the wheat chromosomes is not known, it is 
still possible to make substitutions by crossing the addition with seven wheat 
monosomics, representing each homoeologous group. In this way only the 
homoeologous substitutions will provide fertile, vigorous substitutions. The 
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Cultivated species Wild species6 

Wheat3 Rye4.7 Barley' 
(Triticum (Sec ale (Hordeum 
aestivum) cereal e) vulgare) 

B D 
A D 
A B D R H E Hch u sb 
A B D H E 

wheat group 1) = Addition G = barley chromosome 5; 2H = E = 2; 3H = F = 3; 4H = A = 4; 
5H = B = 7; 6H = C = 6; 7H = D = 1 (Islam, Shepherd and Sparrow, 1981). 
6 Wild species genomes include: E, Agropyron elongatum (Elytrigia elongata); He\ Hordeum 
chilense; U, Aegilops umbellulata; S1, Ae. longissima and Ae. sharonensis; Sb, Ae. bicornis. 
7 Rye chromosome 4R is translocated, 4RL/7RS relative to wheat and rye chromosome 7R trans
located 7RL/4RS (Koller and Zeller, 1976). Rye designations in these groups are allocated by 
chromosome arm, i.e. loci quoted on the short arm of 4R are actually carried in the 7R additions. 
8 For glutenin and gliadin homoeologous loci the secalin and hordein nomenclature has been retained 
because homology between the products of wheat and alien genes is not complete, i.e. the homoeo
logous genes for Gli-1 are Secl and Horl for rye and barley, respectively, and for Glu-1 are Sec3 
andHor3. 
9 For the wheat group 4 chromosomes, homoeology rather than length has been used to group 
chromosome arms, where s-SAS (a)-4BL-4DS and L-4AL (,8)=4BS=4DL (Sears and 
Sears, 1979). 
10 The genes coding for proteins with homologous properties to the wheat Est-5 products are carried 
on the long arms of rye group 6 chromosomes inS. cereale and S. montanum (Ainsworth, Miller and 
Gale, 1986). 

ability of an alien chromosome to compensate for the loss of a wheat chromo
some is the most commonly used means of ascertaining homoeology. 

The production of such lines can be hindered when homoeology between the 
individual chromosomes of the alien species and wheat is incomplete, as arises 
in some species where chromosome translocations relative to wheat occur. 
Such a case is the 4R/7R translocations found inS. cereale (Koller and Zeller, 
1976). 

An alternative method of producing substitution lines, which avoids the 
initial production of addition lines, has been devised by Kota and Dvorak 
(1985). In this technique a separate amphiploid nullisomic for each substituted 
chromosome is produced and the disomic substitution extracted after back
crossing to a monotelocentric line of the substituted chromosome. 

An example which demonstrates the value of wheat-alien chromosome 
substitutions is provided by the comparison of substitutions of chromosome 2M 
from Ae. comosa (Law et al., 1977) in the three available homoeologous sites in 
the variety Chinese Spring (Table 7 .2). In this case combinations of the wheat 
and Ae. comas a chromosomes of homoeologous group 2 can be ranked for their 
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Figure 7.4 Cytogenetic methods for the substitution of a pair of wheat chromosomes 
by a homoeologous pair from an alien species. Sex of parents only denoted when the 
direction of a cross is critical. Select, selection for chromosome number; Hetero, 
complete/telocentric alien bivalent. 

Figure 7.3 Morphological similarity of wheat plants with added homoeologous 
chromosomes from different alien genomes. (a) From left to right: ears of euploid 
wheat, tetrasomic 2A, tetrasomic 2B, tetrasomic 2D, disomic addition of Aegilops 
comosa 2M, disomic addition of A e. umbellulata 2U, disomic addition of Secale cereale 
2R and disomic addition of Hordeum chilense 2H"h (Miller, 1984). (b) From left to right: 
euploid wheat, tetrasomic SA, tetrasomic 5B, tetrasomic 5D, disomic additions of 
Secale cereale SR, disomic additions of Aegilops umbellulata 5U and disomic additions 
of Ae. mutica 5Mt. 
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TABLE 7.2 The relative effects of wheat chromosomes 2A, 2B and 2D and Aegilops 
comosa chromosome 2M on grain protein (Law eta!., 1977) 

Genotype Chromosome constitution Protein% Protein yield 
per plant (g) 

Chinese Spring 2A 2B 2D 16.8 1.22 
CS(2A)2M 2M 2B 2D 18.9*** 1.11 
CS(2B)2M 2A 2M 2D 18.8*** 1.17 
CS(2D)2M 2A 2B 2M 21.1*** 1.45 * * 

**P<O.Ol; ***P<O.OOl. 

effects on grain protein. The lowest protein content is seen when chromosome 
2A is absent, indicating that it carries the most effective gene( s), followed by 
2B and 2M, with 2D having least effect. The conclusion is that the substitution 
of chromosome 2M for 2D offers a possibility for an improvement in grain 
protein production, whereas the other substitutions offer no advantage. 

In general, wheat-alien chromosome substitution lines have been found 
to be inferior agronomically to the wheat recipient parent. However, some 
rye substitutions have, because of their disease resistance, been unwittingly 
selected by breeders as commercial varieties, for example Zorba, Orlando and 
Mildress (Zeller, 1973; Mettin, Bliithner and Weinrich, 1978). 

7.6 THE EXPRESSION AND TRANSFER OF ALIEN GENES 
TO WHEAT 

As we have seen, a number of impressive and elegant techniques are available 
for manipulating alien chromosomes alongside those from wheat. However, 
with a few notable exceptions, while the techniques discussed above are 
invaluable for investigating wheat-alien chromosome homoeologies and the 
performance of the genes carried by alien chromosomes in a wheat 
background, they have rarely provided genotypes of direct use in commercial 
varietal production. This is because the benefits of useful genes are usually 
outweighed by other deleterious genes that are simultaneously transferred in 
chromosome additions and substitutions. 

The successful transfer of single genes to wheat from alien species requires 
that the gene or a segment of chromosome carrying it can be incorporated into 
a wheat chromosome, that it is expressed in a similar way in the wheat genomes 
as it was in the alien species, and that any loss of wheat genetic material does 
not result in a wheat genotype inferior to the original. 

The methods available for achieving the first of these requirements depend 
upon the relationship of the alien chromosome carrying the gene to the 
chromosomes of wheat. Three levels of relatedness can be seen among the 
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crossable alien species. Some closely related species have genomes in common 
with wheat (Chapter 1) so that the homologous chromosomes can pair freely in 
hybrids. Some genomes have chromosomes that will not pair directly but can be 
induced to do so by manipulation of the genes controlling pairing between 
homoeologues. Other genomes, such as that of barley, are related to wheat but 
their chromosomes cannot readily be induced to pair with wheat chromosomes. 
Translocations can sometimes be produced between these alien chromosomes 
and wheat chromosomes, either spontaneously or by induced physical 
disruption. 

7 .6.1 Homologous transfer 

A number of species, including the two known diploid progenitors of the A and 
D genomes of hexaploid wheat, carry genomes in common with wheat (Section 
1.5; Table 1.1). The B genome donor remains unknown (Chapter 1). Genes on 
the chromosomes of these genomes can be transferred with relative ease by 
hybridization with wheat and subsequent selection, after back-crossing, for a 
42-chromosome, 21-bivalent-forming plant carrying the required character. 
Successful transfers of this type include resistance to powdery mildew, 
Erysiphe graminis from T. timopheevi (AAGG) (Allard and Shands, 1954) 
which is the major source of resistance of this disease found in modern 
varieties. Another example is the transfer of the resistance to eyespot 
Pseudocercosporella herpotrichoides from Ae. ventricosa (MvMvDD) (Maia, 
1967). 

This readily accessible source of genetic variation may still yield useful 
characters such as the very high levels of grain storage protein found in some 
accessions of wild T. dicoccoides (AABB) (Avivi, 1979) or the high rate of 
photosynthesis found in T. urartu (AA) and T. thaoudar (AA) (Austin et al., 
1984). 

7 .6.2 The induction of homoeologous chromosome pairing 

The extent to which homoeology exists between the genomes within the 
Triticeae, such as those found in Aegilops, Agropyron, Secale and Hordeum 
species, which are potential donors of useful variation to wheat, is important in 
assessing the probable success of transfers from these species. In any wheat
alien exchange, even when efforts are made to ensure that the segment of 
chromosome transferred is as small as possible, genes other than at the initial 
target locus will be transferred. Close homoeology should ensure that the 
wheat genes removed are replaced by similar genes from the alien donor, and, 
aided by the buffering already present in hexaploid wheat, larger segments may 
be tolerated. It is important that as few deleterious gene combinations as 
possible are included in such segments. 
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Figure 7.5 Gene locations on the homoeologous group 1 chromosomes of wheat (1A, 
1B, 1D) and rye (1R). Map distances have been converted to centimorgans where the 
original source quoted recombination frequencies. Where more than one reference is 
given the segregation data have been combined. 1, Payne et al. (1982); 2, Snape et al. 
(1985); 3, Lawrence and Appels (1986); 4, Shewry et al. (1985); 5, Gpi has been located 
but not mapped on all short arms (Hart, 1979); 6, Chojecki et al. (1983); 7, Jackson, 
Holt and Payne (1985); 8, Gallili and Feldman (1984); 9, Sobka (1984); 10, Payne 
et al. (1983); 11, Hk-1 and Per-l have not been mapped, but their order relative to 
the centromere and Nor-] have been ascertained; 12, Ainsworth et al. (1984); 
13, Ainsworth (1983); 14, Singh and Shepherd (1984); 15, Mdh-1 has not been mapped 
within the long arms (Benito and Salinas, 1983); 16, Mdh-Rl has not been mapped with 
the long arm (Salinas and Benito, 1985). 17, A nucleolus organizer region, Nor-AI, has 
been identified on chromosome arm lAS but has not been mapped relative to the 
centromere (Miller, Gerlach and Flavell, 1980). 

Information, especially from the study of genes coding for storage proteins 
and enzymes, is becoming available which indicates that the degree of 
homoeology is often very precise and only marred by a few large translocation 
differences (such as occurred in the evolution of S. cereale (see Chapter 1)). 
Such translocations will in any case only disrupt linkage groups across the break 
point. 

A comparison of the linkage data and arm locations of biochemical and 
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molecular marker genes among the group 1 chromosomes of wheat and rye is 
shown in Fig. 7 .5. For the seven sets of two, three or four homoeologous loci it 
is clear that over the wheat chromosomes the map locations agree very closely. 
Although there is an indication that recombination frequencies on the rye 
chromosome may be lower than those on the wheat homoeologues, it is equally 
clear that gene order and relative positions have been retained since the initial 
speciation from the primeval genome. 

(a) 

(b) 

Figure 7.6 Chromosome pamng at first metaphase of meiosis in (a) a Triticum 
aestivum X Aegilops longissima hybrid (26 univalents + one bivalent) and (b) a similar 
hybrid lacking chromosome SB (two univalents, nine bivalents, one trivalent and one 
quadrivalcnt). 
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Pairing at meiosis between chromosomes of different genomes in T. aestivum 
occurs only rarely. In fact, under conditions where only such pairing can occur, 
as in a haploid plant, less than one bivalent per cell is normally observed (Riley, 
1960; Miller and Chapman, 1976; Miller, Reader and Gale, 1983). This 
restriction in pairing is also seen in wheat-alien hybrids which do not share a 
common genome, and presents a barrier to the transfer of genetic material to 
the wheat chromosomes (Riley, Chapman and Kimber, 1959). 

A major breakthrough was made with the discovery that pairing between the 
A, Band D genomes ofT. aestivum was suppressed by a major dominant factor 
carried on chromosome 5B (Okamoto, 1957; Riley and Chapman, 1958b). If 
this gene, Phi on the long arm of chromosome 5B, is removed, then pairing 
occurs between homoeologues with an appreciable frequency. Similarly, if 
alien chromosomes from fairly closely related genomes are introduced into 
wheat lacking 5B, then meiotic cells show wheat-alien chromosome pairing 
and thus transfer of alien segments to the wheat homoeologues can occur 
(Fig. 7.6). 

Many other genes, usually identified by means of chromosomal effects, 
have now been found which either restrict or promote chromosome pairing. 
These are listed in Table 7.3 and, although they have not yet been exploited 
in any depth, may provide more elaborate control of pairing in the future. 
In particular, the major effects found associated with the group 2 and 3 
chromosomes (Miller, Reader and Gale, 1983; Miller and Reader, 1985) 
should find application, possibly in combination with the removal of the 
controlling effect of chromosome 5B. 

The simplest method of overcoming the 5B effect is to pollinate plants 
monosomic for 5B with pollen from an alien species. Progeny lacking 5B will 
have high levels of chromosome pairing, and recombinants can be recovered 
from back-crosses of these plants by wheat (Fig. 7.7, A2). There is often 
considerable difficulty involved in producing the initial back-cross. However, 
the alternative of producing an amphiploid before back-crossing is also very 
difficult for 5B deficient hybrids (Fig. 7. 7, A1). A more elegant method 
involves the use of alien chromosome substitution lines as suggested by Sears 
(1972; Fig. 7.8, A and B). By use of a nullisomic 5B-tetrasomic SD genotype 
plants can be obtained which lack 5B but are monosomic for both an alien 
chromosome and a wheat homoeologue. In this way the induced re
combination can be directed from a single alien chromosome, known to carry 
a required gene, to a specific wheat chromosome (the extra 5D doses are 
required to improve fertility). 

The induction of mutations (or deletions) at the Ph loci, such as the phlb 
mutant (Sears, 1975) and the Cappelli Des 35 mutant (Giorgi, 1978) on 
chromosome arm SBS, and 'Mutant 10/13' (Wall, Riley and Chapman, 1971), 
now known to be on chromosome arm 3DS (Sears, 1984), has provided 
genotypes which behave similarly to SB nullisomics. However, they have the 
advantages that complex aneuploidy, as in the use of nullisomic-tetrasomic 



TABLE 7.3 The chromosomal location of factors affecting chromosome pairing in 
wheat and its relatives 

Chromosome Effect Reference 
location 

Increases Decreases 
pairing pairing 

1A v Miller and Reader (1985) 
1D v Riley, Chapman and Miller (1973); 

Miller and Reader (1985) 
2AS v Sears (1954); 

Miller and Reader (1985) 
2B v Miller and Reader (1985) 
2DS v Miller and Reader (1985); 

Ceoloni, Strauss and Feldman (1986) 
3AL v Mello-Sampayo and Canas (1973) 
3AS Driscoll (1972); 

Mello-Sampayo and Canas (1973); 
Miller, Reader and Gale (1983) 

3BL Sears (1954); 
Miller, Reader and Gale (1983) 

3BS Miller, Reader and Gale (1983) 
3DL Driscoll (1972); 

Mello-Sampayo and Canas (1973) 
3DS Mello-Sampayo (1971); 

Driscoll (1972); 
Mello-Sampayo and Canas (1973) 

3D (mutants) v Sears (1982); Sears (1984); 
Wall, Riley and Chapman ( 1971) 

3R v Lelley (1976); 

3Hb v 
Miller, Reader and Gale (1983) 
Miller, Reader and Gale (1983) 

4D v Driscoll (1973) 
SA Feldman (1966); 

Chapman and Miller (1981) 
5BL Okamoto (1957); 

Riley and Chapman (1958b ); 
Riley (1960) 

5BL (mutants/ v Sears(1975) 
deletion) Giorgi (1978) 
5BS v Riley and Chapman (1967b) 
5D v Feldman (1966); 

Rileyetal. (1966); 
Riley (1966b) 

5RL Miller and Riley (1972) 
5RS v Riley, Chapman and Miller (1973) 
5U v Riley, Chapman and Miller (1973) 
6B v Miller and Reader (1985) 
7A Miller and Reader (1985) 
7DL v Law and Worland (1974) 
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lines, is not necessary and that transfers to 5B itself can be made (Figs 7.7, B, 
and 7.8, C). 

Another way of inducing homoeologous pairing is provided by alien species 
which can suppress the pairing control mechanisms of wheat (Fig. 7.8, D). This 
effect has been noted particularly in crosses involving Ae. speltoides and 
Ae. mutica (Riley, 1966a) and the suppression produced by Ae. speltoides has 
been employed to make transfers from alien addition or substitution lines 
(Riley, Chapman and Johnson, 1968). 

As mentioned above, the initial translocations obtained in such experiments 
may often be agronomically inferior to wheat, even though desirable genes 
have been transferred. This is because the alien segment may contain other 
genes with deleterious effects. Sears (1977) provided a method whereby the 
alien segment can be reduced while retaining a desired alien gene. In an elegant 
analysis of wheat 3D/Ag. elongatum 3E translocations he demonstrated, by use 
of five marker genes, that he had obtained translocations with a range of 

A 

6x wheat monosomic 58 9 
or nullisomic 58 tetrasomic 50 
or mutant/deleted Phl 

4x Phl deficient F1 hybrid~ 
homoeologous pairing 

X 

I 
double A2 

A 1 (difficult) 

I 
8x Phl deficient amphiploid 
homoeologous pairing 

8 

x 2x alien species a x 4x wheat mutant/deleted Phl 9 

6xwheat 

~ 
(very low 
grain return) 

x 6xwheat 

~ 
3x Phl deficient hybrid 
homoeologous pairing 

I 
double 

I 
6x Phl deficient amphiploid x 
homoeologous pairing 

I 
6xwheat 

5x hybrid x 6x wheat Intermediate hybrid x 6x wheat 6x hybrid x 6x wheat 
restored pairing control restored pairing restored 

control pairing 

select 

6x reconstituted wheat 
with alien character 

control 

Figure 7.7 The introduction of alien variation by removal of the control of homoeo
logous chromosone pairing. Sex of parents is given where the direction of a cross is 
critical. Further back-crosses may be necessary to achieve reconstitution of the final 
recombinant selection. Other ploidy levels of alien species can also be used. Double, 
chromosome doubling by treatment with colchicine. 



A
 

B
 

c 
D

 

M
o

n
o

so
m

ic
 5

8
9

 
I D

is
om

ic
~b

~t
rt

Ut
10

0J
 

x 
N

u
lli

so
m

ic
 5

8
 t

e
tr

a
so

m
ic

 5
0

 
o

r 
X

 
M

u
ta

n
t/

d
e

le
te

d
 P

h1
 

o
r 

x 
A

e
g

lf
o

p
s 

sp
e

/t
o

id
e

s 
d'

 

M
o

n
o

so
m

rc
 5

8
9

 x
 

I 
s
e

re
! 

M
o

n
o

s
o

m
ic

 5
8

 a"
 

I 
m

o
n

o
s

o
m

ic
 a

li
e

n
 

m
o

n
o

s
o

m
ic

 w
h

e
a

t 
h

o
m

o
e

o
lo

g
u

e
 

se
le

ct
 

(r
a

re
 t

ra
n

s
m

is
s
io

n
 o

f 
a

lie
n

) 

I 

7 
M

o
n

o
so

m
ic

 5
8

 9
 

tr
is

o
m

ic
 5

0
 

m
o

n
o

so
m

ic
 a

li
en

 
m

o
n

o
s

o
m

ic
 w

h
e

a
t 

h
o

m
o

e
o

lo
g

u
e

 

N
u

lli
so

m
ic

 5
8

 t
e

tr
a

so
m

ic
 5

0
o

' 

se
le

ct
 

I 

M
u

ta
n

t/
d

e
le

te
d

 P
h1

 9
 

m
o

n
o

s
o

m
ic

 a
li

e
n

 
m

o
n

o
s
o

m
ic

 w
h

e
a

t 
h

o
m

o
e

o
lo

g
u

e
 

I 
se

le
ct

 I 

M
u

ta
n

t/
d

e
le

te
d

 d
' 

F
1 

h
yb

ri
d

 9
 

h
o

m
o

e
o

lo
g

o
u

s 
p

a
ir

in
g

 

E
up

lo
id

<>
' 

N
u

lli
so

m
ic

 5
8

 
x 

T
e

tr
a

so
m

ic
 5

8
 

(o
r 

e
u

p
lo

id
) 

N
u

lli
so

m
ic

 5
8

 
tr

is
o

m
ic

 5
0

 
m

o
n

o
s

o
m

ic
 a

li
e

n
 

m
o

n
o

so
m

ic
 w

h
e

a
t 

N
u

lli
so

m
ic

 5
0

 
te

tr
a

s
o

m
ic

 5
8

 
(o

r 
e

u
p

lo
id

) 

M
u

ta
n

t/
d

e
le

te
d

 P
h1

 
m

o
n

o
s

o
m

ic
 a

li
e

n
 

m
o

n
o

s
o

m
ic

 w
h

e
a

t 
h

o
m

o
e

o
lo

g
u

e
 

E
u

p
lo

id
 

In
te

rm
e

d
ia

te
 

x 
E

u
p

lo
id

 
m

o
n

o
s

o
m

ic
 a

li
e

n
 

m
o

n
o

so
m

ic
 w

h
e

a
t 

h
o

m
o

e
o

lo
g

u
e

 
h

o
m

o
e

o
lo

g
o

u
s 

p
a

ir
in

g
 

h
o

m
o

e
o

lo
g

u
e

 
h

o
m

o
e

o
lo

g
o

u
s 

p
a

ir
in

g
 se

le
ct

 
a

lie
n

 c
h

a
ra

ct
e

r 
re

st
o

re
d

 c
h

ro
m

o
so

m
e

 c
o

n
s
ti

tu
ti

o
n

 
re

st
o

re
d

 p
a

ir
in

g
 c

o
n

tr
o

l 

h
yb

ri
d

 

F
ig

ur
e 

7.
8 

M
et

ho
ds

 o
f 

di
re

ct
ed

 a
li

en
 i

nt
ro

du
ct

io
n.

 T
he

 d
is

om
ic

 a
dd

it
io

n 
m

ay
 b

e 
us

ed
 i

ns
te

ad
 o

f 
th

e 
su

bs
ti

tu
ti

on
, 

b
u

t 
tr

an
sf

er
 w

ill
 n

ot
 b

e 
di

re
ct

ed
 a

t 
a 

sp
ec

if
ic

 h
om

oe
ol

og
ue

. 
V

ar
io

us
 c

om
bi

na
ti

on
s 

o
f 

m
et

ho
ds

, 
A

, 
B

an
d

 C
a
re

 p
os

si
bl

e.
 F

u
rt

h
er

 b
ac

k-
cr

os
si

ng
 m

ay
 b

e 
ne

ce
ss

ar
y 

be
fo

re
 f

in
al

 s
el

ec
ti

on
. 



196 Introduction of alien genetic variation 

lengths of 3E segment. Then by intercrossing these translocations he could 
construct lines which contained small interstitial or terminal segments of the 
alien chromosome. A further refinement of this technique using alien 
telocentric additions and ph mutant lines has been proposed (Sears, 1981) in 
which interstitial transfers can be achieved and the extent of the transfer 
measured by subsequent pairing with the target chromosome arm. 

The ability of the chromosomes of the wheat and alien genomes to pair, in 
the absence of the Phi gene, has been shown to vary with different alien 
genera. Chromosomes from genera such as Secale and Hordeum, compared 
with Aegilops, have been found to have low levels of pairing. However, 
Koebner and Shepherd (1986) have shown that it is possible to obtain about 
1112% recombination between the long arm of chromosome 1R and its wheat 
homoeologous using the phi b mutant. 

7 .6.3 Other methods of transfer 

(a) Centric fusion 

When chromosomes occur as univalents at meiosis, occasional misdivision 
results in breakage at the centromere, giving rise to telocentrics. However, 
reunion may also occur, and if more than one chromosome has misdivided 
simultaneously, the union may occur between the arms of different chromo
somes (Sears 1973). If genotypes are created where a wheat chromosome 
and an alien, preferably homoeologous, chromosome, are simultaneously 
in the univalent state, then spontaneous whole arm Robertsonian trans
locations may occur between them. Several European cultivated varieties carry 
a translocation of this type between chromosome 1B of wheat and 1R of rye 
(Zeller, 1973; Mettin, Bliithner and Weinrich, 1978). This 1BL/1RS trans
located chromosome was originally selected mainly because it conferred 
resistance to certain foliar diseases; some of this resistance is no longer fully 
effective but the translocated chromosome is still widespread in current 
breeding programmes. 

This method of producing wheat-alien translocated chromosomes is far from 
ideal as large amounts of unwanted and possibly detrimental alien genetic 
material are also introduced. Nevertheless, it can provide a useful technique 
for species where it is not possible at present to bring about pairing and 
recombination with wheat chromosome. 

(b) Irradiation 

Chromosome breakage may be induced by ionizing radiation. The breaks may 
then rejoin to produce novel chromosomes. This process is, of course, a random 
procedure and the resulting translocations are likely usually to be deleterious. 
The most frequent result is the replacement of a terminal segment of a wheat 
chromosome with a segment of an alien chromosome. The replacement of an 
intercalary segment of a wheat chromosome by a similar segment of an alien 
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chromosome is far less likely as this requires several simultaneous breakage 
and reunion events. A reciprocal translocation in which a desired alien segment 
replaces an equivalent segment of a homoeologous wheat chromosome is more 
likely to be beneficial and there is evidence of the preferential occurrence of 
this type of translocation (Knott, 1968). 

The first attempt to use irradiation to transfer an alien gene to a wheat 
chromosome was by Sears (1956). Wheat plants with an added single Ae. 
umbellulata chromosome carrying resistance to leaf rust, Puccinia recondita, 
were irradiated before meiosis. Only one-quarter of the pollen grains of these 
monosomic addition plants carry the alien chromosome, and these are only 
transmitted at a low frequency. The meiotic process should therefore select 
against any translocation containing large segments of the Ae. umbellulata 
chromosome or lacking vital wheat segments, and only transmit intercalary or 
compensated reciprocal translocations which could be selected by a single test 
of the progeny for resistance to the fungus. If the resulting translocation can be 
detected cytologically there is no need to use the monosomic addition for this 
purpose, as the disomic addition or disomic substitution can be used. The use of 
the disomic condition ensures that all of the progeny are potential carriers of an 
interchange. Several successful transfers have been made between alien and 
wheat chromosomes using ionizing radiation (Table 7.4). 

7 .6.4 The introduction of variation via the cytoplasm 

It has been found that alloplasmic wheats in which the cytoplasm has been 
derived from alien sources can show considerable variation (for a review, see 
Tsunewaki, 1980). The characters affected by the introduction of an alien 
cytoplasm include fertility, biomass, height, heading time, ear characteristics 
and haploid production. The ability of some cytoplasms (e.g. T. timopheevi and 
Ae. variabilis) to confer male sterility to some hexaploid wheats has evoked 
considerable interest because of its potential use for the production of hybrid 
wheat. As a result a wide range of fertility-restoring genes have been located in 
wheat (Table 7.5). 

Interaction between wheat nuclear genes and the cytoplasm of several alien 
species has been found. For example the F2 progeny of a self-pollinated 
variegated F1 plant of a cross between the variety Chinese Spring with Ae. 
umbellulata cytoplasm and the variety Cappelle Desprez with T. aestivum 
cytoplasm segregated 3 : 1 for variegation, indicating that a nuclear gene was 
reacting with the alien cytoplasm to promote variegation (Worland and 
Law, 1982). Similarly, autumn sown plants of the varieties Bersee, Cappelle 
Desprez, Hobbit 'sib' and Mara with Ae. umbellulata cytoplasm produced 
stunted plants with pale patches on the leaves. This 'winter variegation' dis
appeared when temperature increased, but the plants still had reduced vigour. 
The varieties Besostaya 1, Chinese Spring, Poros and Sava and T. spelta 
showed no such effect (Worland and Law, 1983). 
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TABLE 7.5 The chromosomal locations of genes restoring fertility to alien cytoplasmic 
male sterile wheats 

Fertility-restoring gene Alien Reference 
cytoplasm 

Chromosome Gene 

lA Rfl Triticum timopheevi Bah! and Maan (1973); 
Yen, Evans and Larter (1969) 

1B Rf3 T. timopheevi Tahir and Tsunewaki (1969); 
Bah! and Maan (1973) 

1B Rful Aegilops umbellulata Tsunewaki (1974) 
lBS Rfvl Ae. variabilis Mukai and Tsunewaki (1980) 
1D Rfc3 Ae. caudata Tsunewaki (1974) 
1C Rfcl Ae. caudata Tahir and Tsunewaki (1971) 

Ae. ovata 
1C Rfcl? Ae. umbellulata Tsunewaki, Mukai and Endo 

Ae. triuncialis (1979) 
Ae. biuncialis 
Ae. columnaris 
Ae. triaristata 

2B Rfu2 Ae. umbellulata Tsunewaki (1974) 
5D Rf6 Triticum timopheevi Bah! and Maan (1973) 
6B Rf4 T. timopheevi Yen, Evans and Larter (1969); 

Bah! and Maan (1973) 
6B Rfc2 Aegilops caudata Tsunewaki (1974) 
6D Rf5 Triticum timopheevi Yen, Evans and Larter (1969) 
7B Rj7 T. timopheevi Bah! and Maan (1973) 
7D Rf2 T. timopheevi Yen, Evans and Larter (1969); 

Bah! and Maan (1973) 

7.7 CONCLUSIONS AND PROSPECTS 

The relatives of wheat represent an enormous pool of genetic variation that has 
great potential for use in the improvement of wheat. The production of ever 
wider crosses among the members of the Triticeae continues, in theory at least, 
to increase the numbers of alien genes available to the wheat breeder. 

Several established techniques are now available for introducing alien 
variation into wheat, particularly from closely related genera such as Aegilops 
and Agropyron, by exploiting homologous or homoeologous pairing. It is 
possible that transfers from the more distant relatives, where no recombination 
with wheat chromosomes has yet been demonstrated, will become possible by 
the exploitation of new techniques, for example by tissue culture of hybrid 
embryos (Lapitan, Sears and Gill, 1984) and subsequent somaclonal chromo
somal rearrangements. This technique may provide a means of producing 
even wider hybridizations, especially if it proves possible to regenerate hybrid 
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plants from immature embryos, which would not normally develop even with 
the aid of embryo culture in vitro. 

Higher levels of recombination, and hence transfer, of alien genes may be 
possible by improving the conditions for homoeologous chromosome pair
ing. This may be realized by combining the effects of the removal of the 
homoeologous pairing suppressing gene Phi on chromosome 5B with one or 
more of the pairing promotion effects produced by chromosomes such as those 
of groups 2 and 3. An alternative approach may be to reduce the pairing 
competition between wheat and alien homoeologues resulting from the 
preferential pairing between the A, B and D genomes of wheat in wheat-alien 
hybrids. Hutchinson, Chapman and Miller (1980) showed that there is more 
pairing between the chromosomes of rye and Aegilops in hybrids between 
diploid Aegilops and diploid rye than in hybrids between tetraploid Aegilops 
and diploid rye. Chromosome pairing should therefore be more likely to occur 
if, as suggested by Miller (1985), hybrids are made between diploid species with 
a single wheat genome (i.e. the A genome of diploid wheats or the D genome of 
Ae. squarrosa) and diploid alien species, where preferential pairing between 
wheat genomes cannot take place. 

Despite the enormous pool of alien genetic variation and the sophisticated 
techniques available for its transfer to wheat, there still remains the problem of 
identifying, in the alien species, the characters required for transfer. There is 
little problem for single genes of major effect, such as those conferring 
resistance to fungal diseases for which relatively simple screening procedures 
are available, as is reflected in Table 7.4 which shows that the majority of 
recorded alien introductions are of this type. The introduction of alien factors 
affecting complex characters such as yield is a much more difficult problem, 
as it is virtually impossible to assess the potential, in this respect, of wild 
alien species often with very different plant morphologies. Moreover, the 
introduction of 'supergenes', alien segments carrying more than one gene, are 
also clearly possible (Law, Snape and Worland, 1983). Such segments should 
remain intact and segregate as a unit, since homoeologous recombination with 
wheat chromosomes would be prevented in the presence of the Phi gene. An 
example of a potentially useful supergene is the segment of Ae. comosa 
chromosome 2M transferred to the breeder's variety Compair by Riley, 
Chapman and Johnson, (1968), which has subsequently been shown not only 
to carry the gene Yr8 conferring resistance to stripe rust, but also to produce 
increased protein in the grain (Law et al., 1984). Consideration could also be 
given to the construction of 'supergenes' containing useful combinations of 
alien genes perhaps derived from different sources. 

It is probable that alien genotypes will become increasingly important as 
sources of new variation of wheat breeders. Moreover, the variation needed to 
expand wheat production into, for example, arid or semi-tropical areas where it 
has not been previously cultivated may only be found in the related alien 
species. 
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CHAPTER 8 

Chromosome structure and 
0 0 

organtsatton 

R. B. Flavell, M.D. Bennett, A. G. Seal and]. Hutchinson 

8.1 INTRODUCTION 

The secrets of a crop's behaviour- past, present and future- are contained in 
its chromosomes. Their structure provides a unique continuity with, and hence 
a vital record of, its past, as well as containing the information ofthe successful 
cultivars of today. Chapter 1, on the evolutionary history of wheat, and 
Chapter 6, on its genetic structure, have already referred to the chromosomes. 
Other chapters have mentioned the chromosomes in passing, insofar as they 
relate to the subjects considered, but here the chromosomes are the main 
subject. This chapter describes the results of many cytological, cytochemical, 
cell biological, molecular and biochemical studies which together have 
revealed the chromosomes - nuclear, chloroplast and mitochondrial - and 
physical and chemical structures, and as complex informational molecules with 
intricate organization. An attempt will be made to explain or suggest how 
knowledge of the structure and organization of chromosomes relates to other 
interests, and how it can provide new insights into chromosome history, useful 
new means of handling them in breeding programmes and a novel 
understanding of how their genetic behaviour is controlled. 

Because of the prime role of DNA in containing the encoded genetic 
information in its molecular structure, much of this chapter will be concerned 
with the DNA component of the chromosomes. This has been the subject of 
much attention and progress since the introduction of recombinant DNA 
methodology. 

8.2 THE NUCLEAR GENOME 

8.2.1 The wheat nucleus 

The chromosomal form of the nuclear genome varies considerably during the 
cell cycle, but the chromosomes in their least active form have usually been 
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studied by cytologists, notably at metaphase of mitosis and meiosis when they 
are most condensed and hence most easy to see and count (Fig. 8.1). However, 
gene expression (i.e. RNA transcription) occurs mainly during interphase 
when the chromosomes are more dispersed and diffuse, and are contained 
within a nucleus bounded by a membrane (Fig. 8.2). In bread wheat, as in other 
higher plants, nuclear structure and organization is extremely plastic. A 
remarkable diversity of nuclear and chromosomal architecture is seen in 

(a) 

{b) 

Figure 8.1 The chromosomes of bread wheat seen (a) at mitotic metaphase and (b) at 
first metaphase of male meiosis, in Feulgen stained spreads. Scale bar= 10 ,urn. 



The nuclear genome 213 

Figure 8.2 A thin section through an anther loculus in bread wheat, showing dispersed 
chromatin in an archesporia! cell at premeiotic interphase. The cell wall (cw), nuclear 
membrane (nm) and a nucleolus (ns) are indicated. Scale bar= 5,um. 

different cells, and at different development stages. For example, in the 
cultivar Chinese Spring, nuclear volume ranged from 240 ,um3 in sperm cells to 
about 160000,um3 in some antipodal cells (Fig. 8.3). Much of this variation 
reflects differential polyploidy. Indeed, endopolyploid nuclei occur in many 
different tissues including roots, leaves, the embryo sac and the endosperm. 
Such nuclei may contain a large number of copies of the nuclear genome in 
mature plants ranging from one, in unreplicated gametes, to at least 256 in 
antipodal cells with highly polynemic chromosomes (Bennett et al., 1973a). 

The advantages, if any, of having large numbers of genomes per nucleus are 
not clearly understood for any specific cell type. It results in increased cell size, 
with the possibility of enhanced gene activity due to the increased gene dosage. 
The antipodal cells in the ovule have especially large nucleoli (Bennett et al., 
1973a), which suggests that the amplified ribosomal RNA genes are active and 
may therefore sustain higher rates of ribosome synthesis than in diploid cells. 



(a) 

(c) 

(e) 

Figure 8.3 (a) A bread wheat pollen grain showing elongated sperm nuclei (sn), one 
completely in focus; and (b) an antipodal cell nucleus with polynemic chromosomes 
(about 256C) with a 4C ovary wall cell nucleus for comparison; (c) a Feulgen-stained 
antipodal cell nucleus of hexaploid Triticale in which three chromosomes from rye 
(arrowed) can be identified in this focal plane and (d) a chromosome lR, about 128-
stranded, identified in an antipodal cell of its disomic addition to bread wheat; (e and f) 
the site of rRNA genes in polynemic antipodal cell nuclei identified by autoradiography 
after in situ hybridization with tritiated rRNA. (NB All scale bars= lO,um, and (f) 
is x 2(e)). 

(b) 

(d) 

(f) 
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The large size of the antipodal cell nuclei offers several features which can be 
exploited for study as described below. 

8.2.2 Antipodal cell nuclei 

Antipodal cell nuclei of the ovule can be as large as mature wheat pollen grains 
(Fig. 8.3(b)), and hence visible to the unaided eye. Their individual multi
stranded chromosomes are up to 30 ,urn long and 5 ,urn in diameter and are easily 
seen even at low magnification by light microscopy (Fig. 8.3). Bennett (1974) 
showed that it was possible to identify a single rye addition chromosome to 
bread wheat in Feulgen-stained antipodal cells (Fig. 8.3( c) and (d)) because of 
the unique appearance of its heterochromatin. More recently, Allington (1985) 
used micromanipulation techniques to isolate unfixed antipodal cell nuclei in 
cereals including wheat without undue difficulty. Although not used for this 
purpose yet, it seems likely that antipodal cell chromosomes may prove useful 
as a source of DNA from a known chromosome or chromosome segment 
sampled using micromanipulation techniques, as has been achieved using 
Drosophila polytene chromosomes (Scalenghe et al., 1981). Alternatively, 
antipodal cell chromosomes may provide valuable material for physical 
mapping genes present in few copies per haploid genome using in situ 
hybridization (see Section 8.2.8). The multistranded morphology provides 
more hybridization sites, and could therefore help to overcome the problem of 
distinguishing meaningful from background labelling. It is interesting to note 
that probably the first in situ hybridization experiments performed on wheat 
(M. K. Rao, M.D. Bennett and R. B. Flavell, 1972, unpublished) used anti
podal cells (Fig. 8.3) to identify the location of the ribosomal RNA genes. 
Antipodal cell nuclei may also provide valuable material for studies of high
order chromosome structure and gene action in wheat similar to those being 
made in Drosophila (Agard and Sedat, 1983). 

8.2.3 Nuclear architecture and its significance 

Interest in the arrangements of chromosomes in the wheat nucleus arose 
initially from concern to understand how homologous chromosomes come 
together and pair during meiosis. More recently the possibility that the position 
of a gene may relate to its activity has become highlighted. In 1960 Riley 
showed that two different, genetically-related (homoeologous) bivalents were 
immediately adjacent at metaphase I more frequently than would be the case 
if they were positioned at random. Later, Kempanna and Riley (1964) 
demonstrated the secondary association of bivalents in bread wheat, showing 
that two marked homoeologous bivalents were immediately adjacent more 
frequently than two non-homoeologues. Later, Feldman claimed first that 
association of homologous chromosomes in premeiotic cells is an essential 
prerequisite for regular pairing at meiosis, and second, that such an association 
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occurs in normal somatic cells of bread wheat (Feldman, Mello-Sampayo and 
Sears, 1966). Both of Feldman's claims have been strongly disputed by other 
workers (e.g. Darvey and Driscoll, 1972; Dvorak and Knott, 1973). Unfortu
nately, most work on chromosome placement in bread wheat has used two
dimensional metaphase spreads in which chromosome placements are highly 
distorted from those occuring in vivo. Moreover, in much of the work a few 
morphologically distinguishable 'marker' chromosomes (e.g. nucleolus
organizing or telocentric chromosomes) have been studied, assuming their 
behaviour to be typical of unmarked chromosomes. However, recent work on 
the relative positions of 51 different pairs of known heteromorphic bivalents on 
metaphase spreads in wheat showed a strong tendency for the marked bivalents 
to be at, or towards, the outside edge of the plate. As this occurred in all the 
hybrid lines involving every chromosome type, it showed that morphologically 
marked bivalents do not behave like their normal unmarked homologues 
(Heslop-Harrison, Chapman and Bennett, 1985). 

In an attempt to overcome those problems the intranuclear placement, in 
vivo, of normal chromosomes in bread wheat and related taxa is being studied 
using the electron microscope (EM), three dimensional (3-D), serial thin
section reconstruction technique (Fig. 8.4). It was proved possible, using 
simple morphological criteria, to identify each individual chromosome within 
most single reconstructed cells of several diploid species, such as Aegilops 
umbellulata (Heslop-Harrison and Bennett, 1983a) and Ae. squarrosa (M.D. 
Bennett andJ. B. Smith, unpublished). However, this has not yet been possible 
in bread wheat with its much higher number of morphologically similar 
chromosomes. A combination of the EM reconstruction technique and 
molecular probing (see Figs 8.11 and 8.12 and Section 8.2.8) may allow more 
chromosomes to be identified in future. 

The EM reconstruction work has also provided detailed information about 
the nature of karyotypic variation in bread wheat. For example, examination 
of serial sections of chromosome lB at metaphase in root tip cells showed that 
the point of scission resulting in the loss of the satellite in a line of bread wheat 
was within the secondary constriction (Payne et al., 1984). Other work on 
reconstructed meiotic nuclei has shed light on the meiotic process, showing 
that while multivalents are formed at zygotene in normal bread wheat, only 
bivalents are found at early pachytene. Thus the Ph locus, which controls 
diploid behaviour and restricts crossing over to homologues, may act not on 
chromosome pairing per se, but on the timing or distribution of recombination 
events (Holm and Rasmussen, 1984). 

Observations of reconstructed somatic cells of diploid grasses related to 
wheat, and their hybrids, have revealed a striking tendency for haploid 
genomes to be spatially separate, lying either side-by-side or one around the 
other. The different chromosome types in each haploid set also display secon
dary associations and have relatively fixed positions in relation to each other, 
occurring in an order which can be predicted mainly on the basis of the relative 



Figure 8.4 Three consecutive thin serial sections of a root-tip metaphase cell of Aegilops 
umbellulata, a wild diploid relative of bread wheat. The dark masses are parts of the 
14 chromosomes - the number normally found in somatic cells of this grass - and 
these clearly show the spatial arrangement of the nuclear genome, as in life. Scale 
bar= S.um. 
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arm sizes (Heslop-Harrison and Bennett, 1983b; Fig. 8.5). The results indicate 
that the intranuclear placement of haploid genomes is under genotypic control 
and that the intranuclear position is significant for both the mechanical, 
including meiotic pairing, and genetic behaviour of chromosomes (Bennett, 
1984a, b, c). 

Direct observations have not been made on the arrangement of the 
constituent haploid genomes and the different chromosome types in bread 

2 3 4 5 6 7 

Volume(%) 15.8 15.7 15.3 15.0 13.7 12.7 11.9 

(a) Arm ratio 1.44 3.13 1.92 3.77 2.45 7.77 1.43 

11.88 

11.23 
s 3.79 

I 

~,·:72 
s 9.32 

(b) 6.48 

Figure 8.5 (a) The karyotype of Aegilops umbellulata based on the mean relative 
volumes of chromosomes in 10 reconstructed root-tip metaphase cells; and (b) the mean 
order of chromosomes as predicted by Bennett's model (see Heslop-Harrison and 
Bennett, 1983a, b). The numbers beside each long arm (L) and short arm (S) refer to 
their volumes as percentages of the total haploid complement. The numbers in circles 
are the chromosome identities as in (a), ranked from largest CD to smallest(]). 
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wheat nuclei in reconstructed cells. However, recent work using 2-D spreads 
and marker chromosomes has been interpreted as showing that "each genome 
occupies a distinct region of the nucleus of common wheat" and that "chromo
somes are arranged in a specific order with respect to one another" (Feldman 
and Avivi, 1984). Thus, there is a considerable measure of agreement between 
these conclusions and those for diploids mentioned above. Future research 
on chromosome placement in wheat and its relatives aims to elucidate the 
mechanism(s) responsible for establishing and maintaining spatial order, and 
to discover whether specific chromosome segments have different, but 
characteristic, intranuclear positions in different tissues correlated with gene 
activity and, if so, whether the modulation of these differences reflects or 
directs developmental change in the plant (Bennett, 1984c). 

8.2.4 The chromosomes in the cell cycle and in DNA synthesis 

Knowledge of nuclear and chromosomal behaviour during normal cell 
development in various tissues may be useful for understanding aspects of 
differential gene expression, and the causes of nuclear instability found, for 
example, in hybrids with other species such as rye (Bennett and Kaltsikes, 
1973; Forster and Dale, 1983). It should also reveal the timing and mode of 
action of abnormal chromosome behaviour such as that of the so-called 'cuckoo 
chromosome', which ensures its own transmission by causing lethal 
chromosome breaks in meiospores lacking it (Finch, Miller and Bennett, 
1984). 

TABLE 8.1 Estimates of the duration of the mitotic cell cycle (h) and its stages in root-tip 
cells of bread wheat at various temperatures 

Cultivar Temperature G1 s G2 M T Reference 
CC) 

Chinese 15 5.1 5.7 4.7 1.6 17.1 M. W. Bayliss (personal 
Spring communication) 

20 4.7 3.8 2.8 1.1 12.5 M. W. Bayliss (personal 
communication) 

24 2.1 3.3 4.1 1.2 10.7 M. W. Bayliss (personal 
communication) 

20 2.4 4.6 5.0 0.6 12.6 M.D. Bennett and 
J. B. Smith (unpublished) 

20 2.4 4.6 3.1 0.5 10.6 A. D. Kidd, D. Francis 
andM. D. Bennett 
(unpublished) 

cv. not stated 1 30.0 115.0 30.0 35.0 210.0 Cited by Grif and Ivanov 
21 1.0 6.5 2.0 3.5 13.0 (1975) 
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The rate and duration of cell development is important to the breeder, 
especially when variation in these characters contributes directly to the plant 
generation time, or when particular cells play a unique and essential role in 
germ line (e.g. the one embryo-sac mother cell, and egg cell, per floret) or 
endosperm development. The durations of the mitotic cell cycle and of its 
stages in root-tip cells have been estimated in bread wheat and related species 
by several workers (e.g. Rees and Davies, 1975; Kaltsikes, 1971). Table 8.1 
lists data for the cultivar Chinese Spring, and illustrates the temperature 
sensitivity of mitotic cell development in bread wheat. 

Other publications include estimates of the duration of cell development and 
sometimes of their stages in a range of germ line tissues, including premeiotic 
male archesporia! cells, male and female meiocytes, microspores and female 
gametophytes, and young embryo and endosperm tissue (Bennett et al., 
1973a, b; Bennett, Smith and Barclay, 1975). The results show that the rate of 
nuclear or cell doubling for plants grown at 20 oc varies widely between stages, 
ranging from only about 4.5 h in young coenocytic endosperm to 60 h in 
developing pollen. Similarly, while mitosis lasts only about 1 h at this 
temperature, meiosis takes about 1 day (Fig. 8.6). The rate of meiotic and 
pollen development is also temperature sensitive, with a Q10 of about 2.4 over 
the interval15-25 oc (Bennett, Smith and Kemble, 1972). 

Replication of the nuclear DNA has been estimated to occupy from about 
3.8 h in root tip cells, to about 12-15 h in male archesporia! cells of bread wheat 
at 20 °C. Recently, detailed studies of DNA synthesis in bread wheat root-tip 
nuclei, using DNA fibre autoradiography, have estimated that the mean 
replicon is 5.9 ,urn long, while the average rate of replication fork movement is 
1.6,umh-1 . Interestingly, these results are very similar to those obtained 
for a hexaploid triticale (5.0,um and l.O,umh- 1), but differ from those for 
diploid rye (20,um and 12.1,umh-1 ; Francis, Kidd and Bennett, 1985). 
Clearly, more understanding is needed of the control and significance of 
variation in DNA synthesis between cell types during development, and 
between species at a single developmental stage. 

8.2.5 Nuclear DNA amount and its significance 

Studies on amounts of nuclear DNA have contributed to knowledge of the 
evolution of chromosomal DNA within and between species, the phylogeny of 
hexaploid wheat and also of relationships between nuclear DNA content and 
plant development. Cytochemical investigations of the amount of DNA in the 
genomes of wheat and related species include those by Rees and Walters 
(1965), Pegington and Rees (1970) and Bennett and Smith (1976); however, 
the most detailed studies have been made by Japanese workers. 

Such studies have revealed considerable interspecific variation in lC nuclear 
DNA amount, both between species of the same ploidy level and between 
species with different ploidy levels (Table 8.2). For example, Furuta (1975) 
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Stage of 
meiosis 

Leptotene 

Zygotene 

Pachytene 

Diplotene 
Diakinesis 

Metaphase I 

Anaphase I 

Telophase I 

Dyads 

Metaphase II 
Anaphase II 

Telophase II 

Total duration 
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Duration (h) 

10.4 

3.4 

2.2 

0.6 
0.4 

1.6 

0.5 

0.5 

2.0 

1.4 
0.5 

0.5 

24.0 h 

Figure 8.6 The duration of the stages of meiosis in Chinese Spring wheat grown at 20 °C. 

reported DNA amounts for diploid Aegilops species differing by factors up to 
1.83, while Furuta, Nishikawa and Kimizuka (1977) reported a graded series of 
DNA amounts differing by factors up to 1. 74 in 43 strains of five diploid taxa 
in the Sitopsis section of the genus Aegilops. Interspecific variation in DNA 
amount is also known for wild tetraploid (range 1.60) and hexaploid (range 
1.38) Aegilops species (Furuta, 1975). According to Nishikawa and Furata 
(1979), interspecific variation in DNA amount between tetraploid Triticum 
species is small (range 1.04) and only T. timopheevi had a significantly lower 
DNA C-value than other species. 



TABLE 8.2 The nuclear DNA contents of bread wheat and some related taxa. (The 
absolute values are for 4C nuclei taken from Bennett and Smith (1976), while relative 
values are taken from either Furuta (1975) or Nishikawa and Furuta (1979)) 

Taxon Chromosome Ploidy Nuclear DNA amount 
number level 
(2n) (x) Relative Absolute 

value (pg) 

Aegilops squarrosa 14 2 20.4 
var. typica No.2 14 2 1.00 
var. strangulata 14 2 1.19 

Ae. speltoides 14 2 1.32 23.2 
Ae. bicornis 14 2 1.60 28.5 
Ae. longissima 14 2 1.64 
Ae. sharonensis 14 2 1.84 
Ae. ovata 28 4 2.31 
Ae. triaristata 28 4 3.69 
Ae. crassa 42 6 3.79 
Ae. triaristata 42 6 5.23 
Triticum monococcum 14 2 1.58 24.9 
T. aegilopoides 14 2 1.59 27.6 
T. thauodar 14 2 1.59 
T. dicoccoides 28 4 3.18 49.1 

(cultivated form) 28 4 3.18 48.1 
T. durum 28 4 49.1 
T. araraticum 28 4 3.22 
T. timopheevi 28 4 3.05 45.2 

reconstituted tetraploid with 28 4 3.15 
AABB from bread wheat 

T. aestivum ssp. vulgare 42 6 4.38 69.3 
compactum 42 6 4.57 
sphaerococcum 42 6 4.57 
mach a 42 6 4.56 
spelta 42 6 4.34 
vavilovi 42 6 4.52 

synthesized hexaploid - 42 6 4.60 
reconstituted tetraploid with 
AABB from bread wheat + 
Ae. squarrosa 

Secale cereale 14 2 33.1 
Triticale (hexaploid) 42 6 84.7 

T. durum + S. cereale 
Triticale ( octoploid) 56 8 103.9 

T. aestivum + S. cereale 
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Detailed studies by Japanese workers have also shown significant intra
specific variation for DNA C-value in Aegilops squarrosa, Ae. longissima and 
Ae. sharonensis. For example, 27 accessions of Ae. squarrosa showed a 1.23 
range of DNA C-values (Furuta, Nishikawa and Makino, 1975). However, 
not all of the species examined exhibited this phenomenon. For example, 
comparison of 41 strains of Triticum monococcum showed remarkable uni
formity of DNA C-values, with no significant differences between cultivated 
and wild forms or between different wild forms (Furuta, Nishikawa and Haji, 
1978). Minor variations in DNA C-values between the various subspecies of 
hexaploid wheat have been reported. Triticum compactum, T. sphaerococcum, 
T. macha and T. vavilovi, for example, were estimated to have slightly more 
DNA than T. aestivum and T. spelta, but no significant differences were found 
(Nishikawa and Furuta, 1979). Similarly, no significant differences were 
detected between either 10 local Japanese or 15 North American varieties of 
bread wheat, or between the various subspecies of hexaploid wheat. However, 
these results conflict with recent reports that DNA C-value varied by 82% in T. 
durum (Carrozza, Giorgi and Cremonini, 1980), and by 21% between cultivars 
of bread wheat (Boyko et al., 1985). While nuclear DNA amount does vary 
between cultivars in some cereals, e.g. Secale cereale (Bennett, 1985) and Zea 
mays (Laurie and Bennett, 1985), the reports of major intraspecific variation 
within Triticum durum and T. aestivum should be treated with caution until 
they receive independent confirmation. 

Several early studies of DNA amount in species of the Triticeae were made in 
order to study the evolutionary relationships of the species, and in particular to 
investigate the phylogeny of wheat. Together, these studies allow the following 
conclusions. First, and despite early assertions to the contrary (Upadhya and 
Swaminathan, 1963), no appreciable change in DNA content per diploid 
genome has accompanied allopolyploidy. Thus, for example, the nuclear DNA 
C-value of the wild tetraploid Aegilops triuncialis, thought to have the genomic 
constitution cucucc, is almost exactly the sum of the DNA-C values of its 
supposed ancestors, the diploids Ae. umbellulata (genomic consitution cucu) 
and A e. caudata (genomic constitution CC). Similarly, the different DNA 
contents of the A and D genomes in hexaploid wheat, obtained by summing the 
DNA contents of their seven chromosome types seen as univalents at meiosis, 
are in close agreement with the DNA amounts of Triticum monococcum and 
Aegilops squarrosa, the two diploid species which donated these genomes to 
hexaploid wheat. Moreover, the total DNA content of reconstituted tetra
ploid wheat having the A and B genomes derived from hexaploid bread wheat 
was not different from that of Triticum turgidum - a tetraploid wheat in the 
emmer group with genomic constitution AABB. This shows that no 
appreciable change in the DNA content of the AABB genomes of hexaploid 
wheat has occurred during several thousand years (Furuta, Nishikawa and 
Tanino, 1974). As no significant differences were detected between 25 
Japanese and North American cultivars of bread wheat, or between the various 
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subspecies of hexaploid wheat studied by the Japanese workers, they 
concluded that all existing forms of cultivated hexaploid wheat probably had a 
single origin. Moreover, the uniform DNA C-values of tetraploid wheat in the 
emmer group probably indicates that T. durum, dicoccum and dicoccoides also 
had a single origin. 

These observations and conclusions support the view that comparative 
studies of DNA amounts are a valid means for investigating the probability that 
particular diploid species are genome donors to polyploid species. On the other 
hand, the discovery of detectable intraspecific variation in the DNA amounts 
of diploid relatives of wheat (e.g. Aegilops squarrosa) must make it more 
difficult, or perhaps impossible, to identify a particular donor species with 
certainty by this method. In this connection it has not been possible to identify 
the donor of the B genome of tetra- and hexaploid wheat. While some results 
were interpreted as being not inconsistent with Ae. speltoides being the B
genome donor (Rees and Walters, 1965), more-recent estimates were 
interpreted as suggesting that Ae. longissima or Ae. bicornis may have 
contributed the B genome of polyploid wheat, while Ae. speltoides (whose 
DNA C-value is smaller than that of the B genome in wheat), may have 
contributed the G genome of tetraploid Triticum timpopheevi (genomic 
constitution AAGG), whose DNA C-value is smaller than that of other 
tetraploid wheats (Nishikawa and Furuta, 1979). 

Besides its relevance for evolutionary studies, nuclear DNA amount is also 
of interest because it is known to be correlated with a wide range of nuclear, 
cellular and even whole-plant characters in angiosperms (Bennett, 1973, 1985). 
Many of these, e.g. number of chloroplasts per cell (Butterfass, 1983), seed 
weight (Jones and Brown, 1976), relative growth rate (Grime, 1983), minimum 
generation time (Bennett, 1972) and optimum environmental and geographical 
ranges of cereal crop species (Bennett, 1976; Grime, 1983) should be of interest 
to plant breeders. 

Characters known to be correlated with nuclear DNA amount are of three 
main types: namely, number (or size), mass, and rate (or duration) of 
development. A clear example of the former in wheat is the highly significant 
positive linear relationships between nuclear DNA content and the total 
volume of metaphase chromosomes per cell revealed by comparing diploid, 
tetraploid and hexaploid wheat species (Fig. 8.7(a)). Other examples include 

Figure 8.7 Relationships between various characters in diploid (e), tetraploid (•) and 
hexaploid (•) wheats and related species, and nuclear DNA amount. (a) Total volume 
of chromosomes per metaphase cell (Pegington and Rees, 1970); (b) nuclear volume in 
shoot apex cells (Ichikawa and Sparrow, 1967); (c) pollen volume at dehiscence 
(modified from Bennett and Smith, 1972); (d) nucleus and nucleolus dry mass per cell 
(Pegington and Rees, 1970); (e) amount of chloroplast DNA per cell (Bowman, 1986); 
and (f) the duration of meiosis at zooc (redrawn from Bennett, 1977a). (NB The 
regression lines in (f) are those calculated for larger samples of diploid (--) and 
tetraploid ( ---) angiosperms). 
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similar relationships between nuclear DNA amount and nuclear volume 
(Ichikawa and Sparrow, 1967) and pollen volume (Bennett, 1972; Fig. 8. 7(b) 
and (c)). Moreover, Jellings and Leech (1984), who also compared diploid, 
tetraploid and hexaploid wheats, concluded that "variations in mesophyll cell 
size, chloroplast number per cell and mean leaf thickness appear to be largely 
determined by the nuclear DNA amount ... ". Clearly, therefore, in general a 
given volume of tissue consists of fewer, larger and more-massive cells in bread 
wheat than in its tetraploid and diploid ancestors. However, the physiological 
implications of such differences have only recently begun to be explored 
(Jellings and Leech, 1984). 

Figure 8. 7( d) shows an example of the second type of relationship involving 
a mass character, namely the correlations between nuclear DNA amount and 
nucleolar and nuclear dry mass per cell. Such correlations extend to other non
nuclear cellular components. For example, Figure 8. 7( e) illustrates the strong 
linear relationship between nuclear DNA content and the total amount of 
chloroplast DNA per mesophyll cell in diploid, tetraploid and hexaploid 
wheats (Bowman, 1986). 

Interspecific variation in nuclear DNA content is known to be highly 
correlated with the minimum duration of the mitotic and meiotic cell cycles 
in angiosperms with the same ploidy level (Van't Hof and Sparrow, 1963; 
Bennett, 1977a). Comparisons of species at a single ploidy level show that these 
relationships hold for wheat and related taxa. For instance, the duration of 
meiosis is shorter in diploid wheat (T. monococcum) than in diploid rye (Secale 
cereale): in tetraploid wheat than in tetraploid rye: and in hexaploid bread 
wheat than in hexaploid Triticale. Within each ploidy level the species with the 
longer meiosis also has the higher nuclear DNA content (Fig. 8.7(f)). 
Comparison of the duration of pollen development in the above-mentioned 
species shows a similar relationship between nuclear DNA content and rate 
of mitotic development for species at a single ploidy level. Thus, pollen 
maturation at 20 oc takes longer in diploid rye (16 days) than in diploid wheat 
(12 days); in tetraploid rye (11.5 days) than in tetraploid wheat (9.3 days); and 
in hexaploid Triticale (10.0 days) than in hexaploid bread wheat (7.5 days). 

These results also illustrate the interaction of the different effects of variation 
in DNA amount per genome and ploidy level on the rates of meiotic and 
microspore development. While an increase in DNA amount at a constant 
ploidy level results in slower cell development, an increase in ploidy level with 
a constant DNA amount per constituent diploid genome (though not per 
nucleus) has the opposite effect, increasing the rate of cell development. The 
reasons for this are not known, but the effect may be the result of increased 
gene dosage. What does seem clear is that bread wheat has the capacity for 
faster development at certain essential determinate stages of reproductive 
development than its diploid and tetraploid ancestors, and this may have 
played a role in determining its success as a crop species. A fuller discussion of 
the interaction of DNA amount and polyploidy on rate of cell development 
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rates in bread wheat and its relatives is given by Bennett and Smith (1972), 
Bennett et al. (1973a) and Bennett, Smith and Barclay (1975). 

8.2.6 The karyotype of bread wheat 

Bread wheat is a hexaploid with 42 chromosomes (Fig. 8.1). The genetic 
structure of its chromosomes is described in Chapter 4. The ability to identify 
individual chromosomes, and thus karyotypes, by cytological examination of 
metaphase cells is useful in many genetic and breeding programmes. 

Useful descriptions and comparisons of the bread wheat karyotype have 
been made for several cultivars by Levitsky, Sizova and Poddubnaja-Arnoldi 
(1939), Sears (1954), Camara (1944), Morrison (1953), Khan (1963) and Giorgi 
and Bozzini (1970). Because of the great difficulty of identifying individual 
chromosomes in mitotic metaphase chromosome squash preparations (Fig. 
8.1(a)), estimates of chromosome size and arm-length ratio were made at 
meiosis, using univalents of known identity in the 21 monosomic lines (Table 
8.3). Thus, Sears (1954) gave the total length of the 21 chromosomes at first 
metaphase and second telophase of meiosis as 121.23 and 177.69,um, 
respectively. This compares with 100.55 ,urn for the total length of the 21 
somatic chromosomes in root-tip metaphase cells given by Pegington and Rees 
(1970). In such cells, pretreated with water at 4 °C, dilute colchicine solution or 
1-bromo-naphthalene, individual chromosomes are all often between 3 and 
7 ,urn in length. However, in unpretreated meiocytes at second telophase 
lengths ranged from 5.55 to 12.32,um (Sears, 1954). 

The chromosomes of bread wheat are all either metacentric or sub
metacentric. At second telophase of meiosis the ratio of the lengths of their 
long and short arms ranged from 2.65: 1 (for chromosome 5B) to 1.05: 1 
(for chromosome 6B), according to Sears (1954) (Table 8.3). However, the 
arm ratio of particular chromosomes, notably 5B, apparently varies between 
meiotic and mitotic cells (Larsen and Kimber, 1973). 

Using complete series of electron micrographs of metaphase plates, the total 
volume of the 42 chromosomes of Chinese Spring was recently estimated as 
about 367 and 550,um3 for root-tip cells and meiocytes at first metaphase, 
respectively. This method allows highly accurate estimates of the volumes of 
both individual chromosomes and some of their segments, for example, 
centromeres (Bennett et al., 1981). In two root-tip cells the volumes of 
individual chromosomes ranged from 4.4 to 12.2,um3 , and the ranges of 
volumes of single chromosomes within a cell were from 2.01- to 2. 74-fold. By 
comparison, the volumes of single bivalents in a metaphase I meiocyte showed 
a 1.7-fold range, from 19.3 to 32.9,um3 (J. S. Heslop-Harrison and M. D. 
Bennett, unpublished). 

The total DNA content of a 4C euploid bread wheat nucleus, i.e. a somatic 
nucleus which has completed DNA replication but has not undergone division, 
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TABLE 8.3 The karyotype of Triticum aestivum cv. Chinese Spring, and the relative 
DNA contents of the 21 chromosome types 

Chromosome Length (urn)* Arm length ratio* 4CDNAcontentt 
At first At second (long : short) (pg) 
metaphase telophase at second telophase 

1A 4.67 7.34 1.91: 1 3.076 
2A 5.52 8.11 1.26: 1 3.670 
3A 6.21 8.50 1.15:1 3.338 
4A 5.54 9.04 1.13:1 3.740 
SA 6.43 9.81 1. 79: 1 3.303 
6A 4.71 6.26 1.12:1 3.024 
7A 6.27 9.10 2.21: 1 3.775 

Subtotal 39.35 58.16 23.945 

1B 6.47 10.42 1.38: 1 3.461 
2B 6.87 10.92 1.25 : 1 3.618 
3B 6.87 12.32 1.29: 1 3.723 
4B 5.85 7.91 1.55: 1 3.268 
5B 6.71 11.34 2.65:1 3.985 
6B 6.61 9.10 1.05: 1 3.461 
7B 5.93 8.76 1.24: 1 3.216 

Subtotal 45.31 70.77 24.714 

1D 5.02 5.55 1.82: 1 2.919 
2D 5.58 8.18 1.23: 1 3.426 
3D 5.86 7.45 1.37:1 3.059 
4D 4.90 6.85 1.80: 1 2.779 
5D 4.83 5.77 1.82: 1 2.762 
6D 4.22 5.90 1.11:1 2.762 
7D 6.16 9.06 1.17:1 2.954 

Subtotal 36.57 48.76 20.641 

Total 121.23 177.69 69.300 

* Chromosome lengths and arm ratios for known chromosomes at two stages of meiosis are taken 
from Sears (1954). 
t The DNA contents of the 21 chromosome types were obtained by expressing the relative DNA 
contents (taken from Furuta et al., 1984) as a proportion of the 4C DNA amount for this cultivar 
(69.3pg) given by Bennett and Smith (1976). 

is about 69.3pg (Bennett and Smith, 1976). This value, determined cyto
photometrically, is equivalent to about 6. 7 x 1010 nucleotide pairs or about 
21.4 m of DNA. The haploid lC DNA amount is therefore about 1.65 x 1010 

nucleotide pairs, which can be contrasted with the values for Arabidopsis 
thaliana (7 X 107 nucleotide pairs) and Fritillaria sp. (up to 1.21 x 1011 ). Given 
that the total length of the 21 chromosomes of the lC complement at mitosis 
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is about lOO.um, this represents an overall packing ratio of about 1.87 X 10-5 

between the double helix and the metaphase chromosome. In such chromo
somes the density of DNA has been estimated to be about 0.189pg/.um-3 

(Bennett et al., 1983). 
Nishikawa (1970) has estimated the DNA contents of the 21 chromosomes of 

bread wheat seen as univalents in meiocytes of plants monosomic for each 
known chromosome type (Table 8.3). Later, similar measurements were made 
for monosomic series of five other subspecies of common wheat (Furuta et al., 
1984). 

Nishikawa (1970) reported a correlation coefficient of 0.82 between the 
relative DNA contents and the lengths of the 21 chromosome types of Chinese 
Spring. While such a relationship is expected, the correlation coefficient is 
surprisingly low compared with other species. In rye and barley correlation 
coefficients of 0.98 and 0.99, respectively, have been found (Heneen and 
Caspersson, 1973; Bennett et al., 1982). 

8.2. 7 Chromosome banding and identification 

The ability to identify individual chromosomes and chromosome segments is 
useful in many genetic studies and breeding programmes. The identification of 
wheat chromosomes has been aided in recent years by several new techniques. 
Staining procedures have been developed which result in metaphase chromo
somes having a banded appearance. The banding is due to the differential 
staining of adjacent regions of the condensed chromatin. The distribution 
of the bands is distinctive between species, and also often between individual 
chromosomes within species. 

In the technique known as 'C-banding', chromosome preparations are 
treated with barium hydroxide, then incubated in 2 X sse (SSC = 
0.15moll-1 NaC1, 0.015mol1- 1 trisodium citrate) before staining with a 
Giemsa-type stain. (For technical details see Gill and Kimber (1974), Bennett, 
Gustafson and Smith (1977), Iordansky, Zurabishvili and Badaev (1978) and 
Seal and Bennett (1981).) Figure 8.8 shows the C-banding patterns of hexa
ploid wheat chromosomes. C-banding patterns of somatic wheat chromo
somes were published in 1974 (Zurabishvili, Iordansky and Badaev, 1974; 
Gill and Kimber, 1974). At least 19 of the 21 chromosomes of the haploid set 
can now be individually identified in hexaploid wheat, cv. Chinese Spring 
(Fig. 8.8; Lukaszewski and Gustafson, 1983). The B-genome chromosomes 
and chromosomes 4A and 7 A are the most readily identifiable, since they tend 
to show larger and more numerous C-bands than the other, A- and D-genome, 
chromosomes (the B genome has a greater proportion of C-banded chromatin 
than even the rye genome). Although the largest bands or groups of bands are 
near the centromeres in wheat, there are many interstitial bands and about half 
of the chromosome arms have telomeric bands. The widespread distribution of 
bands is particularly useful for identifying small chromosome segments. 
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Figure 8.8 C-banded karyotype of Triticum aestivum cv. Chinese Spring in columns 
A, Band D and of Secale cereale cv. Dankowskie Zlote in column R. Wheat chromo
somes on the left in each column are composed of two telocentrics. The middle column 
contains normal Chinese Spring. Solid lines on ideograms represent frequently 
observed bands; dotted lines rarely observed bands. A= A-genome, B = B-genome, 
and D = D-genome of Chinese Spring, and R =rye genome. Reproduced from 
Lukaszewski and Gustafson, 1983 by kind permission of the authors and 
(NB Later work resulted in an improved karyotype for the D genome illustrated in 
Lukaszewski, Apolinarska and Gustafson (1987)). 
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In the staining technique known as 'N-banding', a hot acid rather than alkali 

treatment is given to the chromosomes before the staining (see Gerlach (1977) 

and Endo and Gill (1984) for technical details) . TheN-banding pattern for the 

variety Chinese Spring is shown in Fig. 8.9. It is similar to the C-banding 
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Figure 8.9 Sixteen N-banded chromosomes of Chinese Spring. Scale bar= lO.um. 

Reprinted from Endo and Gill (1984). 
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pattern (Fig. 8.8). However, at best only 16 pairs of wheat chromosomes can be 
individually identified by N-banding, since chromosomes 1A, 3D, 4D, 5D and 
6D are unhanded and many other chromosomes lack centromeric and minor 
bands shown by C-banding (Endo and Gill, 1984). 

Different wheat varieties show variation in the size, number and distribution 
of C-bands (Iordansky, Zurabishvili and Badaev, 1978; Seal, 1982) and N
bands (Endo and Gill, 1984). However, this variation does not usually prevent 
the recognition of homologous chromosomes in different varieties (Seal, 1982; 
Endo and Gill, 1984) and may be useful in tracing the pattern of inheritance of 
particular chromosome segments in breeding programmes. The B-genome 
chromosomes show most intervarietal variation, mainly because they have 
more bands. Chromosome 3B, which does not show the most C-bands, shows 
the most intervarietal variation in C-banding (Seal, 1982) and N-banding 
(Endo and Gill, 1984) patterns. Figure 8.10 illustrates variation among 5B and 
7B chromosomes of different varieties, including 5B5/7B5 translocations. 

The banding patterns of chromosomes in a few tetraploid wheats studied 
which have AABB genomes are, as expected, similar to the corresponding 
chromosomes of Triticum aestivum, with only minor variations (Zurabishivili, 
Iordansky and Badaev, 1978; Seal, 1982). The banding patterns of tetraploids 
of the T. timopheevi genome (formula AAGG) are significantly different, 
however. Thus, banding techniques can aid in genome identification (Belea 
and Fejer, 1980; Hutchinson eta!., 1982; Fig. 8.9). 

The diploid wheats (genome AA) show very few Nand C bands, and have 
little heterochromatin (Gill and Kimber, 1974; Gerlach, 1977). An interesting 
observation is that chromosome 4A of the diploid wheat lacks the large C bands 
characteristic of chromosome 4A ofT. aestivum. Furthermore, chromosome 
4A of T. aestivum is more similar in banding pattern to the B-genome chromo
somes, except for 4B which usually has only four small bands. For these and 
other reasons, Dvorak (1983) has proposed the reallocation of these chromo
somes, 4A becoming 4B and 4B becoming 4A. 

Intraspecific (Teoh, Miller and Reader, 1983) and interspecific (Teoh and 
Hutchinson, 1983) variation inC-banding patterns has been found in Aegilops. 
A wide range of variation in the amount and distribution of heterochromatin 
also occurs in these species (Jewell, 1979a, b; Gill, 1981). This suggests that 
banding techniques will be of use for the identification of Aegilops species 
addition and substitution lines and for the identification of wheat-Aegilops 
translocations. Indeed, Ae. umbellulata additions and translocations have 
already been identified using banding techniques (Gill and Kimber, 1977; 
Jewell, 1979b) as have translocations between wheat and barley chromosomes 
(Islam, 1980). 

Wheat chromosomes at metaphase of meiosis were first N-banded by Jewell 
(1979b) and C-banded by Jouve, Diez and Rodriguez (1980). Meiotic and 
mitotic banding patterns are similar, but many of the smaller mitotic bands are 
absent from meiotic chromosomes and so only nine chromosome pairs (1B to 
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Figure 8.10 Intervarietal variation in C-banded B genome chromosomes of bread 
wheat. Cultivars in vertical columns from left to right are: Cocorit; Chinese Spring; 
Holdfast; Mironovskaya 808; Besostaya; Cappelle-Desprez;Hairy-necked Viking. The 
last two lines have a 5B/7B translocation; the 5BL/7BL chromosomes are shown in the 
SB row while the 5BS/7BS chromosomes are in the 7B row. Reproduced from Seal 
(1982) by kind permission of 
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7B, 4A and 7 A) can be reliably identified at meiosis using C- or N-banding 
(Ferrer, Gonzalez and Jouve, 1984; Jewell, 1979a). Jouve, Montalvo and Soler 
(1982) were able to distinguish (but not identify) all 14 wheat chromosome 
bivalents in 6x wheat x 6x triticale hybrids by C-banding and morphological 
criteria. Meiotic chromosome banding has been used to study chromosome 
pairing relationships in interspecific wheat hybrids (Hutchinson, Miller and 
Reader, 1983a), wheat x rye hybrids (Jouve, Diez and Rodriguez, 1980; 
Mettin et al., 1976; Naranjo, Lacadena and Giraldez, 1979; Hutchinson, Miller 
and Reader, 1983b; Orellana, Cermeno and Lacadena, 1984) and 
wheat X triticale (Jouve, Montalvo and Soler, 1982). 

There have been many more studies of C-banding in rye than in wheat, 
mainly because the results are more clear-cut for rye. Unlike those of wheat, 
C-bands of rye occur mostly, but not exclusively, at or near the telomeres 
(see Fig. 8.8). The smaller interstitial sites facilitate the identification of 
individual rye chromosomes. Since the banding patterns are so different from 
those of wheat, banding is clearly very useful for distinguishing wheat and 
rye chromosomes in the same nucleus- in hybrids, in triticales, in wheat-rye 
addition or substitution lines. Banding techniques have been used to identify 
wheat-rye translocations (Bennett and Smith, 1975; Gill and Kimber, 1977; 
Jewell, 1979b; Lukaszewski and Gustafson, 1983), to detect the loss or absence 
of heterochromatin from rye chromosomes (Merker, 1976; Singh and 
Robbelen, 1976; Roupakias and Kaltsikes, 1977; Bennett, 1977b) and also to 
determine the chromosome constitution of triticales (Merker, 1975; 
Lukaszewski and Apolinarska, 1981; Seal and Bennett, 1981). Translocations 
and structural modification occurring during tissue culture have been studied 
in wheat-rye hybrids using C-banding (Armstrong, Nakamura and Keller, 
1983; Lapitan, Sears and Gill, 1984). The transmission of wheat and rye 
chromosomes in octoploid triticale (Weimarck, 1974) and hexaploid 
triticale X wheat hybrids (Lukaszewski, Gustafson and Apolinarska, 1982; 
Gustafson, Lukaszewski and Robertson, 1985) has also been analysed by 
C-banding. The techniques for recognizing the major difference in banding 
patterns between species are clearly useful in programmes of improvement of 
hexaploid wheat which involve the incorporation of alien rye chromosomes or 
parts of chromosomes, and also for the development of triticale as an 
agricultural crop (see Chapter 9). 

While banding techniques have greatly improved chromosome identification 
in cereals, they have important limitations. Chromatin differentially stained by 
these techniques is known as constitutive heterochromatin. However, such 
heterochromatin is known to be of heterogeneous composition in terms of 
the DNA sequences it contains (see below). Thus, different C-bands on the 
same or on different wheat chromosomes may not have the same composition. 
Structural heterogeneity may be partly responsible for the sensitivity of 
banding patterns to variations in technique and experimental conditions. 
Changes in C- or N-banding techniques can produce dramatic changes in 
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banding patterns (Seal and Bennett, 1982; Jewell, 1981). The occurrence of 
minor bands, important in the identification of some A- and D-genome 
chromosomes, can vary with environmental conditions. Since very few 
laboratories use exactly the same technique and conditions, detailed 
comparisons of banding patterns are difficult. 

In tht; future a wider range of banding techniques will be applied to cereals, 
and several may be used in combination. Several fluorochromes can be used 
singly or in sequence to band cereal chromosomes, and C- and N-banding can 
be used sequentially to aid chromosome identification in rye (Schlegel and 
Huelgenhof, 1985). Also C-banding can be combined with in situ hybridization 
in rye (Hutchinson and Seal, 1983). Despite these refinements N- and 
C-banding techniques will probably soon be replaced by new 'banding' 
techniques with greater reliability and specificity. For example, biotin 
labelling, which permits the high-resolution banding of chromosomal sites 
containing specific DNA sequences using non-radioactive probes (see Fig. 
8.13(a)), has recently been successfully applied to cereals (Gill, 1984; Flavell 
et al., 1986a). These techniques may not only improve chromosome identi
fication, but may also enable the identification and location of many gene loci 
within the chromosomes of wheat. 

8.2.8 Highly repeated DNA sequences and chromosome bands 

There is a close correlation between the site of the C- and N-bands and the 
presence of long, tandem arrays of short, repeating sequences in the 
chromosomal DNA. It is therefore likely that this nucleotide sequence 
arrangement is responsible for the chromatin structure that responds to the 
treatments in the banding procedures. The correlation has been established by 
comparing the banding sites with the sites of hybridization of specific DNA 
sequences (Fig. 8.11 ). The most highly repeated DNA sequences in hexaploid 
wheat come from the B genome (Flavell, O'Dell and Smith, 1979; Gerlach and 
Peacock, 1980). When these are isolated and hybridized to wheat metaphase 
chromosomes they hybridize predominantly with B-genome chromosomes. 
The structure and localization of individual kinds of sequences have been 
studied by first purifying families of repeats. This has been done either by 
fractionating total DNA in Ag+ /Cs2S04 gradients (Gerlach and Peacock, 1980; 
Dennis, Gerlach and Peacock, 1980) or by recombinant DNA cloning 
in Escherichia coli (Gerlach, Dennis and Peacock, 1983; Bedbrook et al., 
1980; Hutchinson and Lonsdale, 1982; Appels and Moran, 1984). 

The DNA separating as a 'satellite' on Ag+ /Cs2S04 gradients, because it has 
a buoyant density of 1.699gml-\ accounts for about 1% of the total DNA 
and comes mainly from regions around the centromeres of B-genome 
chromosomes and also of chromosomes 4A and 7 A. This localization matches 
the major C-band locations (Fig. 8.12(a)) and it is possible to identify 
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Figure 8.11 Comparisons of the C- and N-banding patterns of chromosomes lB (top), 
5B (middle) and 6B (bottom) with the distributions of the arrays of two different 
repeated sequences (TC22b and C40). Reprinted from Hutchinson and Lonsdale 
(1982) . The N-banding pattern karyotype is taken from Gerlach (1977) and the C
banding karyotype from Gill and Kimber (1974). 

individual chromosomes by their distribution of satellite DNA (Dennis, 
Gerlach and Peacock, 1980; Hutchinson and Lonsdale, 1982) . The most 
common sequence in the satellite with density 1. 705 g ml- 1 is a repeating unit of 
GAA and GAG trinucleotide pairs (Dennis, Gerlach and Peacock, 1980). 
Other different sequences hybridizing to the same chromosomal regions have 
been purified by molecular cloning (Hutchinson and Lonsdale, 1982). The 
C-bands therefore probably contain tandem arrays of several different 
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sequences, as found in Secale cereale (Bedbrook et al., 1980). Tandem arrays of 
a different sequence with a 120-bp repeating unit are found in the smaller bands 
at or near the ends of the B-genome chromosomes and in some interstitial 
bands (Hutchinson and Lonsdale, 1982; Flavell et al., 1983; Jones and Flavell, 
1982a, b). Chromosome 4A also possesses large amounts of this sequence, 
unlike the other A-genome chromosomes (Fig. 8.12(b)). 

The chromosomal distribution of the Ag+ satellite sequences has been 
investigated in a range of diploid and polyploid Triticum species, to help to shed 
more light on the evolution of the genus and the parents of the polyploids 
(Gerlach, Dennis and Peacock, 1983; Hutchinson and Lonsdale, 1982; Miller, 
Hutchinson and Chapman, 1982). All of the polyploid forms showed essen
tially the same hybridization pattern, by in situ hybridization, with major sites 
on each of the B-genome chromosomes, and also on chromosomes presumed 
to be 4A and 7 A from comparison with characterized hexaploid wheat 
chromosomes. Triticum monococcum, T. boeoticum and T. urartu accessions 
related to the A genome of the polyploids possess very little of the satellite 
DNA sequence, although one chromosome of T. monococcum possesses 
repeats around the centromere related to those in high copy numbers around 
the centromere of the B genome. Also, one chromosome ofT. boeoticum has a 
small telomeric block of repeats similar to that found on chromosome 7 A of 
some polyploid wheats. However, neither this accession nor any other diploid 
wheats analysed possessed a chromosome with major arrays of the repeat 
characteristic of chromosome 4A of polyploid wheats. 

As expected the Aegilops species which possess major blocks of the satellite 
sequence are in the Sitopsis section. An isolate of Ae. longissima most closely 
resembled the B genome in its hybridization pattern, having chromosomes 
resembling 1B, 2B, SB and 7B of hexaploid wheat. Aegilops speltoides, 
favoured on many criteria as the B-genome donor, did not display the pattern 
characteristic of the B genome in the polyploids, although only a limited 
number of accessions were studied. 

The occurrence of blocks of similar sequences on each chromosome of the B 
genome implies that DNA sequences or blocks of sequences have been highly 
amplified and have moved between chromosomes. The similar position of 
these sequences in each chromosome of the set presumably reflects (1) the 
frequent physical interactions between pericentric regions of the chromosomes 
which lead to DNA exchange or (2) where the sequences have been 
accumulated and maintained in the chromosomes to serve a function, as yet 
undefined. 

The nucleotide sequences in the heterochromatin of rye have been studied 
in more detail. At least four different repeat units (Fig. 8.11(b)) are present in 
the telomeric heterochromatin on the short arms of rye chromosomes of the 
varieties studied (Bedbrook et al., 1980; Jones and Flavell, 1982a, b). Three of 
these are not highly amplified in wheat. Their structure has been described 
in detail (Bedbrook et al., 1980; Bedbrook, O'Dell and Flavell, 1980) and 
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one has been sequenced (Appels et al., 1981; Appels, 1983). It contains 21 
tracks of pyrimidines, 5-10 residues long, with two repeats of the sequence 
5'-AACATTTITIGAA-3' and three repeats of the sequence 5'
AAATTTGA-3'. The complex nature of this and other repeating units has 
probably arisen by several mechanisms including DNA transposition (Bed
brook, O'Dell and Flavell, 1980). Similar arrays of repeats to those on the short 
arms are found on some of the long-arm telomeres and also at interstitial sites 
(Jones and Flavell, 1982a, b; Appels et al., 1981). There is variation between 
lines for the amounts of heterochromatin at certain locations and this is 
correlated with variation in the amounts of tandem arrays of specific repeats 
(Appels and Mcintyre, 1985). This variation may result from the inherent 
instability of tandem arrays of repeats (Flavell, 1985). Cloned representatives 
of several of the families of repeats have been used to recognize deletions in rye 
chromosomes and wheat-rye translocations by hybridization of 3H-labelled 
DNA to metaphase chromosomes (Jones and Flavell, 1982a, b; May and 
Appels, 1980; Appels, 1982, 1983). This procedure, although very rewarding, 
is time-consuming if a large number of samples have to be screened. Such a 
need has arisen in European wheat-breeding programmes involving material in 
which the short arm of chromosome 1R (rye) is substituted for the short arm 
of chromosome 1B (wheat). The translocation brings favourable disease 
resistance, but unfavourable baking quality and the possibility that disease 
resistance might break down due to the widespread use of the 1B/1R trans
location. To help to screen such material to detect plants with and without 
the rye chromosome arm, a rapid DNA hybridization procedure has been 
developed (Hutchinson et al., 1985) in which DNA is squeezed out of plant cells 
onto nitrocellulose, denatured and fixed. A 32P-labelled rye-specific repeat 
from the telomeric heterochromatin is incubated with the nitrocellulose to 
allow it to hybridize to any rye DNA present. Such hybridization is detected by 
autoradiography (Fig. 8.13(b ). Thus, the genotype is inferred directly from the 
extent of hybridization and thousands of samples can be processed in a week. 
The method avoids purifying DNA, which is a time-consuming process. 

The availability of specific DNA sequences has therefore provided new tools 
for recognizing variant chromosomes without the need for the variation to be 
expressed in the phenotype (Appels and Mcintyre, 1985). Should phenotypic 

Figure 8.12 Distribution of major families of highly repeated sequences in the wheat 
genome. (a) The hybridization patterns of the radioactive sequence TC 22h to the 
chromosomes of Chinese Spring, organized into the seven chromosomes of the A, B 
and D genomes. (b) The hybridization pattern for the sequence C40. On the left of 
each chromosome is an ideogram of the hybridization pattern. With the exception 
of chromosome 4A the chromosomes of A and D genomes could not be distinguished 
from each other, so diagnostic minor hybridization sites are not shown on these ideo
grams. Reprinted from Hutchinson and Lonsdale (1982). 
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variation be found to be linked with variant blocks of repeats, then probes for 
the latter could be used to follow the gene(s) for the phenotypic variation in a 
breeding programme. 

8.2.9 General features of DNA sequence organization and chromosomal DNA 
evolution 

The coding sequences (genes) occupy less than 0.5% of the total chromosomal 
DNA. They are therefore buried in a vast excess of nucleotide sequences whose 
function has yet to be understood. Some of these sequences can be expected to 
be replication origins, telomeres, centromeres, sites to facilitate chromosome 
pairing, recombination and other functions of chromosome behaviour (Flavell, 
1980) and sequences involved in gene regulation. An important finding in the 
analysis of wheat chromosome structure was that over 75% of the DNA 
consists of families of sequences where each family may consist of thousands to 
over a million related sequences (Flavell and Smith, 1976; Rimpau, Smith and 
Flavell, 1978). With the exception of the families of ribosomal RNA genes, 
most of the highly repeated DNA appears not to be transcribed into RNA. The 
tandem arrays of repeats found in the heterochromatic bands of metaphase 
chromosomes have already been described. Other smaller arrays of repeats 
in a tandem arrangement undoubtedly exist in many places in the genome. 
However, much of the chromosomal DNA also consists of small segments of 
repeated DNA organized in many different complex permutations. In these 
arrangements of scrambled repeats, related sequences, obviously evolved from 
a common ancestral sequence, are scattered over the genome (Flavell, O'Dell 
and Hutchinson, 1981). They could only have assumed this arrangement by the 
transposition of small pieces of repeated DNA from one chromosomal site to 
another. 

The conclusion from many studies on the molecular arrangement of repeated 
DNA sequences in wheat chromosomes is that amplification, deletion and 
sequence rearrangement, including transposition within and between chromo
somes, has played a major role in determining chromosomal size and sequence 

Figure 8.13 Detection of specific chromosomes by in situ hybridization. (a) The 
ribosomal RNA genes on chromosomes lB and 6B of Triticum aestivum. The sites of 
hybridization on chromosomes 1B and 6B of a biotin-labelled ribosomal DNA repeat 
unit are clearly visible. The details of the hybridization procedure are described in 
Flavell eta!. (1986a). (b) The short arm of chromosome lR from rye in wheat. Three 
root tips from each of four plants segregating for the lB/lR translocation were squashed 
onto nitrocellulose and hybridized with a radioactive sequence which is highly repeated 
in rye but not in wheat chromosomes. The plants (2 and 4) carrying the lR segment are 
the only ones to hybridize with the sequence. This method of individual chromosome 
detection is rapid and avoids making chromosome spreads as in (a). For further details 
see Hutchinson et al. (1985). 
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composition. Comparisons between related diploids have shown many 
repeated sequence differences in the highly reiterated sequences organized 
in tandem arrays as described earlier, as well as in the dispersed repeats. 
This implies that the changes in this non-coding fraction of the genome occur 
rapidly in evolution. It has therefore been suggested that the major structural 
differences between the homoeologous chromosomes within the Triticineae 
are a consequence of the rapid 'turnover' of repeated sequences (Flavell, 
1982b). This turnover could therefore be the reason why homoeologous 
chromosomes show reduced pairing, even though they contain related genes 
(Flavell, 1982b ). Wheat and rye chromosomes, for example, are very different 
when the non-coding, repeated nucleotide sequences are examined (Rimpau, 
Smith and Flavell, 1978). It is therefore not surprising that these homoeologous 
chromosomes, evolved from common ancestral chromosomes, do not pair at 
meiosis. 

Structural studies on the repeats of wheat chromosomes have raised many 
important questions such as: why are they present at all, what are their 
functions, and how did they become fixed in populations? In the space 
available here it is not appropriate to speculate extensively on the answers to 
these questions. It is sufficient to point out that these non-coding sequences 
influence the spacing of genes and probably the recombination between them. 
They also affect the amount of DNA per chromosome arm, and therefore 
chromosomal organization in the nucleus (Bennett, 1984c), and the rates of cell 
cycles and plant development, by modifying total DNA mass (see Section 
8.2.4; Fig. 8.7). Sequences probably become amplified, deleted and frequently 
rearranged by stochastic processes, and some sequences may provoke such 
errors by their structural features. Clearly, the products of such events are 
often tolerated, although there is almost certainly selection pressure to 
maintain an adapted karyotype with an acceptable total DNA content. We may 
ask how such sequences have become fixed in the species, when it is not clear 
that they confer sequence-specific advantages on an individual, which would 
allow them to be fixed by selection. Genetic drift has probably been important 
but the sequences themselves may also be predisposed to be amplified or 
'moved' by non-reciprocal processes such as unequal crossing, gene conversion 
and transposition (Flavell, 1982b, 1985, 1986a). Transposable elements which 
contain genes that facilitate their excision from and re-insertion into a 
chromosome are good examples of such pieces of DNA. By processes not yet 
understood in detail, they can increase in a plant and its progeny, being 
dispersed to many new chromosomal sites. It is easy to see how such sequences 
could spread and become fixed in populations by these 'selfish' properties. The 
process of fixation of repeated sequences as a result of non-reciprocal processes 
has been called 'molecular drive' (Dover, 1982). 

Transposable elements in plants appear to be characterized by terminal 
inverted repeats with some elements in different species sharing the same or 
similar inverted repeats (Flavell, 1986a); the process of insertion results in the 
duplication of a short sequence at the site of insertion. The duplicated copies lie 
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on either side of the inserted sequence. Sequences which contain inverted 
repeats close together are very common in wheat chromosomes (Flavell and 
Smith, 1976) and have been observed by electron microscopy in denatured 
DNA which has been allowed to form intrastrand duplexes (Flavell et al., 
1985). Specific transposable elements have been detected close to an a-amylase 
gene (R. A. Martienssen and D. C. Baulcombe, unpublished) and within a 
glutenin gene (N. P. Harberd and R. D. Thompson, unpublished). However, 
these examples have not been observed to move in the course of a breeding 
programme. Most transposable elements would be expected to be silent 
because of the genetic instability and mutational load that they would impose 
on the plant if active. The inactivation of a transposable element could occur 
either by mutation within its gene(s) or by suppression of transcription of its 
gene by methylation of cytosine or other nucleotides. A high proportion of 
the cytosines are methylated in the repeated DNA of wheat chromosomes 
(Gruenbaumeta/., 1981). 

Recent results suggest that some dispersed repeats may have evolved by 
'infection' of an ancestral plant with an RNA sequence which was reverse
transcribed into DNA copies which became the dispersed repeats when ligated 
into the chromosomes. In similar situations characterized in yeast, Drosophila, 
and mammalian chromosomes the integrated DNA copies can be transcribed 
to give rise to an RNA that can be reverse-transcribed to produce more
dispersed DNA copies (Rogers, 1985). These integrated copies are 
characterized by long, direct, terminal repeats with specific terminal 
sequences. These features have been found in a dispersed family in the genome 
of many Triticum and Aegilops species, but the family is absent from the 
accession of Aegilops squarrosa examined (N. B. Harris and R. B. Flavell, 
unpublished; Flavell, O'Dell and Hutchinson, 1981). Such a process of 
spasmodic production of many DNA copies could explain the fixation of such 
sequences in the wheat genome and may account for the origin of a substantial 
proportion of the chromosomal DNA. It is especially interesting because the 
proliferation of the DNA involves reverse transcription of RNA. 

An active transposable element system such as those characterized in maize 
(Freeling, 1984) would be a very useful tool to geneticists, because it would 
enable mutated genes, inactivated by insertion of the element, to be recognized 
phenotypically, and allow a molecular biologist to isolate the gene tagged by 
the element DNA inserted within it (Wienandeta/., 1982). This may turn out to 
be one of the few ways of isolating the developmentally important genes which 
it is highly desirable to understand and manipulate. A research aim is therefore 
to find out how inactive elements in wheat chromosomes can be activated, or 
whether active elements can be introduced from other species. 

8.2.10 Gene structure and genetic mapping using purified genes 

The number of different genes in wheat has not been determined experi
mentally but may be in excess of 30 000 per constituent haploid genome, i.e. 
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90 000 per 1 C genome. Most genes transcribed appear to be present in one or 
a few copies per haploid genome. It is likely that many genes are present in 
small families. This is the case for the wheat genes so far analysed in detail by 
molecular methods, e.g. those encoding the gliadin and glutenin storage 
protein subunits (Harberd, Bartels and Thompson, 1985; Thompson et al., 
1983), a-amylases (Lazarus, Baulcombe and Martienssen, 1985), the small 
subunit of ribulose bisphosphate carboxylase (Broglie et al., 1983), histones 
(Tabata, Sasaki and lwabuchi, 1983; Tabata, Fukasawa and lwabuchi, 1984; 
Tabata and lwabuchi, 1984) and chlorophyll alb binding proteins (Lamppa, 
Nagy and Chua, 1985), as well as for many loci which produce multiple 
isozymes. The reiterated genes in a family are usually found close together in a 
complex locus, but not as tandem reiterations of a single repeat unit. However, 
some complex loci, e.g. for storage proteins and for a- amylases, have been 
duplicated and translocated during evolution, so that several closely related 
complex loci exist in the chromosome complement (Payne et al., 1984; Lazarus, 
Baulcombe and Martienssen, 1985). 

The reasons why many genes are present in small families is unknown. It is 
possible that in some cases different members of the locus are regulated 
differentially during development. Whatever the reasons, the finding has 
important implications for attempts to create null mutations at such loci. It also 
raises the possibility of heterosis within haploids, due to interactions between 
different genes or gene products from the same locus. 

The structure of the first protein-coding gene from the wheat nucleus to be 
sequenced, that for the precursor to the small subunit of ribulose bisphosphate 
carboxylase, is shown in Fig. 8.14. It was purified by molecular cloning of wheat 
DNA in bacteriophage lambda (Broglie et al., 1983). There is a single intron in 
the gene of approximately 270 bp, which separates two exons of approximately 
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Figure 8.14 Map of a wheat gene encoding the small subunit of ribulose bisphosphate 
carboxylase redrawn from Broglie et al. (1983). The positions of the 'T ATA' and 
'CCAAC' elements are marked at 35 and 65 base pairs before the start of the mRNA 
sequence. The other postulated regulatory elements are likely to determine the 
regulation of expression of the gene by light and other factors. Exon 2 and a small 3' 
segment of exon 1 encode the mature enzyme. Most of exon 1 encodes the transit 
peptide. 



The nuclear genome 245 

190 and 670 bp. The intron is spliced out of the mRNA before the mRNA is 
translated. There are a few differences between the sequence of a eDNA 
synthesized from mRNA and the chromosomal gene, presumably because the 
sequences come from different members of the multigene family. These 
differences are mostly in the transit peptide which facilitates transport of the 
protein into the chloroplast. The position of the intron between the transit 
peptide sequence and the mature protein sequence suggests that the gene may 
have evolved by the joining of two separate coding sequences. 

Other important features common to most eucaryotic protein-coding genes 
are visible in this wheat gene, viz. the sequences TATATATA (TAT A-box), 
and CCAAC (CAAT-box), approximately 35 and 65bp, respectively, before 
the initiation of transcription. These are important for correct recognition and 
transcription of the gene by RNA polymerase II. The characteristic type of 
sequences determining the end point of transcription (TT AA TTCTT) is also 
visible at the appropriate position. Similar features can be expected in other 
wheat genes. 

Many examples are now emerging to show that the timing and extent of gene 
expression during plant development is determined by short DNA sequences 
which usually reside upstream from the coding sequence. These sequences 
presumably interact with a regulatory protein or RNA produced in varying 
concentration during development, and transcription occurs or not depending 
on the structure of the DNA-regulatory molecule complex. It will be very 
important to decipher such sequences for wheat genes and to understand the 
control of the regulatory proteins and RNAs, in order to understand the 
molecular basis of plant development and the variation which affects 
development. One way of recognizing such sequences is to look for common 
sequences in the regions residing upstream from different genes which are 
co-ordinately regulated. Comparisons of the sequences of different genes 
encoding endosperm proteins have revealed a sequence of about 25-30 bp 
residing 200-300 bp upstream from the coding sequence which is very similar 
between genes. This is a good candidate for the sequence determining the 
expression of storage protein genes during endosperm development (Forde 
etal., 1985). 

Another way of recognizing the sequences involved in controlling gene 
expression is to delete or mutate candidate sequences and observe the effect on 
gene expression after insertion of the genes into plant cells. Such experiments 
are beginning in wheat (Lorz, Baker and Schell, 1985). An alternative is to 
insert the gene into a Solanaceous plant using the Agrobacterium tumefaciens 
gene-transfer method (Binns, 1984). The wheat gene specifying the chlorophyll 
alb binding protein is active in tobacco and is stimulated by light (Lamppa, 
Nagy and Chua, 1985). It will therefore be possible to determine the precise 
sequences necessary for activation by light by examining the behaviour of 
mutant wheat chlorophyll alb binding protein genes in tobacco. It will not be 
possible to do this so simply with other wheat genes, e.g. for the small subunit 
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of ribulose bisphosphate carboxylase, because their regulatory sequences are 
not similarly recognized in tobacco (N.-H. Chua, personal communication). 

The discovery of techniques to isolate individual genes, and to determine 
their structure, heralds a new era in genetic analysis. Furthermore, purified 
genes have recently been inserted into wheat cells in culture and have been 
stably incorporated into the chromosomes (Lorz, Baker and Schell, 1985). 
When it becomes possible to regenerate whole plants from such cells, the 
isolated genes will be invaluable for creating new variation for use by 
geneticists and breeders, because the isolated genes can be modified in any 
desired way before re-insertion. Out of these experimental procedures, 
variation in copy number, gene position and gene structure may be available in 
isogenic lines, created without the time-consuming and practical problems of 
back-crossing. Genes completely new to the species may also be added to give 
valuable new properties such as herbicide resistance and possibly new forms of 
disease resistance. 

The availability of purified wheat genes also enables their chromosomal site 
to be detected without using crossing procedures or the requirement for genetic 
variation at a locus that is expressed in the phenotype. This is done by 

Figure 8.15 Characterization of restriction fragments of DNA carrying Glu-1 loci. 
DNAs from euploid Chinese Spring and the series of nullisomic-tetrasomic (NT) lines 
(Sears, 1954) were cleaved with EcoRI, separated by electrophoresis, transferred to 
nitrocellulose and hybridized with a eDNA sequence for a high molecular weight 
glutenin gene. The chromosomal source of each hybridizing fragment in euploid DNA 
can be inferred from the fragments deleted in each aneuploid DNA. From Thompson 
et al., (1983). 
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hybridizing the purified gene, or a segment of it, to DNA isolated from the 
various aneuploid lines lacking known chromosome segments. Before 
hybridization the DNA is cleaved with a restriction endonuclease, fractionated 
by electrophoresis and transferred to nitrocellulose by the method of Southern 
(1975) to preserve the pattern of fragment separation. Results using a segment 
of a glutenin gene from the Glu-1 locus as a hybridization probe are shown 
in Fig. 8.15. The DNA fragments from the various Glu-1 loci on chromo
somes 1A, 1B and 1D (Thompson et al., 1983) have been detected by auto
radiography following the DNA/DNA hybridization. The chromosomal 
origin of each fragment was determined by determining which chromosomal 
deletion is correlated with loss of each Glu-1 fragment. This kind of approach 
offers many new opportunities for the mapping of genes of unknown function 
or product, but which have been isolated in the test tube. It is clearly possible to 
provide a large number of new markers on wheat-linkage maps using this 
approach (Helentjaris et al., 1985). 

The hybridization probes need not be genes, but can be any sequences which 
give a suitable, easily interpreted hybridization pattern. Polymorphisms due to 
variation between varieties for the length of DNA between sites where a 
restriction endonuclease cleaves can be used as genetic markers in the analysis 
of segregating progeny. The use of such variation (restriction fragment length 
polymorphisms, RFLPs) will also greatly assist in the development of genetic 
maps. When such markers have been located close to other genes of interest, 
they will provide a means of following important genes in breeding 
programmes. The simultaneous use of many probes will enable many 
chromosome segments to be followed concurrently. Clearly, the development 
of detailed molecular maps with many markers should be a new, important 
objective for wheat chromosome research. 

Valuable information on the physical organization of the short arm of 
chromosome 1B has already emerged using polymorphisms in restriction 
fragment length to map a locus relative to other genes (Snape et al., 1984). The 
hybridization probe was a ribosomal RNA gene. These are located at the 
nucleolus organizer whose physical position on the short arm of chromosome 
1B has been determined by in situ hybridization and by detection of the 
nucleolar constriction in metaphase chromosomes (Appels et al., 1980; Martini 
and Flavell, 1985). When the position of the ribosomal RNA gene locus was 
inferred from recombination frequencies between it and other loci on the same 
chromosome arm, it appeared much more proximal than its true position 
(Fig. 8.16). This illustrates how genetically-derived chromosome maps may 
not reflect true physical maps. The aberration in this case is probably due to 
a lower level of crossing over proximal to the centromere than in the distal 
segment of the chromosome arm (Flavell et al., 1985). This may be because 
the region around the centromere of this chromosome consists of a large block 
of repetitive DNA (see Fig. 8.12(a)) which may not engage in meiotic 
recombination and furthermore may suppress recombination in its vicinity. 
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Figure 8.16 Map of the short arm of chromosome lB. (A) Sites of the loci Gli-B I and 
Glu-Bl, encoding grain storage proteins, the restorer Rf3 of cytoplasmic male sterility; 
the ribosomal RNA gene Nor-], as determined by recombination frequencies (Snape 
et al., 1984); and C, the centromere. (B) The real position of the Nor-Jlocus and the 
distribution of sites containing tandem arrays of repeats. (C) The approximate amounts 
of DNA in the three segments of the short arm, determined on the assumption that the 
amount of DNA in each segment is proportional to the length of the condensed 
chromosome segment. The amount of DNA in the NOR was determined from the 
number of genes and the length of each repeat unit (Flavell and O'Dell, 1979). 

Thus, the development of physical chromosome maps using molecular 
hybridization techniques is important as it provides more accurate information 
on the location of genes than is provided by maps determined by classical 
genetics. 

Estimates of the amounts of DNA in the distal chromosome segment of 
chromosome 1B (where recombination is highest) suggest that 1 centimorgan is 
equivalent to about 106 base pairs (Flavell et al., 1985). Thus, it must be 
realized that genes that appear 'close' on recombination criteria may be far 
apart when viewed on the criteria of the molecular biologist. 

8.2.11 Nucleolus organizers and ribosomal RNA genes 

To understand the control of gene expression at the molecular level for a 
variety of genes is a very important research objective. Recent studies on the 
structure and expression of the genes encoding the wheat 18S, 5.8S and 25S 
ribosomal RNAs are contributing valuable knowledge to this objective (Flavell 
et al., 1986b). 

The genes encoding the 18S, 25S and 5.8S ribosomal RNAs are organized in 
tandem arrays at nucleolus organizers on chromosomes 1B, 6B, 1A and 5D 
(Longwell and Svihla, 1960). The structure of a locus is shown in Fig. 8.17. 

A 

B 

c 
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Each repeat unit gives rise to a polycistronic RNA that is processed into the 
separate ribosomal RNA products. The region between the end of one 
transcription unit and the beginning of the next contains four kinds of 
subrepeats (Appels and Dvorak, 1982a; Barker et al., 1987), the most frequent 
contains about 135 base pairs. The number of 135-bp repeats in each gene 
varies within and between blocks of genes (Appels and Dvorak, 1982a, b; 
Flavell, 1983, 1985). However, the number is much more homogeneous within 
blocks than between blocks. This implies the existence of molecular mech
anisms which homogenize repeat units (i.e. which remove or fix variants) at a 
locus more efficiently than between loci (Arnheim, 1983). These mechanisms 
probably include unequal crossing-over and gene conversion (G. P. Smith, 
1976; Dover, 1982). The sequence of the 135-bp repeats varies within and 
between Triticinae species (Appels and Dvorak, 1982a, b). The variation in 
the structure between the blocks of transcription units is easily detected by 
restriction enzyme digestion of total DNA, transfer of the DNA to nitro
cellulose and hybridization to 32P-labelled rDNA to highlight the unlabelled 
rDNA. It is useful for distinguishing the nucleolus organizers of different 
chromosomes in breeding experiments (Flavell, 1982a). 

Four related short sequences which show dyad symmetry occur between 
80 and 130 bp from where transcription of ribosomal RNA is initiated (Flavell 
et al., 1986b). Comparisons with Xenopus ribosomal RNA genes suggest that 
these are probably important for correct transcription. The array of 135-bp 
repeats lies upstream from these. These latter repeats and the 'B' repeats much 
further upstream (Fig. 8.17) contain sequences which show homology to the 
sequences with dyad symmetry in the promoter. Again from comparison with 
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Figure 8.17 Structure of a wheat ribosomal RNA gene from a tandem array redrawn 
from Barker et al., (1987) containing sequences of the 18S, 5.8S and 25S ribosomal 
RNAs and an expanded view of the intergenic region. The latter contains repeated 
elements A, B and D which are related and involved in the regulation of gene 
expression. 
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Xenopus, this homology is likely to be extremely significant because in 
Xenopus the equivalent repeats function to enhance gene expression probably 
by binding some protein(s), which aids the concentrating of the RNA 
polymerase molecules at the promoter (Reeder, 1984). It is known that 
different ribosomal RNA genes in wheat are active to different extents when in 
the same cell (Martini and Flavell, 1985). This has been inferred from 
comparisons of the volumes of nucleoli formed at different loci and from the 
sizes of the nucleolar constrictions in metaphase chromosomes. This 
differential expression (degrees of dominance) may be due to the differential 
affinity of the array of 135-bp repeats for the postulated regulatory protein. 
Genes whose repeats have a sequence which binds the protein more efficiently 
or which have more DNA-binding sites would attract more protein and be 
more active. This model has been established for Xenopus rRNA genes 
(Reeder and Roan, 1984) and is currently being tested for wheat rRNA genes 
(Flavell et al., 1986b ). This example is included here to illustrate that sequences 
upstream from a coding sequence are important in gene regulation; that 
variation in such upstream sequences exists in wheat and is likely to be 
responsible for differential gene expression (dominance), and tissue- and cell
specific expression; and that the model can explain the nucleolar dominance 
frequently seen in wheat and in interspecies hybrids, e.g. wheat X rye hybrids 
(Darvey and Driscoll, 1972). 

Variation in expression of the rONA loci is also due to variation in the 
numbers of rRNA genes at homologous loci and to genes at other loci (Martini 
and Flavell, 1985), showing that many genetic factors are involved. 

The number of rRNA genes in wheat varieties ranges at least between 8000 
and 16 000 (Flavell and Smith, 1974). Many of these genes are not used, remain 
condensed in heterochromatin and do not take part in nucleolus formation 
(Flavell and Martini, 1982). Although all of the thousands of 18, 5.8 and 25S 
rRNA genes appear very similar in primary sequence, they differ in the extent 
to which and the position at which they carry methyl groups at their cytosine 
residues in the form 5CpG3 . Some genes are methylated at all of the 30 or more 
CCGG sites while others are methylated at only some sites (Flavell, O'Dell and 
Thompson, 1983). The degree of methylation is not constant, but varies in 
response to the number of rRNA genes in the cell. The inactive genes are the 
most methylated and the active genes less so. The methylation of one site 
between the array of 135-bp repeats and the promoter is particulary important 
in relation to gene activity. Introduction of the NOR chromosome from 
Aegilops umbellulata into Chinese Spring wheat results in suppression of the 
wheat rRNA gene activity (nucleolus formation) and increased methylation of 
the wheat (Martini et al., 1982; Flavell, O'Dell and Thompson, 1983), but 
reduced methylation of the Ae. umbellulata genes. This example, therefore, 
illustrates how dominance is associated with a change in gene structure. 

This change is also correlated with a change in chromatin structure, because 
suppression of wheat gene activity results in failure to see the usual metaphase 
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constriction at the NOR chromosome (Martini et al., 1982). The wheat 
ribosomal DNA is condensed in a chromatin form similar to most of the other 
chromatin of th~ chromosome and is more resistant to attack by DNAase I 
(W. F. Thompson and R. It Flavell, unpublished). 

The extent to which this variation in gene number, gene structure, gene 
activity, chromatin conformation and genome interaction are relevant to other 
gene systems in wheat remains to be discovered. However, these studies 
illustrate how molecular information on the principles of gene expression and 
variation in expression is beginning to be uncovered and can be expected to 
accumulate rapidly during the coming years. 

8.3 THE CHLOROPLAST GENOME 

The chloroplast is the site of photosynthesis and a wide range of other 
processes, including amino acid biosynthesis and nitrite reduction (Kirk and 
Tilney Bassett, 1978). Most of the chloroplast proteins are encoded by nuclear 
genes, but about 80 or so are the products of genes in chloroplast DNA and 
are synthesized on chloroplast ribosomes. These include about half of the 
thylakoid membrane proteins and about one-third of the chloroplast ribosomal 
proteins. The chloroplast genome also encodes the chloroplast ribosomal 
RNAs and transfer RNAs. The accumulation of nuclear and chloroplast gene 
products is highly co-ordinated. To understand photosynthesis and how vari
ation may affect it, it is essential that we learn how the genes are regulated and 
how the various protein products are assembled and organized in the organelle. 
With these objectives in mind, considerable progress has been made in under
standing the structure of the wheat chloroplast genome. 

8.3.1 Genome structure 

The wheat chloroplast genome is composed of large, circular DNA molecules 
containing about 135 000 bp, and these molecules appear to be condensed in 
nucleoids (Sellden and Leech, 1981). Each nucleoid probably contains several 
DNA molecules associated with proteins, but it is not known whether all of 
these nucleoids are active or inactive. A representation of a circular chloroplast 
chromosome from Triticum aestivum marking the positions of the genes 
identified to date is shown in Fig. 8.18. Like the chloroplast genomes of most 
plant species, it contains a duplicated segment, the two copies of which are 
inverted with respect to one another. The repeated segment is approximately 
21.0 kbp, the shorter single-copy region is 12.8 kbp and the longer single
copy region 80.2kbp (Bowman et al., 1981). The reason why wheat and so 
many other species possess the large inverted repeats is unknown, although 
their presence does increase the number of copies of the rRNA and some 
tRNA genes. The repeats may also help to maintain genome stability by 
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reducing the probability of genome rearrangements caused by recombination. 
Recombination occurs frequently between the two copies of the large inverted 
repeats, producing an approximately equimolar mixture of chromosomes with 
the two single-copy regions in both possible orientations with respect to 
one another. If one of the repeats were absent, then recombination might 
occur at a high frequency between other pairs of shorter repeats recently 
detected in many positions in the genome (Bowman and Dyer, 1986). Such 
recombination events could lead to abberrant chromosomes. This reasoning is 
supported by observations in the pea, where the chloroplast genome lacks the 
large inverted repeat and where the rate of genome rearrangement is high 
(Palmer and Thompson, 1982). 

The members of each pair of the large duplicated sequences in the genome 
are identical. This is probably due to processes of gene conversion. Some ofthe 
short, dispersed, repeated segments are pieces of genes. In these instances the 
duplicate copy of each pair is unlikely to play any function in the chloroplast 
genome, but is probably a relic of stochastic events which over evolutionary 
time have led to the generation and fixation of small duplications. 
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8.3.2 Classification of chloroplast DNAs in the Triticum/Aegilops genus 

The chloroplast genomes of Triticum and Aegilops accessions belonging to 
many species have been compared with each other by analysing the sizes of 
fragments produced by digestion of the DNA with several restriction 
endonucleases (Bowman, Bannard and Dyer, 1983; Ogihara and Tsunewaki, 

Key to Figure 8.18 

Gene Gene product Reference 

psbA Quinone B binding protein of M.D. C. Barros and 
photosystem II T. A. Dyer (unpublished) 

B 
c 
D 
E 
F 
H 

51 kDa component of photosystem II } 
44 kDa component of photosystem II Courtice et al. (1985) 
D2 component of photosystem II 
Cytochrome b-559 of photosystem II } 
4 kDa component of photosystem II Hird et al. (1986) 

psaA 

atpA 
B 
E 
F 
H 
I 

rpoA 
c 

petA 
B 

10 kDa phosphoprotein component 
of photosystem II 
P700-chlorophyll a component 
of photosystem I 
a-component of ATP synthase 
f3-component of A TP synthase 
E-component of A TP synthase 
I -component of ATP synthase 
III -component of A TP synthase 
a-component of A TP synthase 
a-subunit of RNA polymerase 
{1' -subunit of RNA polymerase 

Cytochrome f 
Cytochrome b-563 

D 15 kDa component of cytochrome 
b-fcomplex 

Smith and Gray (1984) 

Howeetal. (1982a, b, 1983) 
A-S. HoeglundandJ. C. Gray 
(unpublished) 
Hird et al. (1985) 

S.M. Hirdetal. (unpublished) 
A-S. HoeglundandJ. C. Gray 
(unpublished) 
Willey et al. (1984) 
G. R. M. Courtice, A. Phillips 
andJ. C. Gray (unpublished) 

rbcL Large subunit of ribulose- Bowman et al. (1981) 
1 ,5-bisphosphate carboxylase 

rps, rpl Respectively, components of small 
and large subunits of chloroplast 
ribosomes 

20 kDa Putative protein of 20 kDa size 
Large arrows show inverted repeats in genome. Small arrows show direction of tran
scription of individual genes. 
rrn Ribosomal RNA 



TABLE 8.4 Classification ofTriticum/Aegilops chloroplast DNAs 

Cytoplasm type, classified Chloroplast DNA Species/accessions Ploidy 
by effect on phenotype classification by 
(Tsunewaki et at., 1976) restriction endonuclease 

mapping 
w+ A+ 

A At la Triticum boeoticum 2x 
Az la T. monococcum 2x 
A T. urartu 2x 

s sb sb lb Aegilops bicornis 2x 
sv lb Ae. kotschy 6x 
s' s' lc Ae. sharonensis 2x 
S' s' Ae. searsii 2x 
Some speltoides s Ae. speltoides 2x 
may beG MNITIKIH2 

sz A e. speltoides S 2x 
s s3 8 Ae. speltoides A 2x 
stz s12* Ae. longissima 2x 

B 7 Triticum aestivum, 6x 
T. spelta 

B 7 T. dicoccoides, 4x 
T. dicoccum 

G 5 Aegilops aucheri 2x 
G 5 Triticum timopheevi, 4x 

T. araraticum 
5 T. zhukovskyi 6x 
5 Aegilops speltoides 2x 

D D 9a Ae. squarrosa 2x 
D' 9a Ae. ventricosa 4x 

9b Ae. cylindrica 4x 
Dz ld Ae. crassa 4x 

ld A e. juvenalis 6x 
ld Ae. vavilovi 6x 

c 2 Ae. caudata 2x 
2 Ae. triuncialis 4x 

cu 3 Ae. umbellulata 2x 
3 Ae. triuncialis 4x 
3 Ae. columnaris 4x 
3 Ae. triaristata 6x 

Mt 4 Ae. mutica 2x 
Me 4 Ae. mutica 2x 

Mo 6 Ae. ovata 4x 
Mu 10 Ae. uniaristata 2x 
M lla Ae. comosa 2x 

llb Ae. heldreichii 2x 
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1982). Numerous relative insertions, deletions or inversions were detected, 
ranging in size between 50 and 1200 bp. Their locations are not random but are 
clustered in the regions containing the atpB, E, rbcL and psbC and D genes 
(see Fig. 8.18; Bowman, Bonnard and Dyer, 1983). They probably accumulate 
in regions of the genome where rearrangements are more readily tolerated 
and/or which contain sequences which provoke recombination events. The 
chloroplast genomes surveyed to date can be divided into 23 classes on the 
basis of their structural features (Table 8.4). There is a good agreement 
between this classification and that determined from assessing effects of vari
ation in the cytoplasmic genomes on the plant phenotype (Tsunewaki et al., 
1976; Tsunewaki, Mukai and Endo, 1980) and they give a similar resolution. 
However, the molecular variation detected is probably not the cause of the 
phenotypic variation but linked to it, or co-inherited with it, if it originates in 
the mitochondrial genome. The distinctness of the chloroplast genomes of 
different species implies that fixation of a new variant in all of the chloroplast 
DNA molecules of an individual and a population occurs readily. This is 
probably due to the sectoring of organelle genomes during the development of 
cell lineages and to the strict maternal inheritance of organelle genomes. 

The ease, speed and reproducibility of classifying cytoplasms on the basis of 
cleavage of chloroplast DNA by restriction endonucleases make it the method 
of choice for identifying cytoplasms (Vedel et al., 1978, 1981). It avoids having 
to transfer a cytoplasm into a standard nuclear background by back-crossing
something essential if a cytoplasm is to be classified by its phenotypic effects. 
Recently, the presence of Aegilops ventricosa cytoplasm in a hexaploid wheat 
into which disease-resistance genes had been introduced from it was deter
mined by restriction enzyme analysis of chloroplast DNA (C. M. Bowman 
and T. A. Dyer, unpublished). 

The chloroplast DNA of tetraploid and hexaploid wheat most closely 
resembles that of the S-type cytoplasm of the Sitopsis group, but it was not 
identical with that of any particular wild diploid analysed from this group 
(see Table 8.4) including several accessions of Ae. speltoides (Ogihara and 
Tsunewaki, 1982). Therefore, although the precise diploid progenitor has 
not (yet) been identified, the implication is that the maternal parent in the 
formation of the tetraploid AABB hybrid came from the Sitopsis group 

Footnote to Table 8.4 

w+, ctDNAs studied from cultivated hexaploids, tetraploids and wild diploids (Bowman, Bonnard 
and Dyer, 1983). 
A+, ctDNAs studied from alloplastic lines of hexaploid wheat (Ogihara and Tsunewaki, 1982). 
Bowman, Bonnard and Dyer (1983) have used letters previously given to nuclear genomes to 
classify cytoplasm types, while Ogihara and Tsunewaki (1982) have used numbers. 
* Aegilops longissima chloroplast DNA was classified in the B (7) group by Ogihara and 
Tsunewaki (1982). The discrepancy between laboratories may be the result of using different plant 
material. 
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(Tsunewaki et al., 1976; Bowman, Bonnard and Dyer, 1983). It has also been 
confirmed by analyses of mitochondrial DNAs, that Ae. speltoides was not a 
parent of tetraploid AABB wheats or the hexaploids. However, an accession of 
A e. speltoides has been found with a chloroplast DNA apparently identical with 
that of Triticum timopheevi and T. zhukovskyi. Restriction enzyme analysis of 
chloroplast DNA has also revealed that all or most of the chloroplast genome 
variation in the genus Triticum was present before the spread of polyploids 
(Tsunewaki, Mukai and Endo, 1980; Ogihara and Tsunewaki, 1982). 

8.3.3 Numbers of chloroplast genomes per organelle and per cell 

Chloroplasts contain proteins encoded by both chloroplast and nuclear genes, 
and often the amounts of such proteins in a particular complex is similar. 
However, the numbers of genes for proteins encoded in the two cell com part
ments are very different. Calculations suggest there are between 16 000 and 
23 000 copies of chloroplast DNA per cell in the mesophyll cells of expanded 
hexaploid wheat leaves (Table 8.5). Ribulose-1 ,5-bisphosphate carboxylase, 
for example, has 12 nuclear genes specifying its small subunit (Broglie et al., 
1983) and about 20 000 genes specifying its large subunit. The reason for this 
major discrepancy in gene numbers per cell is not understood, but the large 
number of chloroplast genomes may be required to maintain sufficient 
ribosomal RNA and transfer RNA molecules in the chloroplasts to match the 
translational capacity of the cytoplasm. It is probable that not all copies of all 
chloroplast genes are transcribed. The number of chloroplasts in these 
mesophyll cells (130--155; Jellings and Leech, 1984) implies that each mature 
chloroplast contains about 125-170 molecules of chloroplast DNA. This 
number and the number of organelles per cell differ between cells at different 
stages of plant development. 

On average approximately 5-7% of the cellular DNA in cells of hexaploid 
wheat leaves is chloroplast DNA (Table 8.5; Jellings and Leech, 1982; 
Bowman, 1986). This represents 10--14% ofthe DNA ofmesophyll cells which 
comprise only 50% of the population of living cells in hexaploid wheat leaves. 
In recent measurements by Bowman (1986) the ration of chloroplast DNA 
to nuclear DNA was found to be similar in diploids, tetraploids and hexa
ploid species, indicating that polyploidization has not disturbed the presumed 
nuclear DNA control over chloroplast DNA amounts (see Fig. 8.7(e)). How
ever, hexaploid wheats may have more chloroplast DNA molecules per 
chloroplast in mesophyll cells than do diploid wheats (Bowman, 1986). This is 
because the increase in the number of chloroplasts per cell does not increase 
linearly with ploidy (Jellings and Leech, 1984). 

The similar ratio of nuclear to chloroplast DNA in the various wheat species 
of differing ploidy analysed suggests this is an important parameter maintained 
by selection. It may be conserved because regulatory systems have evolved to 
co-ordinate the activities of a fixed ratio of chloroplast : nuclear genes in any 
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given species. For example, the levels of important proteins regulating gene 
expression may have been selected to interact with specific numbers of nuclear 
and chloroplast genes in order to sustain appropriate levels of mRNAs. 

8.3.4 Manipulation of chloroplast genes 

Many chloroplast genes have been purified by molecular cloning and 
sequenced (Dyer, 1985). The derived amino acid sequences enable models of 
protein secondary structure to be built. It will be important to learn how the 
various proteins of the electron transport systems are assembled into and 
function in membrane complexes. Only then will we have a better idea how 
to modify proteins to enhance photosynthetic efficiency. Efforts to explore 
how variation in amino-acid sequence affects the function of ribulose-1 ,5-
bisphosphate carboxylase have begun. The genes for the large and small 
subunits have been purified from wheat and inserted into the same Escherichia 
coli cell under the control of appropriate bacterial promoters (D. Bradley 
and S. Vander Vies, unpublished). However, assembly of active enzyme has 
not yet been detected in cells where both subunits are synthesized, possibly 
because another protein may be required for assembly (Barraclough and 
Ellis, 1980). Nevertheless, wheat small subunits, synthesized in an E. coli cell 
also making the large subunit from the cyanobacterium Anacystis nidulans, 
can assemble with the cyanobacterial large subunit to form an active enzyme 
(Bradley and Gatenby, 1986; Van der Vies, Bradley and Gatenby, 1986). 
Using these approaches it should be possible to find out whether it is possible to 
create variants of wheat carboxylase with a better carboxylation : oxygenase 
ratio and thereby improve the efficiency of the photosynthesis process. 

Chloroplast genes are expressed when inserted into Escherichia coli. This is 
because they have not lost their prokaryotic-like regulatory sequences during 
their evolution in the plant cell from photosynthetic prokaryotes. Chloroplast 
genes possess promoters and ribosome binding sites similar to those in E. coli 
(Whitfeld and Bottomley, 1983). It was established recently, by selecting 
mutants in E. coli with altered expression in the promoter of the gene for the 
/3-subunit of maize ATP synthase, that these are used during gene expression 
in chloroplasts. These mutations also affected gene transcription in a similar 
manner in an extract prepared from chloroplasts (Bradley and Gatenby, 1986). 
Study of the expression of chloroplast genes in E. coli can therefore reveal 
much about these genes and their probable behaviour in chloroplasts. 

A 32-kDa quinone-binding protein of the photosystem II complex of the 
chloroplast (psbA gene product) contains the site of action of the triazine 
herbicides. Mutants in dicots and grasses which have been selected to be 
resistant to these compounds have an amino acid change in this protein 
(Hirschberg and Mcintosh, 1983; D. Barros and T. A. Dyer, unpublished). 
It should be possible to select mutants of wheat which are resistant to triazine 
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herbicides due to a similar amino acid change, and these may be useful in 
certain agricultural situations. 

In the future it is hoped that it will be possible to introduce new genes ihto 
chloroplasts from the test tube. For wheat this will require the capability of 
regenerating plants from single cells and selecting for chloroplasts in such cells 
which have received the new genes. When this is achieved knowledge of the 
molecular biology of chloroplast genes will facilitate the creation of much new 
variation affecting photosynthesis and other physiological processes of the 
chloroplast. 

8.4 THE MITOCHONDRIAL GENOME 

Mitochondria are the sites of A TP production by oxidative phosphorylation of 
the products of glycolysis and catabolism of other energy sources, and many 
mitochondrial genes are concerned with oxidative phosphorylation. However, 
other genes appear to determine cytoplasmically inherited male sterility, of 
importance in hybrid seed production. This has greatly stimulated research into 
the mitochondrial genomes of agriculturally important species. 

Plant mitochondrial genomes are larger and more complex than chloroplast 
genomes (Ward, Anderson and Bendich, 1981; Lonsdale, 1986). They encode 
only half or one-third as many polypeptides as chloroplast genomes. Studies on 
the number of proteins that are made in isolated mitochondria suggest that 
fewer than 50 protein-encoding genes lie on the mitochondrial chromosomes, 
together with the genes of the 26S, 18S and 5S ribosomal RNAs and the tRNAs 
(Forde and Leaver, 1980; Hack and Leaver, 1983; Lonsdale, 1986). A few of 
the genes encoding proteins have been recognized, e.g. subunits I, II and III of 
the cytochrome-oxidase complex, subunits 6 and 9 of the F0 and the a-subunit 
of the F1 components of the A TP synthase complex and subunit I of the 
NADH-ubiquinone oxidoreductase (Lonsdale, 1986). Structural studies on the 
genes have shown that an intron exists in the wheat cytochrome oxidase II gene 
(Bonen, Boer and Gray, 1984); this is a general feature ofmonocot cytochrome 
oxidase subunit II genes, but not of other polypeptide genes. Comparative 
studies between mitochondrial genomes of different species suggest that only 
50-100 kbp are conserved and therefore likely to encode proteins and the 
components of the ribosome machinery. This amount of DNA constitutes only 
a relatively small fraction of the total mitochondrial DNA (Lonsdale, 1986). 

Maps generated by the ordering of different wheat DNA restriction 
fragments (Quetier et al., 1985) indicate a basic genome size of around 400-
450 kbp of non-methylated DNA. As shown for other mitochondrial genomes, 
the basic chromosomes appears to be circular (Quetier et al., 1985). Ten 
different short-sequence duplications have been identified in the wheat 
mitochondrial genome. These are located at different positions, and all appear 
to be involved in homologous recombination events. Recombination between 
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repeats, particularly those in the same orientation, would lead to the 
partitioning of the genome into a collection of smaller, circular molecules. It is 
therefore likely that the mitochondrial chromosomes exist in a diversity of 
recombinant forms in a cell and probably in one mitochondrion. . 

One of the repetitive DNA elements of the wheat mitochondrial genome 
contains the 18S and 5S ribosomal RNA genes (Falconet et al., 1984). The 18S 
and 5S RNA genes can be identified on four different restriction fragments. 
These share a common internal region, but have different paired comoinations 
of flanking sequences. These have been characterized in detail, and are 
illustrated in Fig. 8.19. Such structures are clearly suggestive of recombination 
occurring between two duplicated sequences. In this example the duplicated 
sequence contains the genes for the 18S and 5S ribosomal RNAs. The 
consequences of the plethora of recombinant forms for the control of 
mitochondrial gene expression during development, if any, is unknown at 
present. 

The presence of a large amount of non-coding DNA and the complex 
genomic organization explains the variation in restriction endonuclease frag
ment patterns observed between some Aegilops and Triticum species (Vedel 
et al., 1978, 1981 ). As described for chloroplast DNA this is a useful diagnostic 
tool for surveying cytoplasmic variation. Such variation has been found 
within Zea mays (McNay, Pring and Lonsdale, 1983) and other species. In 
many species altered mitochondrial chromosome structure correlates with a 
failure in pollen development and cytoplasmically-inherited male sterility 
(Pring, Conde and Levings, 1980; Mikami et al., 1985; Conde et al., 1982). 
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Figure 8.19 Four products of recombination at sites in or around the wheat 
mitochondrial 18S and 5S rRNA genes. The chromosomal fragments are the result of 
recombination within the area common to all structures. Redrawn from Quetier eta!. 
(1985) and Falconct et al. (1984). Chromosome fragment identity outside the common 
region is indicated by length and shading. 
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However, the specific molecular cause( s) of a failure in pollen development has 
yet to be determined, though changes in specific DNA sequences appear to 
be causally related to the phenomenon (Schardl, Pring and Lonsdale, 1985; 
Dewey, Levings and Timothy, 1986). This is an interesting area for active 
study, in view of the renewal interest in hybrid wheat. 

One of the usual features of plant mitochondrial genomes is that they contain 
segments of chloroplast DNA (Stern and Palmer, 1984; Lonsdale, 1985) and 
wheat is no exception (Quetier et al., 1985). This illustrates that chloroplast 
DNA is transferred to mitochondria and is occasionally fixed in the mito
chondrial genome of a species. Whether the chloroplast DNA is neutral in the 
mitochondrial genome or is advantageous is unknown. 

As more is understood about the mitochondrial genome in wheat and its 
variants, many useful cytoplasmic markers are likely to arise to survey cyto
plasmic variation emerging from wide crosses, tissue culture and mutation 
experiments. 

8.5 CONCLUDING REMARKS 

The results summarized in this chapter offer many new opportunities for wheat 
geneticists and breeders. Individual chromosomes can now be identified by 
their size and banding patterns after C-banding treatments and also following 
hybridization with specific, purified DNA sequences. These techniques have 
opened up the possibility of adding physical mapping of chromosomes to 
recombination or genetic mapping. The physical methods are more rapid, 
do not require genetic variation at loci, and are beginning to reveal how 
the uneven distribution of recombination sites along chromosome arms have 
produced distorted genetic maps. In addition, many loci and alleles will be 
recognized in the future by their linkage to specific DNA sequences and 
mutations recognized by restriction endonucleases. All of these studies offer 
new approaches to handling genes and chromosomes in genetic and breeding 
programmes. 

Divergence of genomes during speciation, long recognized from chromo
some-pairing studies, can now be clearly seen to have involved major changes 
in the complement of repeated-sequence DNA. Many of these repeats are a 
source of variation within species, and the existence of transposable elements 
offers new thoughts for explanations of mutations and phenotypic instabilities. 

The structure of a few genes has been revealed by DNA sequencing. The 
sequences around the genes determining regulation of expression can be 
interpreted where suitable in vivo assays are available. This is possible where 
the wheat genes function correctly after being inserted into tobacco cells 
and whole plants regenerated. The regeneration of wheat plants from cells 
containing newly inserted genes will, hopefully, soon be possible. This will 
open up the means of analysing all wheat genes and the directed manipulation 
of wheat to bring considerable benefit to wheat breeding. 
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CHAPTER 9 

Triticale breeding 

R. S. Gregory 

9.1 INTRODUCTION 

9.1.1 Historical developments 

Amphiploids have long been of interest to taxonomists, cytologists, 
pathologists and breeders. The topic is more generally covered in Chapter 7, 
but the wheat-rye amphiploid triticale (x Triticosecale Wittmack) should 
receive special mention because of its potential as a crop of economic 
importance. The methods used in triticale improvement lie midway between 
those used in conventional breeding within naturally occurring crop species and 
new methods of crop improvement involving genetic engineering. Since new 
amphiploids are unlikely to be developed in the future, it is appropriate to 
review the progress which has been made in improving triticale as a crop species 
in many parts of the world. 

The first wheat-rye hybrid plants, which were completely sterile, were 
reported by A. S. Wilson in 1876. It was not untill5 years later that W. Rimpau 
recorded fertile sectors in a spike of a wheat-rye hybrid. These arose from 
spontaneous chromosome doubling, and the amphiploid plants derived from 
them were not only fertile but of uniform phenotype. At that time triticale 
was a mere scientific curiosity involving combinations of hexaploid wheat, 
predominantly Triticum aestivum, and diploid rye (Secale cereale). Whilst there 
remains some interest in developing octoploid types in China, more-recent 
research has been almost exclusively devoted to the improvement of hexaploid 
types using Triticum durum as the wheat parent (Fig. 9.1). This work has been 
greatly expanded following the use of colchicine for chromosome doubling, 
and the introduction of techniques for culturing embryos on artificial media 
(O'Mara, 1948). 

Tribute should be paid to the early workers who laid the foundations for 
the exploitation of triticale as a new crop species (Miintzing, 1939). This 
commitment has been maintained for more than 50 years in some research 
establishments, and formed the basis of the major expansion which took place 
in the early-1950s. This included the initiation of a breeding programme at the 
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Figure 9.1 Ears of hexaploid triticale (centre), wheat (left) and rye (right). 

University of Manitoba, which in turn Jed to the initiation of the CIMMYT 
triticale programme in Mexico. Meanwhile the development of winter types 
benefited from the establishment of breeding programmes in several Eastern 
European countries. Today research on triticale is being conducted alongside 
wheat breeding programmes, albeit on a smaller scale, in most countries. 

The primary aim of this chapter is to comment on some of the practical 
advantages of triticale and to discuss the problems facing breeders who work 
with the crop. More-fundamental aspects are covered by reference to the 
literature, and in particular to the reviews by Gupta and Priyadarshan (1982) 
and Skovmand, Fox and Villareal (1984). 

9.1.2 Taxonomy 

The first published name for the amphiploid between Triticum and Secale 
was X Triticosecale Wittmack (Wittmack, 1899) and although other names, 
such as Triticale Miintzing have been suggested (Miintzing, 1936), these are 
illegitimate according to the International Code of Botanical Nomenclature. 
Attempts to name species within the genus have been even Jess satisfactory. 



Breeding methods 271 

Taxonomic problems are discussed in some detail by Gupta and Priyadarshan 
(1982), who distinguish three principal types oftriticale. 

Primary triticales arising directly by doubling the chromosome complement 
of a wheat-rye cross. 
Secondary triticales derived from hybrids between triticales at the same or 
different ploidy level. 
Substitutional triticales in which chromosomes from genomes other than 
A, B or R (most frequently the D genome) have been substituted for 
chromosomes in the normal hexaploid triticale karyotype. 

This classification is simpler than that proposed by Miintzing (1979) in which 
distinction between some groups was only possible after detailed cytological 
analysis. 

9.1.3 Ploidy levels 

Triticales have been developed at the tetraploid, hexaploid, octoploid and 
decaploid levels. Miintzing (1939) was one of the first to use the colchicine 
technique to synthesize a range of octoploid and hexaploid triticales. In his 
intensive programme, which continued for the next 40 years, he created further 
genetic variation by intercrossing triticales of different ploidy or by hybridizing 
them with bread wheats. 

Although most of the earlier work in Sweden and elsewhere was directed 
towards the development of agriculturally acceptable octoploid triticales, 
this work was largely unsuccessful, and breeders throughout the world have 
more recently concentrated their attention on the breeding bf hexaploid forms 
which currently occupy more than 750000ha worldwide (Varughese, Saari 
and Abdalla, 1986). 

9.2 BREEDING METHODS 

9 .2.1 Synthesis of primary triticales 

Although tetraploid triticales have been synthesized directly from crosses 
between diploid rye and diploid wheat (Sodkiewicz, 1984), they are extremely 
difficult to make and to propagate because of low crossability and male 
sterility. More success has been achieved by crossing hexaploid triticale with 
diploid rye (Krolow, 1975). Such tetraploid triticales have a complete rye 
genome and a mixed wheat genome of A and B chromosomes. Tetraploid 
types are being developed in Poland for agricultural use with the hope of 
obtaining greater expression of rye characteristics for extreme situations 
(Lapinski and Apolinarska, 1985). Greater effort is being devoted to using 
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tetraploid triticales as parents in crosses with octoploid types to form hexaploid 
triticales with a complete rye genome and mixed wheat genomes of A, B and 
D chromosomes. 

The synthesis of hexaploid triticales has become a routine procedure 
following the development of the embryo culture and colchicine techniques. 
Alternatively, the tetraploid wheat and diploid rye parents may be treated with 
colchicine before crossing to produce hexaploid triticale directly. A wide range 
of primary hexaploid triticales has thus been made available for selection and 
hybridization. 

Early work on the development of octoploid triticales was based upon 
spontaneous amphiploids identified in the USA, the USSR, Germany and 
Sweden (Miintzing, 1979). Synthesis of further octoploids has been restricted 
because of the low crossability of wheat and rye imposed by the genes Kr1 

and Kr2 • This problem can be overcome, however, by incorporation of the 
recessive alleles of the genes from readily crossable wheat varieties like 
Chinese Spring, or by grafting wheat embryos onto rye. Details of these 
procedures are reviewed by Gupta and Priyadarshan (1982). 

Little work has been reported on triticales of higher ploidy level, though 
Miintzing (1955) obtained a decaploid by crossing an octoploid triticale with a 
diploid rye. This line has poor vigour and irregular meiosis with a strong 
tendency to revert to lower chromosome numbers. 

9.2.2 Secondary and substitutional triticales 

Primary triticales tend to be tall and to show partial sterility and poor 
endosperm development. Selection against the latter problems, which appear 
to be associated with the presence of terminal heterochromatin from rye, may 
be made in crosses between primary triticales (Gustafson, Lukaszewski and 
Robertson, 1985) or even after a few generations of selfing (Rupert, Rupert 
and Beatty, 1973). Primary triticales are invariably used as parental material 
for the improvement of secondary triticales. 

Major advances, particularly in the development of spring types in low
latitude countries, were often attributed to chromosome substitutions in the 
rye genome. It is presumed that the spontaneous outcross of an early CIMMYT 
triticale with bread wheat gave rise to the hexaploid triticale Armadillo, in 
which chromosome 2R from the rye genome was replaced by 2D from the 
wheat genome (Gustafson and Zillinsky, 1973). This variety had greatly 
improved yield and grain quality, showed insensitivity to day-length and 
incorporated a gene for reduced height derived from the wheat parent 
(Zillinsky, 1974). Many similar substitutions have since been reported 
(Gregory, 1974; Merker, 1975; Darvey and Gustafson, 1975; Pilch, 1981) 
though, as Gustafson, Lukaszewski and Robertson (1985) point out, their 
numbers have been exaggerated in studies relying on chromosome-staining 
techniques because rye chromosomes which have lost their heterochromatin 
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have often been mistaken for wheat substitutions. On the other hand, selection 
of winter triticales, which are primarily grown in long-day conditions, appears 
to favour the retention of the full complement of rye chromosomes (Seal and 
Bennett, 1981; Lukaszewski and Apolinarska, 1981). Genetic variation, 
particularly in the CIMMYT programme, became very limited due to the 
extensive use of Armadillo in crosses (Skovmand, Fox and Villareal, 1984). 
Further variation was therefore created by intercrossing hexaploid triticales or 
by crossing hexaploid and octoploid lines. These latter crosses, which have 
been extensively used at CIMMYT, allow recombination to take place within 
the A and B genomes by exploiting the tetraploid and hexaploid wheat gene 
pools. The octoploid triticale is commonly used as the female parent in such 
crosses, leading to the replacement of the tetraploid wheat cytoplasm normally 
present in hexaploid triticales with hexaploid wheat cytoplasm. The altered 
cytoplasm : nucleus ratio (Maan, 1979) offers further opportunities for 
interactions and recombinations of agronomically valuable characters. These 
aspects are fully discussed by Gupta and Priyadarshan (1982) and by 
Skovmand, Fox and Villareal (1984). 

9.3 YIELD 

Yield was a particularly important objective in triticale breeding programmes 
during the 1960s and 1970s, because selections available at that time were low 
yielding but showed great potential for improvement. Dramatic increases in 
yield were recorded in many parts of the world during this period, particularly 
in those breeding programmes which operated two cycles of selection per year 
(Larter and Hsam, 1973; CIMMYT, 1981). 

9.3.1 Comparison with other cereals 

The initial stimulus to triticale breeding was based upon the hope that the crop 
would increase total grain production by extending the area of cereal 
cultivation. However, triticales were soon found to perform better in less
extreme environments where they must compete with established cereals. It is 
therefore often desirable in triticale breeding programmes to make 
comparisons with wheat, barley and rye. 

Encouraging results have been reported when triticale controls were 
included in wheat trials. Thus, the Mexican spring triticale Mapache performed 
well in the 14th-16th International Triticale Bread Wheat Yield Nurseries 
distributed by CIMMYT, and the Polish winter triticale Lasko was the highest
yielding entry in the International Winter Wheat Performance Nursery 
distributed by the University of Nebraska (Stroike and Johnson, 1972). 
Conversely, wheat controls, particularly of durum wheat, generally performed 
poorly when included in triticale trials, both on a global scale (Varughese, Saari 
and Abdalla, 1986), and at the local level (Gregory and Hampson, 1982). 
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TABLE 9.1 Grain yield, biomass and harvest index of triticale, rye and wheat grown in 
sandy soil and clay loam in 1983. (Data from Ford et al., 1984) 

Sandy soil Clay loam 

Grain Biomass Harvest Grain Biomass Harvest 
yield (t ha- 1) index yield (t ha- 1 ) index 
(t ha- 1 ) (t ha- 1) 

Triticale 5.1 15.2 0.33 7.4 18.5 0.40 
Rye 4.7 14.0 0.34 7.0 17.5 0.40 
Wheat 4.4 12.4 0.35 8.6 20.0 0.43 

However, Fischer (1979), workihg in Mexico, questioned the validity of such 
comparative yield estimates and demonstrated the importance of competition 
effects between genotypes of different height. Experiments in the UK have 
resulted in similar estimates of competitive effects in rather different 
environmental conditions (Kempton et al., 1986). This leads to the conclusion 
that competition between plots commonly occurs in yield trials and would be 
particularly serious when comparing tall triticale selections with shorter wheat 
or barley controls. Nevertheless, when due allowance has been made for 
competition effects, or they have been avoided by the use of adequate guard 
plots, the yield of triticale selections has been found to be at least comparable 
with those of wheat and rye controls in certain conditions (Kempton et al., 
1986; Ford et al., 1984; Table 9.1). This is further illustrated in Table 9.2, where 
the yields of two triticale selections are compared with those of wheat and rye, 
before and after adjustment for interplot competition, as described by 

TABLE 9.2 Yields and mean heights of triticale, wheat and rye varieties in NIAB 
trials at two sites in 1982. (Data courtesy of National institute of Agricultural Botany, 
Cambridge) 

Recorded yields Yields adjusted for Mean 
(t ha- 1 ) competition effects height 

(t ha- 1) (em) 
Cambridge Sparsholt 

Cambridge Sparsholt 

Triticale 
Salvo 8.1 7.7 8.3 7.8 109 
WTCB129 8.0 7.5 7.7 7.4 130 

Wheat 
Avalon 6.5 6.6 7.1 7.1 76 

Rye 
Animo 6.6 5.9 6.1 5.7 154 
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Kempton et al., (1986). The adjusted yields of Avalon (7.1 t ha- 1 in each trial) 
agree well with the recorded yields of7.2 t ha- 1 in adjacent wheat trials, where 
competition effects would have been minimal, at each of the two sites. The 
highest-yielding variety in these adjacent wheat trials, Aquila, gave exactly the 
same yields as those calculated for Salvo in the absence of competition effects. 

A further complication in making direct comparisons between cereals, 
particularly in high input situations, arises because of the different husbandry 
requirements of the crops. For example, in the UK conditions are conducive to 
lodging and triticale crops would probably receive an application of plant 
growth regulator but rather less nitrogen fertilizer than wheat, whilst wheat 
crops commonly receive two or three applications of fungicide to safeguard 
their high yield potential. Very few direct comparisons attempt to overcome 
both the competition and management limitations. 

The potential of triticale may also be ascertained by indirect comparison with 
other cereals. Yield comparisons between wheat and triticale selections in 
adjacent trials in the Yaqui Valley in Mexico show that the yield advantage of 
the wheat has been gradually eroded over the years (CIMMYT, 1978). 
Similarly, the performance of winter triticales in the UK can be judged from the 
yields of the highest-yielding triticale, wheat and barley selections from 
breeding programmes at the Plant Breeding Institute, Cambridge (PBI) at trial 
sites of contrasting fertility (Table 9. 3). All of this evidence must therefore lead 
to the general conclusion that triticale can now compete with the long
established cereal crops in many situations. 

TABLE 9.3 Yields of the highest yielding winter triticale, wheat and barley selections 
from the breeding programmes at the Plant Breeding Institute at trial sites of contrasting 
fertility in 1982 

Slate Hall Cambridge Mel bourn 
(t ha- 1) (tha- 1) (tha-1) 

Wheat (CWW 1684) 6.4 8.0 8.6 
Barley (WB 22/6) 6.5 6.4 
Triticale (CWT 1977/229) 7.7 8.5 8.0 

9.3.2 Biomass and harvest index 

It is obvious, even from casual observations, that wheat and triticale differ 
markedly in their physiological characteristics. In situations where yields are 
limited by environmental stress triticale produces more biomass (Graham, 
Geytenbeek and Radcliffe, 1983; Ford et al., 1984; Table 9.1). Harvest indices 
of triticale varieties still tend to be low, but steady improvements have been 
recorded in the CIMMYT programme (Fischer, 1974). Considerable scope 
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remains for further increases in both harvest index and grain yield, but it 
appears that triticale yields will ultimately be restricted by biomass production 
as they are in wheat (Austin et al., 1980). 

Triticale and rye have little advantage over wheat in potential biomass 
production in the absence of competition and other yield-limiting factors (Ford 
et al., 1984), though the capacity of these crops to grow at low temperatures 
might offer some opportunity for extending the period of growth, and hence 
biomass production, in winter types. 

9.4 OTHER PHYSIOLOGICAL CHARACTERS 

9.4.1 Earliness 

The period from anthesis to maturity is typically longer in triticale than in 
wheat. This can be an advantage in northwestern Europe, where anthesis 
of triticale is normally earlier and maturity date similar to that of wheat, and 
grain development does not normally encounter stress conditions. However, 
the longer grain-filling period and potential for increased yield may not be 
exploited because the period of dry matter accumulation does not appear to be 
greater in triticale than in wheat (Herz and Brunori, 1985). 

Earliness is, however, desirable in many other environments, such as when 
grain maturation occurs under stress conditions, or crop cycles need to be short 
so as to intensify production. The introduction of day-length insensitivity genes 
from Mexican wheats was an initial goal in the CIMMYT programme, and 
continued selection has led to the development of early-maturing, high
yielding lines (CIMMYT, 1983a). Similar objectives have resulted in the 
release of the variety TL 1210 for cultivation in rainfed areas and late sown 
situations in India (Gill, 1986). 

9.4.2 Height and lodging 

Many of the early triticales were extremely tall and prone to lodging. In low 
latitude countries, where growth is often restricted by drought and other 
environmental factors, the problem has been largely overcome by the 
introduction of day-length insensitivity genes which limit the vegetative phase 
of growth. Lodging in such situations is therefore usually restricted to irrigated 
crops. 

Winter triticales on the other hand are primarily grown in higher-latitude 
countries where day-length insensitivity is detrimental to yield. Long, cool, 
growing seasons with regular rainfall, typical of the UK, are conducive to very 
high yields which farmers exploit by applying high input of fertilizers, 
fungicides and pesticides. The response of triticale to such treatment is often 
limited by lodging due to excessive vegetative growth. 

Major dwarfing genes offer the plant breeder the easiest means of 
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I 

Figure 9.2 Comparison of short-strawed selection with Rht3 with taller selection with 
Rht1 • 

overcoming the height problem. Several of the Rht genes have been widely 
used in wheat and triticale breeding programmes. The Rht3 gene from the 
wheat cultivar Tom Pouce is the most effective in reducing the height of triticale 
(Fig. 9.2) but appears to be associated with deleterious characters which reduce 
yield. Greater promise is shown by the genes Rht1 and Rht2 which have been 
widely exploited in wheat breeding. Rht1 and Rht3 are on chromosome 4A 
(Gale and Marshall, 1976) and appear to be alleles at the same locus; Rht2 is on 
chromosome 4D (Gale et al. , 1975) and cannot therefore be utilized in 
hexaploid triticale, except by chromosome substitution, translocation or gene 
transfer to another chromosome in the A, B orR genomes. 

The exploitation of these dwarfing genes was further advanced by the 
discovery that the dwarf phenotype was associated with insensitivity to 
gibberellic acid (Allan , Vogel and Craddock , 1959; Radley, 1970) , the two 
phenotypes probably being pleiotropic expressions of the same gene (Gale et 
at., 1975; Fick and Qualset , 1975). A glasshouse seedling test has therefore 
been developed for the classification of potentially useful parents and for 
selection in segregating populations (Gale and Gregory, 1977; Gregory, 1980). 
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Such tests also permit evaluation of the effects of the genes on height and other 
characters of economic importance. The Rht1 gene is now almost universally 
present in selections in the PBI and other puropean breeding programmes, but 
reduced height remains a major selection criterion. Other Rht genes are now 
being incorporated from wheat and promising semi-dwarf ryes are being used 
as parents in crossing programmes. 

9.5 GRAIN SHRIVELLING 

The economic exploitation of triticale has been limited in many situations by 
grain shrivelling, which resulted in low test weight and was often associated 
with high levels of a-amylase activity which resulted in unacceptability of the 
grain for many end-uses. These problems have largely been overcome in recent 
varieties (Skovmand, Fox and Villareal, 1984), though they may remain in 
early generation segregating populations. 

Grain shrivelling may be due to many contributory factors, but is mainly 
associated with irregularities in the early stages of endosperm development. At 
this stage there is a rapid increase in kernel size and the endosperm cannot 
adequately fill the pericarp, so that cavities form in the sub-aleurone layer. 
Mitotic irregularities occur during both the coenocytic period and during 
cellularization. Starch is not deposited in cells with aberrant nuclei so that 
watery tissue develops which subsequently collapses during grain maturation. 

Shrivelling is closely associated with the occurrence of terminal hetero
chromatin on the rye chromosomes and is a less serious problem in lines with 
lower levels of heterochromatin (Bennett and Gustafson, 1982; Gustafson and 
Bennett, 1982). There is evidence of genetic variation among such lines, which 
should be readily exploitable, though its expression may be masked by the 
structural effects associated with the heterochromatin (Skovmand, 1980). 

The subject of grain shrivelling was fully, but somewhat pessimistically, 
reviewed by Thomas et al. (1980) and by Miintzing (1979), while a more 
optimistic view, taking account of recent developments, has been expressed 
by Skovmand, Fox and Villareal (1984). 

9.6 DISEASE RESISTANCE 

Triticale is susceptible to most of the diseases which attack wheat and rye, • 
though it normally shows higher levels of resistance than either of these crops. 
The appearance of new physiological races of some of the rust diseases 
suggests, however, that this advantage may be short-lived. Triticale is more 
susceptible than wheat or rye to diseases caused by Helminthosporium sativum 
and Fusarium spp., which prevent the introduction of the crop in countries such 
as Zambia and parts of Brazil where these diseases are prevalent (Skovmand, 
Fox and Villareal, 1984). 
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9.6.1 Foliar diseases 

Diseases due to obligate pathogens have generally caused little damage to 
triticale. However, the race of stem rust ( Puccinia graminis) designated 34-2-12 
and collected from the triticale variety Coorong in Australia, does show 
specific virulence for this variety and was also found to be virulent on 70% of 
the entries in the CIMMYT triticale selection nursery (Mcintosh et al., 1983). 
Whilst clearly representing a major threat to the crop, Mcintosh et al. point out 
that other genes for resistance are available and remain effective in the other 
30% of the CIMMYT selections tested. In discussing the situation, Skovmand, 
Fox and Villareal (1984) suggest that breeders may have been at fault in using 
inoculum from wheat to test disease reactions in triticale nurseries. They 
recommend that the inoculum should be derived from and multiplied on 
triticale, and point out that application of this procedure in the CIMMYT 
programme has resulted in much higher levels of infection and hence in 
efficiency of selection. 

Resistance of triticale to yellow rust ( Puccinia striifarmis) in Western Europe 
follows a pattern similar to that for stem rust in Australia. During the early-
1970s the majority of selections in the PBI breeding programme were immune 
to attack by this disease, resistance probably being conferred by at least two 
major genes from rye (Riley and Macer, 1966). However, a race which could 
overcome the resistance gene Yr9 on chromosome 1R appeared on the wheat 
variety Clement in the Netherlands in 1974. The majority of triticale selections 
were found to be seedling-susceptible to the new race, but nevertheless 
retained a high level of adult plant resistance. 

Triticales are immune to powdery mildew (Erysiphe graminis) in the UK, the 
resistance being conferred by at least four major genes from rye (Riley and 
Macer, 1966). However, octoploid triticales are often susceptible in other 
countries, and hexaploids are susceptible at a few locations. They are also 
susceptible to glume blotch (Septaria nadarum) but generally show a higher 
level of resistance than wheat. This resistance is probably due in part to disease 
escape as the longer straw and more-open canopy of triticale are less favourable 
for disease development (Scott, Benedikz and Cox, 1982). In tests at 
Cambridge artificial inoculation with Septaria tritici showed triticales to be 
either immune or highly resistant (Benedikz, 1984), and similar findings have 
been reported from Australia. In Mexico, however, the resistance from rye has 
been overcome (Skovmand, Fox and Villareal, 1984), though field resistance 
to this disease remains highly effective. 

9.6.2 Floral diseases 

Ergot ( Claviceps purpurea) poses a threat to the commercialization of triticale 
in countries where cool, moist conditions occur at flowering time. The disease 
does not significantly reduce yield, but the hard, black sclerotia contaminate 
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grain samples and contain alkaloids that are harmful to humans and livestock. 
Susceptibility to this disease therefore has grave consequences for human 
health, and very low tolerance levels have been established in the European 
Economic Community for seed crops and for grain destined for intervention or 
animal feed. 

The disease has a very wide host range within the Gramineae, including 
many wild grasses. Husbandry methods, such as deep ploughing and the 
control of grass weeds with suitable herbicides, have been suggested for 
controlling the disease within cereal crops. However, these, and the strict 
tolerance levels applied to cereal seed, are likely to have a relatively minor 
effect on the amount of inoculum to which the crop is exposed. The application 
of benomyl fungicide has been partially successful (Wood and Coley-Smith, 
1980), but two problems arise if such control is to be widely exploited. First, 
infection only occurs at flowering time, and it is difficult to apply chemicals to 
the open flower; secondly, disease development cannot be monitored, so it is 
impossible to determine threshold disease levels at which fungicide application 
would be economic. The application of a seed dressing containing triadimenol 
and fuberidazole has been shown experimentally to inhibit the germination of 
ergot sclerotia (Shaw, 1984). 

Varietal resistance to ergot would certainly be the cheapest and most reliable 
means of control. Work at the PBI (Gregory, Webb and Hampson, 1985) 
suggests that there are large and consistent varietal differences in the number of 
sclerotia produced, and that these are much greater than differences in the size 
of the sclerotia. It seems likely that these varietal differences predominantly 
involve mechanisms of escape from infection, such as a reduced tendency to 
cross-pollination and sterility, associated with greater cytological stability. 
Since ergot inoculum potential probably increases during the season, early
flowering genotypes and those which produce fewer secondary tillers are less 
likely to become infected. A programme to integrate these control mechanisms 
should overcome the threat of ergot to the triticale crop. 

Triticale exhibits a very high level of resistance or immunity to loose smut 
( Ustilago nuda) and the bunt diseases, including common bunt (Tilletia caries 
and Tilletiafoetida) and Kamal bunt (Tilletia (Neovassia) indica) (CIMMYT, 
1983b). 

9.6.3 Root and stem diseases 

Take-all ( Gauemannomyces graminis), which causes serious problems in 
intensive cereal rotations, has been studied in several countries, with 
conflicting results. There is little evidence of varietal resistance in wheat, which 
is susceptible, or in rye, which is much more resistant. Early reports of 
resistance in triticale were not very encouraging (Linde Larsen, Jenson and 
J0rgensen, 1973; Skou, 1975) but were mostly based on artificially inoculated 
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seedling tests conducted in glasshouses. More-recent field observations of root 
infection levels on adult plants at the PBI, following both natural and artificial 
inoculation, indicate that triticale has a useful level of resistance, intermediate 
between that of wheat and rye (Scott et al., 1985). Yield losses due to take-all 
also appear to be intermediate between those of wheat and rye. 

Octoploid triticales are more susceptible than hexaploids, possibly because 
the resistance of rye is diluted by the extra wheat genome (Scott, Hollins 
and Gregory, 1985). More surprisingly, in view of the small differences in 
resistance seen amongst wheat and rye cultivars, these workers found large and 
consistent differences amongst hexaploid triticales, indicating the possibility of 
further improvement in resistance by selection. Since the resistance of rye and 
triticale appears to be determined by many genes (Riley and Macer, 1966; 
Linde Larsen, Jenson and J0rgensen, 1973) there seems little opportunity of 
transferring this resistance to wheat by conventional breeding techniques. 
Although some variation has been found between pathogen populations, this 
appears to be of little consequence to triticale at present (Hollins, Scott and 
Gregory, 1986). 

Eyespot (Pseudocercosporella herpotrichoides) penetrates the basal node 
of the plant, causing lodging or whiteheads depending upon the severity of 
infection. Two types, Rand N, of the pathogen are known; both attack wheat 
equally, but rye is more resistant to N than R types. Triticales are also more 
susceptible toR types, but show a wide range of resistance. Some cultivars from 
the PBI progra:nme show a level of resistance equivalent to that of wheats 
incorporating the gene from Aegilops ventricosa, whilst others are as 
susceptible as the most susceptible wheats (see Chapter 16). Selection for 
resistance to eyespot has recently assumed greater importance in all cereal 
breeding programmes as strains of the pathogen tolerant of carbendazim-based 
fungicides have become widespread. Other fungicides which must now be used 
to control the disease are less effective and more expensive. 

Sharp eyespot (Rhizoctonia cerealis) has become increasingly widespread in 
recent years, probably as a result of the extensive use of carbendazim-based 
fungicides to control eyespot. Triticale is generally more resistant than wheat, 
but there are large varietal differences in the level of resistance. The economic 
importance of this disease in reducing yield has yet to be established; chemical 
control does not appear to be very effective. 

9.7 QUALITY AND UTILIZATION 

Although some attempt has been made to develop specialized triticale products 
for human consumption, the principal uses are likely to be as a replacement 
for bread wheat in human nutrition, or as a grain or forage for animal 
consumption. 
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9. 7.1 Use for human consumption 

The use of triticale for human consumption is fully reviewed by Skovmand, Fox 
and Villareal (1984), who list a number of unleavened products such as chapatis 
and tortillas which can be made satisfactorily using the same procedures as 
those used with bread flour. Bushuk and Larter (1982) suggest that improved 
quality may be obtained by mixing flour from bread wheat and triticale. 

Until recently the flour-extraction rates for triticale were lower than those 
for bread wheat, mainly because of the difficulties of milling badly shrivelled 
grain. Improvements in grain plumpness and a greater knowledge of the 
tempering requirements of grain before milling have led to increases in 
extraction rate. As a result there is now little difference between the flour yields 
of the best wheat and triticale varieties. 

Although the protein content of early triticale selections was greater than 
that of bread wheat, much of this advantage has been lost as varieties have been 
developed with less-shrivelled grain. Furthermore, much of the extra protein 
occurs in the bran, and does not therefore contribute to the protein content of 
white flour. Other disadvantages of triticale compared with bread wheat are 
the generally high levels of a-amylase and protease. 

Consequently, the quality of loaves made from triticale is inferior to that 
of bread wheat (Weipert, 1986), but can be considerably improved by using 
shorter fermentation and proofing times, slower dough mixing and lower 
fermentation temperatures. 

9.7.2 Use for animal consumption 

Skovmand, Fox and Villareal (1984) summarize recent studies on the use of 
triticale as a feed grain for animals, but point out that it is difficult to draw any 
overall conclusions because the studies are based on experiments using very 
different triticale lines. There is, however, good evidence that the digestibility 
of triticale is similar to that of wheat (Felix, Hill and Winchester, 1985; Salmon, 
1984) and that it has a better balance of the essential amino acids than wheat, 
and consequently a higher net protein utilization (Johnson and Driscoll, 1984; 
Villegas et al., 1980). Whilst some lines have higher levels of proteinase 
inhibitors than wheat, it should not be difficult to select for lower content of 
these compounds (Farrell et al., 1983). 

Despite these variations in nutritional value, there is little fundamental 
difference between triticale and other feed grains, and, as Skovmand, Fox and 
Villareal (1984) point out, its utilization is more likely to be determined by 
price and availability. Triticale also shows considerable value as a forage crop, 
as it thrives on light, sandy soil and retains its potentially higher protein content 
for longer than other grass species. 
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9.8 PRESENT PRODUCTION AND FUTURE PROSPECTS 

During the past 20 years triticale has been transformed from an amphiploid of 
mainly academic interest into a successful commercial crop plant, grown on 
more than 750 000 ha worldwide in 1985. This area included 250 000 ha in the 
USSR, 160 000 ha in Australia, 120 000 ha in France, 60 000 ha in the USA 
and 40 000 ha in Poland (Varughese, Saari and Abdalla, 1986). Furthermore, 
the area is expanding rapidly, especially in Eastern Europe, and is expected to 
reach 1 million ha in Poland by 1990 (Wolski, 1986). 

The main reasons for the great increase in production have been associated 
with improvements in straw strength, mainly as a result of the production of 
shorter-stemmed varieties, the elimination of photoperiod sensitivity, mainly 
in spring varieties, and increases in grain yield associated with eliminating grain 
shrivelling and sterility. As a result, the best triticale varieties have given higher 
yields than the bread-wheat controls in the CIMMYT International Triticale 
Yield Nurseries for a number of years, though these results should be 
interpreted with some caution because the yields of the wheats may have been 
depressed by competition from the taller triticales. 

Much of the interest in triticale is due to its high level of resistance to the 
majority of diseases that attack wheat. This advantage may, however, be 
eroded as the greater area of triticale in cultivation increases selection pressure 
for physiological races of pathogens with specific adaptation to triticale. This 
aspect is discussed by Mcintosh and Singh (1986), who point out that triticale is 
genetically vulnerable to the three rusts attacking wheat and has been severely 
attacked by races of stem rust in Australia and East Africa. However, if durable 
disease resistance can be introduced into the parental species there is no reason 
why this disease-resistance advantage should not be retained in primary 
triticales. The problem will be to identify the superior resistance during the 
breeding of secondary triticales. Triticale breeders can now afford to give 
increased attention to breeding for disease resistance since selection pressure 
for other agronomic characters can now be relaxed. 

Triticale varieties show a wide adaptation to contrasting environments, 
including some in which the cultivation of wheat is only marginally possible. 
Great opportunities exist for the cultivation of triticale on acid soils with a high 
aluminium content, and it competes with wheat on soils that are deficient in 
copper (Skovmand, Fox and Villareal, 1984). Whilst the predicted expansion 
in the production of triticale in Poland will be as a replacement for rye on light, 
sandy soils of medium fertility, where wheat cannot be grown economically, in 
the UK and other countries in Western Europe triticale is primarily replacing 
winter barley. Those involved in research will continue to release improved 
varieties and identify the agricultural niches, in general terms, into which the 
crop might fit. Whether the crop is profitable for individual farmers will 
ultimately determine whether the current rapid expansion in the area of 
production is maintained. Unfortunately, in many areas of the world where 
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triticale does perform well the crop faces an uncertain future because of lack 
of price support which is afforded the established cereals. The worldwide 
potential market for triticale is therefore enormous, but difficult to predict in 
the short term. 
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CHAPTER 10 

Development and structure of 
the wheat plant 

E. ]. M. Kirby and M. Appleyard 

10.1 INTRODUCTION 

A casual observer of the progress of the development of a wheat plant sees first 
the coleoptile appear above the soil surface, then the emergence of leaves and 
tillers, stem elongation and, relatively late in the life cycle, emergence of the 
ear, followed by anthesis and grain growth and maturation. The characteristic 
developmental patterns of the plant conceal much of leaf and ear development, 
the structures of which are quite mature by the time they emerge. Because of 
this pattern of growth it is often not obvious at what stage some organs are 
initiated or their size and the number of parts determined. 

In this chapter the development of the structures of the shoot will be 
described from initiation until anthesis. The timing of the events will be 
examined, both chronologically and in terms of external appearance of the 
plant. To examine the early stages of development it is necessary to concentrate 
on the shoot apex which, for much of the life cycle, is located deep within the 
whorl of leaf sheaths, approximately at ground level. The shoot apex first 
initiates a variable number of leaves which develop, grow and emerge in 
sequence. At the same time buds are initiated in the axils ofleaves, and develop 
into tillers. After leaf initiation is complete, the apex on both stems and tillers 
becomes floral and spikelet initiation begins. Completion of spikelet initiation 
is followed by further development of spike lets and growth of the ear and stem. 

It is convenient to consider each of the developmental processes separately 
and in the general sequence in which they take place. This should not obscure 
the important fact that there are strong correlations between different 
processes, and that at any time development is progressing in more than one 
aspect. 

10.2 SEEDLING DEVELOPMENT AND EMERGENCE 

It is convenient to treat separately the period from imbibition of the seed until 
seedling emergence from the soil, although it should be emphasized that leaf 
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Figure 10.1 Longitudinal section of the embryo from a mature wheat grain. The shoot 
apex is well formed and three (sometimes four) leaf primordia are present. A tiller bud 
is also present in the axil of the coleoptile. 

initiation and tiller development start after the seed is imbibed, and proceed 
without interruption as the seed emerges from the soil. 

Within the wheat grain there is a well-developed embryo plant (Fig. 10.1). In 
the seed the coleoptile covers the shoot apex which has already initiated three 
or four leaf primordia. Tiller buds are present in the axils of the coleoptile and 
initials of the root and first leaf are present. After imbibition, the coleoptile 
grows, its sharply pointed end well adapted to forcing its way through the soil. 
When the coleoptile is at or just above the soil surface, extension stops due to 
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the response to light. Depending upon sowing depth, the coleoptile may grow 
to a final length of from about 20 to 100 mm. The maximum length of the 
coleoptile is less in some varieties with semi-dwarfing genes (Rht1 and Rht2), 

and this may reduce their establishment when sown too deeply. 
If the seedling is sown deeper than about 30 mm, then the internode between 

the coleoptile and the first leaf elongates and positions the shoot apex at about 
10-20 mm below the surface (Fig. 10.2). It is from this region, often referred to 
as the 'crown', that most tillers and the nodal roots arise. If the seed is sown at 
a depth of more than 100 mm the coleoptile may cease growth before it breaks 
the soil surface. The first leaf growing through the coleoptile is then unable to 
penetrate the soil and becomes twisted and crumpled, so that the plant does not 
emerge and eventually dies. In deeply sown seeds where the plant does emerge, 
second and third internodes may elongate. 
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Figure 10.2 Shoot height (distance between soil surface and the tip of the youngest leaf, 
0-0) and position of mid-point of main apex (e-e) in winter wheat, cv. Maris 
Huntsman. (After Hay, 1978.) 
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The time to emergence of the coleoptile from the soil varies with the sowing 
date, mainly due to temperature differences although soil water status is also 
important. When sown in warm soil in early autumn, for example, seedlings 
may emerge in about 5 days, but when sown later, for example in November, 
emergence may take 4-5 weeks or longer. 

Over a range of temperature from about 0 to 30 oc the response of seedling 
emergence to temperature is approximately linear. The point of intersection of 
the response line with the temperature axis indicates the minimum temperature 
for germination. Because of the linear nature of the response, it is possible to 
use thermal time (accumulated temperature; Weir et al., 1984) to analyse and 
predict seedling emergence. On this basis, estimates of the number of degree
days from sowing to emergence varies from about 70 to 200 and the base 
temperature varies a few degrees around 1 °C. 

Increasing the depth of sowing increases the time taken for seedling 
emergence. In terms of accumulated temperature units, each extra centimetre 
that the seed is buried increases the time to seedling emergence by about 8 
degree-days (Fig. 10.3). 

Seedling emergence takes place over a range of soil water status from about 
0 to -20 bars (Owen, 1952). Increased dryness of soil has been found by 

• 

0 
Depth (em) 

Figure 10.3 Thermal time to 50% seedling emergence plotted against depth of sowing 
(em); soil water potential: _., 1/3 bar; e, 6 bar; 0, 10 bar. (After DeJong and Best, 
1979.) 
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some workers to slow down the rate of emergence, i.e. more accumulated 
temperature is needed in water-stressed conditions (Ashraf and Abu-Shakra, 
1978). Others found little effect of soil water status on the time of emergence, 
but analysis of the temperature response indicated a reduction in base 
temperature, which fell from 1.3 oc at -0.3 bar to 0.5 oc at -6 bar and 0.2 oc 
at -lObar (DeJong and Best, 1979). 

10.3 SHOOT APEX DEVELOPMENT 

The organs of the shoot are initiated at the growing point, or shoot apex. For 
much of the life cycle of the plant this is at or just below soil level (Fig. 10.2; 
Section 10. 7) and surrounded by leaves so that the changes described below can 
only be studied by techniques such as serial sectioning (Williams, 1975) or 
dissection. A simple dissection involves pulling off the mature leaves and then 
viewing the shoot through a stereo microscope, removing the small developing 
leaves with a needle to expose the shoot apex (Kirby and Appleyard, 1984). 
Study of the shoot apex in this way gives information about initiation of 
flowering and the development of th~ ear which cannot be seen by external 
inspection, but which is nevertheless important in both husbandry and 
fundamental research. 

10.3.1 Developmental morphology 

The shoot l;lpex becomes organized in the embryo during grain growth and 
is well formed in the mature seed. It is made up of a smoothly rounded 
meristematic dome, on the flanks of which are formed the leaf and spikelet 
primordia (Kirby and Appleyard, 1984). Scanning electron microscope photo
graphs of a similar series of stages can be found in Gardner, Hess and Trione 
(1985). The dome grows by cell division until it reaches a critical size when 
there is a change in the orientation of the plane of division of cells in the 
dermatogen or corpus layers. This initiates a bulge or ridge of tissue, a 
primordial organ which grows into a leaf or spikelet (Barnard, 1964). 

Three or four leaf primordia are present on the shoot apex of the embryo. 
Upon germination this apex resumes activity and further leaf primordia 
are initiated. At this stage the shoot apex has a broad-based conical shape 
(Fig. 10.4), but after the phase of leaf initiation it becomes more cylindrical. 
Primordia are initiated on the flanks of the apex, but these are more widely 
separated than the leaf primordia formed in the first phase. When this stage is 
reached the shoot apex has become floral and the primordia initiated will 
develop into spikelets. Floral initiation is clearly seen at the next stage of 
development, known as the double-ridge stage because of the appearance of 
each pair of primordia on the apex (Fig. 10.5). The smaller leaf ridge subtends 
a bigger bulge, the spikelet primordium. The leaf ridge does not develop 
further and is soon obscured by the continued development of the spikelet 



Figure 10.4 Shoot apex at vegetative stage. 

Figure 10.5 Shoot apex at double-ridge stage. 
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primordium. Each spikelet primordium differentiates to form first a pair of 
glume primordia and then the floret primordium subtended by a lemma 
primordium. Each floret primordium initiates anther and carpel primordia. As 
each of these organs is initiated the shoot apex takes on a characteristic shape 
which may be used to define the stage of development (Kirby and Appleyard, 
1984). 

At about the time that anther primordia are initiated, the terminal spikelet is 
organized. Instead of developing into lateral spikelets the last few primordia 
initiated become the glume and floret primordia of a terminal spikelet (Fig. 
10.6). This is oriented at right angles to other spikelets on the ear and marks 
the end of the period of spikelet initiation, thus determining the number of 
spikelets on the mature ear. 

Figure 10.6 Shoot apex at terminal-spikelet stage. 
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10.3.2 Analysis of ear initiation 

The progress of ear development can be measured by the time taken to achieve 
defined developmental stages, such as the double-ridge or terminal-spikelet 
stages. Development can be quantified by analysis of the rate and duration of 
leaf and spikelet primordia. The total number of leaf and spikelet primordia 
initiated by the apex, examined in relation to time in a constant environment, 
generally gives the response seen in Fig. 10.7. Leaves are initiated at a constant 
rate. The change to spikelet initiation is marked by a higher, linear rate of 
initiation. The double-ridge stage is reached when between one-third and half 
of the spikelet primordia have been initiated, and spikelet initiation ceases 
when the terminal spikelet is initiated. The effect of genbtype and environment 
upon apex development may be measured in terms of rates, durations and final 
numbers of primordia. 
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Figure 10.7 lncreae with time of total number of primordia in spring wheat, cv. Kolibri, 
grown at 15oC (Kirby, 1974). 

10.3.3 Shoot apex development in the field 

Winter wheat has a relatively long sowing season, ranging in the north 
temperate regions from early September to late February. Variation in 
environment and husbandry factors such as date of sowing and choice of variety 
interact to give much variation in development. For example, a winter wheat 
sown in September will develop double ridges by January, but if sown a month 
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later it may not do so until the end of March (Kirby, Appleyard and Fellowes, 
1985c). 

Generally, winter wheats are sown when the daylength is about 12 h but 
becoming shorter, and temperatures are initially fairly high (10 oq but 
decreasing as the plant grows and develops. During the winter the apex 
develops slowly and most varieties will remain vegetative until the spring. For 
example, an October-sown winter wheat will remain vegetative for 5 months, 
and then develop through the floral stages in 1 month, reaching the terminal 
spikelet stage by the middle of April (Fig. 10.8). The rate of primordium 
initiation is therefore slow throughout the winter, often ceasing altogether in 
very cold weather, and increases in the spring after double-ridge formation. 

Spring wheat is generally sown when the day length is about 12 h but 
lengthening, and in warm and increasing temperatures (8-10 oq. Under these 
conditions the development of the apex and primordium initiation is more 
rapid. 

Five or six leaf primordia (not counting those already present in the seed) are 
initiated at the rate of about 0.3 day- 1 . Spikelet primordia are initiated at a rate 
of about one per day for about 20 days. 
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Fenman W~<······.·.·.·.··.··.··.·.··.· <<>> 11111111111111111111111111!·:·> 
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Figure 10.8 Differences in dates of developmental stages for winter wheat cultivars 
Norman, Fenman and Wembley with date of sowing.~' Period from sowing to the 
appearance of double ridges; ><< , from double-ridge to terminal-spikelet stage; llllllll, 
from terminal-spikelet stage to anthesis; ::::. , after the beginning of grain filling. 
(Kirby, Appleyard and Fellowes, 1985c.) 
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Development of the apex is an important factor in winter hardiness. Spring 
wheats sown in early autumn will develop rapidly in the relatively high 
temperatures and long days. They may therefore have an advanced floral apex 
before the onset of winter, and so be more susceptible to frost damage. Apices 
become vulnerable after double ridges and when stem elongation begins 
(George, 1982). 

Differences in environmental conditions from year to year can have a 
marked effect on plant and apex development within a variety, and varieties 
also show differences under the same conditions. All of these factors affecting 
development are interrelated and difficult to separate. The methods of analysis 
of ear initiation and the way in which the main factors affect development are 
described in the following sections. 

10.3.4 Response to temperature 

Temperature is probably the primary factor affecting the rate of development. 
Controlled environment studies show that high temperatures shorten the leaf 
and spikelet initiation phases. The rate of spikelet initiation increases with 
increasing temperatures and is most rapid between 25 and 30 °C. Above this 
temperature the rate declines (Fig. 10. 9). The duration of the spikelet initiation 
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Figure 10.9 Effect of temperature on rate of spikelet initiation (primordia per day). 
Data from various sources. 
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Figure 10.10 Changes in number of primordia with thermal time (aC days) for autumn
sown winter wheat, cv. Maris Huntsman. (Baker, 1979.) 

phase is inversely related to the rate of initiation, and there is therefore 
generally little variation in the number of spikelets per ear in the range of 
temperatures from 10 to 20°C (Rahman and Wilson, 1977b). At higher 
temperatures (above 25 oq the number of spikelets initiated is reduced. 

There is little information from controlled environment studies about the 
response to temperature in the normal range for field crops. For example, the 
average temperature during spikelet initiation in England is between 4 and 
10°C, depending upon the sowing date and season. Field studies (Baker, 
1979) indicate that spikelet initiation ceases if the temperature drops below 
3 °C. Above this, up to about 10 °C, the response to temperature is approxi
mately linear. 

When the number of primordia is examined in relation to thermal time 
(accumulated temperature) rather than time, then the course of initiation 
often shows the characteristic slow rate of leaf initiation followed by a more 
rapid phase of spikelet initiation (Fig. 10.10). This is similar to the pattern 
of development seen when plants are grown in a constant environment 
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(Fig. 10.7). However, analysis of apex development in early-sown crops, 
using this technique, shows that the inflexion in rate occurs later and at a 
higher number of primordia than in crops sown later (Baker, 1979). 

10.3.5 Response to low vernalization 

The development of most winter wheat varieties is accelerated by exposure 
to low temperatures for a period when they are young. The effect of this 
'vernalization' is to reduce the number of leaves initiated and to promote 
earlier floral development (Davidson et al., 1985). Spikelet initiation in fully 
vernalized plants is similar to that of spring wheat. In non-vernalized plants 
primordium initiation continues at a slow rate for longer, and if there is a 
change to a faster rate it occurs at a later stage of development (Halse and Weir, 
1974). The later, faster rate of spikelet initiation appears to be unaffected by 
vernalization, but in non-vernalized plants where the slow leaf-initiation phase 
is extended to include spikelet primordium initiation, the combined responses 
may result in more spikelets being formed (Halse and Weir, 1974; Rawson, 
1970). 

Where temperature-response studies have been done on winter wheats 
(requiring vernalization) there was an interaction between response to 
temperature and response to vernalization. Non-vernalized plants responded 
more quickly in low temperatures ( < 10 oq than in higher temperatures 
(> 10 oq. When similar comparisons were made using plants where the seed 
had been vernalized, then a temperature response similar to that of spring 
varieties was found, i.e. plants developed more quickly at higher temperatures 
(Halse and Weir, 1970; Midmore, Cartwright and Fischer, 1982). If a true 
winter type is sown in the spring when the exposure to low temperature is 
insufficient to satisfy the vernalization requirement, plants will have more 
leaves and development, and maturity will be delayed. 

10.3.6 Response to photoperiod 

Wheat is a quantitative long-day plant and it is well known that development is 
faster in long days. In constant controlled photoperiods, comparable stages of 
spikelet development occur earlier in longer days. On very limited evidence it 
appears that the rate of leaf initiation is unaffected by day length though the 
rate of spikelet initiation responds strongly increasing by up to 50% if day 
length is increased from 8 to 16h (Holmes, 1973; Lucas, 1972; Rahman and 
Wilson, 1977b; Rawson, 1971). Duration is relatively more affected than rate 
of spikelet initiation, and the number of spikelets per ear declines with 
increasing day length (Fig. 10.11). 
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Figure 10.11 Effect of photoperiod (8, 12, 16 and 24h) on number of primordia. 
(Holmes, 1973.) 

10.3.7 Varietal response 

Under comparable conditions of day length and with similar vernalization 
treatment, varieties differ in number of leaf or spikelet primordia initiated 
and in rate and duration of initiation (Rahman and Wilson, 1977b). The time 
taken to reach comparable stages of development can also vary depending 
upon variety (Fig. 10.8). Response of these characters changes with length 
of photoperiod and degree of vernalization, i.e. there are strong variety
environment interactions. Some varieties show a strong response to 
photoperiod, while others are little affected (Rawson, 1971; Rahman and 
Wilson, 1977a and b). There are clear differences between spring and winter 
varieties in response to vernalization as measured by ear development. 
Variety-vernalization interactions have not been rigorously analysed, possibly 
because of uncertainties about the range of temperatures which promotes 
vernalization and the complexity of the response to low temperature. 
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10.3.8 Nutrients 

Nitrogen (Whingwiri and Kemp, 1980; Single, 1964) and phosphate (Rahman 
and Wilson, 1977a) levels affect ear development. Increased levels appear to 
increase the rate rather than the duration of primordium initiation, and thus 
give larger numbers of spikelets. The effect of nutrients is small compared with 
that of other environmental factors. 

10.4 LEAF DEVELOPMENT 

Leaf initiation, development and emergence are closely co-ordinated both with 
ear formation (Section 10.3) and with tiller initiation and emergence (Section 
10.5). Growth of the photosynthetic leaf canopy depends upon the rate of leaf 
production by the main shoot and tillers, and upon the size of the leaves. The 
number of emerged leaves provides an index of plant development. 

A leaf first appears as a ridge of tissue on the flank of the shoot apex. The 
ridge extends around the apex, and eventually its margins overlap. Growth is 
then directed upwards, the leaf primordium forming a collar-like structure 
which becomes hood-shaped, enclosing the apex and the later-initiated 
primordia. As the leaf extends in length, growth becomes confined to 
intercalary meristems which are established, one above and one below the 
ligule. These meristems are situated within the subtending leaf sheath. The 
length of the extension zone declines during leaf growth from about 60% to 
about 30% of the length of the subtending leaf sheath (Kemp, 1980). 

10.4.1 Leaf growth rates 

The relative growth rate of a leaf primordium is at first low, increasing with 
time and reaching a maximum shortly before the leaf tip emerges from the 
subtending leaf sheath. It then declines steadily until the ligule emerges and the 
leaf attains its final, maximum length (Williams, 1975; Gallagher, 1976). 
Absolute growth rate increases until the length of the leaf primordium reaches 
about 10 mm, and is then approximately constant for a large proportion of the 
period of growth of the leaf. The increase in dry mass follows similar trends to 
those of length. 

The relative growth rate of a leaf is related to its position on the shoot. For 
each successive leaf on the shoot the initial period of comparatively low relative 
growth is longer and the maximum relative growth rate lower than that of its 
predecessor. 

Extension rate of wheat leaves is strongly dependent upon temperature. 
Growth ceases below about 0 oc and in the range 0--20 oc the temperature 
response of leaf growth is approximately linear. Rate changes with leaf position 
on the shoot, and values for leaves on a main shoot of field grown plants varied 
from 0.013 mm h- 1 oc-1 for leaf 4, to 0.15 mm h- 1 oc- 1 for leaf 11 (Gallagher, 
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Biscoe and Wallace, 1979). The temperature response was similar for leaf 
extension during the day and the night. In other experiments (in Australia) 
a curvilinear relationship between leaf extension rate and temperature (range 
6-28 oq was described by the Arrhenius equation (Kemp, 1980). Leaf 
extension rates (at 15 oq varied from 0.4 to 1.6 mm h- 1 . 

The temperature response is modified by plant water status. Leaf extension 
is slowed down by low leaf-water potential and in conditions of bright sunlight 
and rapid transpiration (Gallagher, Biscoe and Wallace, 1979). After water 
stress there does not appear to be compensatory rapid growth. Plants with high 
levels of applied nitrogen have higher rates of leaf extension than plants with 
lower levels (Kemp, 1980). Stress does not affect duration of leaf growth 
(measured in thermal time) so that any factor such as water stress which 
reduces leaf extension rate also reduces final leaf size. 

10.4.2 Leaf emergence 

In controlled environments leaves emerge at a constant rate, ranging from 
about 0.12leaves day- 1 at 10 octo a maximum of about 0.24leaves day- 1 at 

0 250 500 750 1000 
Thermal time (°C days) 

Figure 10.12 Number of emerged leaves in the main shoot (MS) and tiller 1 (Tl) plotted 
against thermal time ec days). 
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25 oc (Friend, Helson and Fisher, 1962). In field-grown, autumn-sown plants a 
higher rate in autumn may decline almost to zero during January and February, 
increasing again in the spring. When expressed in terms of thermal time, the 
day-to-day variation in leaf rate with time is removed, and the rate of leaf 
emergence in the field can be analysed by regression methods (Baker, 
Gallagher and Monteith, 1980). The base temperature for leaf emergence is 
about 0 oc. When the number of leaves is plotted against thermal time, rate of 
leaf emergence is constant (Fig. 10.12). 

The rate of leaf emergence is sometimes expressed in terms of the 
'phyllochron'. This is the period, here expressed in thermal time, from the 
emergence of one leaf to the next, and is the reciprocal of the rate. For 
example, if leaves emerge at a rate of 0.01 leaves oc-1 day-t, then the 
phyllochron is 100 oc day. 

The rate of leaf emergence increases as sowing date is delayed from 
September through to March (Kirby, Appleyard and Fellowes, 1985a). While 
photoperiod is reported to affect the rate of leaf emergence (Friend, Helson 
and Fisher, 1962), it does not explain observed differences in field 
observations, and the rate of leaf emergence may be related to change of day 
length (Baker, Gallagher and Monteith, 1980). Other factors such as nitrogen 
level and water supply do not appear to affect rates of leaf emergence. Leaves 
emerge at the same rate on tillers as on the main shoot. 

10.4.3 Number of leaves 

The number of leaves on the main shoot generally varies from about 14 to 10, 
and may be as low as 7. Exposure to low temperatures (vernalization) and long 
days in the early stages of plant development tends to reduce the number of 
leaves per shoot (Ford et at., 1981; Halse and Weir, 1970; Kirby, Appleyard 
and Fellowes, 1985a). Early-sown winter wheat plants have more leaves than 
late-sown plants, but sowing after about the beginning of March leads to the 
formation of more leaves because the plants are not exposed to temperatures 
low enough to complete vernalization. 

The number of leaves on the tillers is proportional to the number of main 
shoot leaves, but fewer are formed. Typically, tiller 1 will have about two leaves 
fewer than the main shoot, and tiller 2 will have one less leaf than tiller 1, and so 
on (Stern and Kirby, 1979). This holds until a tiller with four or five leaves is 
formed, after which the number of leaves is not further reduced with ascending 
tiller position. This reduction in the number of leaves synchronizes 
development of the main shoot with that of the ear-bearing tillers (Section 
10.2). 

10.4.4 Leaf size 

The final leaf length and width may increase with leaf position to a maximum at 
some intermediate leaf position, and then decline up to the flag leaf; 
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alternatively the increase in size with leaf position may not occur until leaf 4-6; 
and then increase up to the flag leaf (Borrell, 1959; Gallagher, 1979). While 
leaf ontogeny has an important effect on leaf size, it is markedly modified by 
environmental factors. Water stress and suboptimal levels of nitrogen reduce 
leaf size (Baker, 1979) and in controlled environment robms, it has been found 
that it may be modified by temperature, day length and irradiance (Friend, 
Helson and Fisher, 1962). Tiller leaves tend to be of similar size to those 
emerging on the main shdot at the same time (Kemp, 1980). 

10.5 TILLERS 

An important feature of the development of the wheat plant is its ability to 
produce tillers, i.e. lateral branches. This enables the plant to respond to 
variation in density of sowing. Similar responses in number of tillers are caused 
by variation in genotype, nutrient levels, water supply and plant growth 
regulators. The number of ears per plant is an important yield component, and 
thus the timing of tiller production and the number and final size of tillers have 
critical effects on final grain yield. 

10.5.1 Nomenclature 

Some form of classification of tillers on the plant is necessary for analyses such 
as that of the effect of tiller position on tiller yield. Systems in general use either 
number the tillers in a series, starting at the coleoptile tiller (the first potential 
tiller) or identify tillers with reference to the leaf in whose axil they appear 
(Kirby and Appleyard, 1984). In the latter system, which leads to least 
confusion, the main shoot (MS) bears primary tillers in the axils of its leaves (T1 
in the axil of leaf 1, T2 in the axil of leaf 2, etc., (Fig. 10.13). The tiller borne in 
the axil of the coleoptile is termed TC (TO by some, e. g. Klepper, Rickman and 
Peterson, 1982). Each primary tiller has a potential to bear a number of 
secondary tillers; these are similarly labelled with reference to the primary 
tillers, e. g. T11 is the tiller borne in the axil of leaf 1 of tiller 1. The tiller borne 
in the axil of the prophyll is coded P: thus TCP is the tiller in the axil of the 
prophyll of the coleoptile tiller. The system can easily be extended to tertiary 
(e.g. T111) and higher-order tillers (e.g. Tllll). 

10.5.2 Tiller bud initiation 

Buds TC and T1 can be seen in the embryo of the mature grain (Section 10.2). 
After germination, tiller buds are initiated in the axils of leaves as they are 
formed. Buds are usually positioned adjacent to the overlapping margin ofthe 
subtended leaf, and thus tend to be arranged asymmetrically, not on the 
midline (Williams, 1975). Each bud begins as a ridge of tissue in the axil of the 
leaf and appears to originate from the tissue of the subtended leaf or its disc of 
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Figure 10.13 Nomenclature of leaves and tillers. P indicates prophylls and Ll-3, leaves 
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insertion. As the tiller bud meristem grows, the prophyll is initiated on its 
flanks and encloses the shoot apex. Subsequent development is similar to that 
of the main shoot. If the tiller bud continues to grow, then the prophyll extends 
to the length of the sheath and the first tiller leaf emerges. 

In general, buds are not formed in the axils of leaves which subtend an 
elongated internode, except the lowermost node of the elongated stem, where 
a bud is sometimes found. Where a bud is present at this node, the internodes 
above and below are short (Williams and Langer, 1975). 

10.5.3 Tiller development 

The timing of bud initiation is related to the development of the subtending 
leaf. At the emergence of a leaf, the bud which subtends it is about 1 mm long 
and visible on dissection (Stern and Kirby, 1979). The further development of 
the bud depends upon the environment of the plant. If unfavourable, growth 
quickly slows and stops, and the bud does not grow to a length of more than 
2-3 mm. If conditions are favourable, then leaf and spikelet primordia are 
initiated at about the same rate as that of the main shoot (Stern and Kirby, 
1979). 

There is little variation among the main shoot and the dominant primary 
tillers (Tl, T2 and T3) in the number of spikelets initiated or in the pattern of 
primordium initiation. Therefore, because fewer leaves are formed on 
successive shoots, the duration of leaf initiation becomes progressively shorter, 
and this tends to sychronize development of ears (Stern and Kirby, 1979). 

10.5.4 Tiller emergence 

Tiller emergence- that is, the appearance of the first leaf of a tiller above the 
ligule of its subtending leaf- coincides with the appearance of a particular leaf 
on the main shoot. For example, tiller 1 generally appears when leaf 3 of the 
main shoot is fully expanded and leaf 4 is emerging. Thus, the relation of tiller 
to leaf emergence can be described in terms of leaf or phyllochron interval, i.e. 
the number of leaves which emerge between the emergence of a leaf and that of 
its subtending tiller (Friend, 1965; Masle-Meynard and Sebillotte, 1981; 
Klepper, Rickman and Peterson, 1982; Kirby, Appleyard and Fellowes, 
1985b). If the phyllochron interval between leaf and tiller emergence is 
constant for all tiller positions, and if the rate of leaf emergence is the same 
on the main shoot and tillers, then the potential increase in numbers of tiller 
per plant can easily be predicted. The behaviour of the coleoptile tiller (TC) 
in this sequence is often anomalous. Under most conditions the frequency of 
emergence of TC is much lower than that of T1, although it is affected by 
sowing depth, temperature, nutrient supply and irradiance (Peterson, Klepper 
and Rickman, 1982). 
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Figure 10.14 The relationship between leaf emerge'nce and tillering. The scheme 
illustrates potential tillering under ideal conditions, assuming a phyllochron interval of 
3 alld similar rates of leaf emergence in all shoots. (Kirby, Appleyard and Fellowes, 
1985b.) 

The interval between leaf and subtending tiller emergence is usually about 
three phyllochrons (Masle-Meynard and Sebillotte, 1981; Klepper, Rickman 
and Peterson, 1982). The pattern of emergence of leaves and tillers when this 
interval occurs and where T1 is the first tiller produced, is shown in Fig. 10.14. 

In the field, tiller emergence is often very close to predicted values for a 
period (Masle-Meynard and Sebillotte, 1981; Kirby, Appleyard and Fellowes, 
1985b). Where tiller emergence proceeds at the potential rate, the number of 
emerged leaves per plant also conforms to a predictable series with regard to 
the phyllochron (Friend, 1965). 

Tillering in field crops generally stops when the main shoot is at the double
ridge stage, and formation of the terminal spikelet may be related to the 
increasing competition from the stem and ear, which enter a phase of rapid 
growth at this stage. A short time after this tiller deaths occur, first in the last
formed smallest tillers, and then the larger tillers may die. Often tillers that 
have formed more than three leaves at the terminal-spikelet stage do not die, 
and this may be a critical size, related to rooting and to dependence of the tiller 
on its parent shoot (Masle-Meynard and Sebillotte, 1981). 

10.6 STEM GROWTH 

The shoot apex lies just below the soil surface shortly after germination and, in 
an autumn-sown wheat, will remain in that position until March. Rapid stem 
elongation then occurs and carries up the ear, which is still enclosed within the 
leaves until it emerges when the stem is about three-quarters of its final length. 
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10.6.1 Number and length of elongated internodes 

Usually the mature stem comprises from five to seven elongated internodes, 
i.e. internodes longer than 10 mm. Variety, plant population and other factors 
may affect this number. In winter wheat, where the total number of leaves may 
be more than 14, the majority of internodes do not elongate to any appreciable 
extent. The unelongated internodes represent only a few millimetres at the 
base of the mature stem, and leaf bases and emergent roots obscure their 
recognition. Lengths of individual internodes increase from the lowest 
internode to the peduncle (the internode subtending the ear) (Kirby, Apple
yard and Fellowes, 1985c). For example Kolibri, a spring variety growing in the 
field, formed nine leaves on the main shoot, the lengths of internodes 5 to 9 (the 
peduncle) being 27, 75, 105, 162, and 277mm, respectively. 

10.6.2 Stem and internode growth 

Appreciable stem growth begins at about the time when anthers can be seen in 
the most advanced florets on the ear and when the terminal spikelet is formed. 
The stem then extends rapidly, attaining its final length at an thesis. There is 
also a rapid dry-matter increase during this period and the stem is the most 
rapidly growing part of the shoot (Fig. 10.2). Dry-matter increase continues 
after anthesis but the stem may eventually lose weight. Growth rates differ 
between genotypes and Rht dwarfing genes derived from N orin 10 appear to be 
one source of this variation (Brooking and Kirby, 1981). 

Leaf and internode growth are correlated, and internode growth starts when 
the sheath of the subtending leaf is growing most rapidly. Growth of the 
internodes therefore proceeds in sequence, starting about five internodes 
below the penduncle. Each successive internode has a period of vigorous 
extension which starts to decline as the one above it starts to grow, and is 
complete when extension of the next internode above that begins (Fig. 10.15). 
The flag leaf internode (peduncle) starts to extend at about the same time as the 
internode below it. Dry-matter increase continues for a longer period than 
growth in length. 

10.7 EAR DEVELOPMENT 

At the terminal-spikelet stage the embryo ear is complete; that is, all of its 
spike lets are present. Differentiation in the mid-part of the ear has then started 
and florets 1 and 2 are clearly visible. During the period from terminal-spikelet 
formation until anthesis the ear grows rapidly and spikelet differentiation 
continues. 
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Figure 10.15 Elongation of stem and its component internodes. (Kirby and Appleyard, 
1984.) 

10.7 .1 Spikelet development 

The spikelet ridge which initiated to give the double-ridge stage becomes, in 
effect, a lateral meristem and upon it are initiated the various structures of the 
spikelet. First initiated are two ridges of tissue which grow to form the glumes; 
a number of larger bulges are then formed in sequence, and each of these 
differentiates to form a floret. Thus, within the spikelet, processes of floret 
development and floret initiation proceed in parallel. The first-formed floret 
initials initiate a lemma primordium and then, in succession, stamen and palea 
primordia, and finally the pistil primordium. At the same time more florets are 
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initiated on the meristematic dome. After initiation the glumes and lemma 
grow and eventually cover the other floret parts. The anthers soon show 
differentiation into four loculi. The carpel wall forms on the flanks of the pistil 
primordium, the upper portion of which becomes the ovule. As the carpel wall 
grows it encloses the ovule except for a narrow stylar canal. At this stage two 
horn-like processes, the fundaments of the styles, are visible. As the styles 
elongate, stigmatic branches develop and hairs develop on the ovary wall 
(Waddington, Cartwright and Wall, 1983). 

Meiosis occurs when the stamens are about 1 mm long and light yellow in 
colour, and soon afterwards the carpel wall encloses the ovule and the styles 
become visible. It is synchronous in the stamens and the ovary (Bennett, 
Chapman and Riley, 1970). 

10.7 .2 Number of florets and rate of floret initiation 

Floret initiation starts in the lower mid-part of the ear and progresses both 
distally and acropetally. The rate of floret initiation is similar in all spikelets. It 
has been measured in only a few cases, and the rates quoted vary from 0.2 to 0.4 
floret primordia day- 1 (Kirby, 1974; Baker, 1979). Expressed in terms of day
degrees, rates vary from 0.02 to 0.035 florets oc-1 day- 1 . 

Floret initiation typically lasts for about 20 days and the maximum number of 
florets initiated ranges from 7 to 12. After this number has been reached it is 
maintained for a short time. The distal florets then lose their turgidity and die 
(Kirby, 1974; Evans, Bingham and Roscams, 1971). These changes occur 
shortly after the meristematic dome of the floret becomes enclosed by the 
continuing growth of the glumes and lemmas of the first- initiated florets, and is 
complete by anthesis. From two to six florets continue to develop and become 
potentially fertile, depending on genotype and other factors. 

10.7 .3 Growth of the ear 

The relative growth rate of the ear increases towards the end of the period of 
spikelet initiation (Macdowall, 1973). At the terminal-spikelet stage the floral 
shoot apex weighs about 100 .ug (Patrick, 1972; Brooking and Kirby, 1981; 
Scarth, Kirby and Law, 1985). The ear accumulates more than 99% of its dry 
mass between the terminal-spikelet stage and anthesis; at anthesis and towards 
the end of the period its absolute growth rate is similar to that of the stem. The 
dry mass of the ear at this time is about half that of the stem, and the 
comparable growth rate results from a higher relative growth rate than that of 
the stem (Patrick, 1972; Brooking and Kirby, 1981). Around the time of 
anthesis the rate of dry-matter increase may fall almost to zero before the grain 
growth phase starts (Patrick, 1972; Brooking and Kirby, 1981). 

The ear grows vigorously in length from terminal spikelet until ear 
emergence. At the time of terminal-spikelet formation it is about 2.5 mm long 
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and grows to a maximum length of about 80 mm at ear emergence (Patrick, 
1972; Brooking and Kirby, 1981). 

10.8 CONCLUSION 

A detailed knowledge of the development of the wheat plant is necessary if the 
plant breeder is to appreciate how varietal differences in physiological 
characters can most effectively be exploited in crop improvement. It is also 
useful to the agronomist in assessing how best to manipulate crops to obtain the 
most effective response to fertilizers, agrochemicals and the environment. 

Although the development of shoots, leaves, stems and ears have been 
considered separately in this chapter, there are obvious correlations between 
the processes involved, and a clear necessity to relate the development of each 
of these organs to that of the shoot apex from which they were all ultimately 
derived. Much of this work had previously been done in controlled 
environments (Fig. 10.7), but a major advance has followed the use of the 
concept of thermal time to extend interpretation to results obtained in the field 
(Fig. 10.10). The application of such analyses to practical plant breeding is 
discussed in Chapter 16. 
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CHAPTER 11 

Water relations 

P. Innes and S. A. Quarrie 

11.1 INTRODUCTION 

It has long been acknowledged that shortage of water imposes a major 
constraint on the conversion of solar energy into food in almost all agricultural 
regions of the world. This limitation occurs because water loss is the inevitable 
consequence of carbon dioxide uptake for photosynthesis, and hence for dry
matter accumulation. There is much variation in the level of grain yield 
achieved by wheat throughout the world, largely due to differences between 
regions in available water and evaporative demand for that water. The highest 
yields are found in Western Europe and the lowest in the arid and semi-arid 
regions such as parts of Australia, India, the USSR and North America 
(Clarke, Karamanos and Simpson, 1981). The extent to which water 
availability limits crop production is difficult to quantify, but it has been 
suggested (Fischer and Turner, 1978; Fischer, 1980) that in the semi-arid zone, 
which consists of 32% of the world's total potential arable land, the ratio of 
actual crop transpiration to potential traspiration is between 0.2 and 0.5, with a 
corresponding reduction in yield. Irrigation is an obvious way of increasing 
yields in those regions which regularly suffer drought, but a lack of fresh water 
and/or the cost of its application generally restrict the amount of irrigated 
wheat. 

Plant water stresses affect most physiological processes in wheat (Slatyer, 
1973) including photosynthesis, respiration, amino-acid and carbohydrate 
metabolism, growth, development, morphogenesis and senescence. The 
physiological, genetical and biophysical aspects of plant-water relationships 
have been comprehensively reviewed by Hsiao (1973), Stone (1974), Boyer 
and McPherson (1975), Fischer and Turner (1978), Mussell and Staples (1979), 
Hanson and Nelsen (1980), Turner and Kramer (1980), Fischer (1981), 
Simpson (1981), Turner and Begg (1981) and Wilson (1981). In this chapter 
categories and critical periods of water shortage for the wheat plant are 
outlined, together with an assessment of the significance of some 
morphological, physiological and metabolic characters for water economy. 
The possible exploitation of these characters in breeding varieties that are more 
water-efficient is also considered. 
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11.2 CATEGORIES AND CRITICAL PERIODS OF WATER 
SHORTAGE 

There are two basic categories of water shortage. Simple water stress occurs 
when the whole plant rooting system has exhausted the soil profile of available 
water. This type of stress is likely to occur, for example, in locations where 
wheat is being grown on light soil with low water-holding capacity or when it is 
grown on stored water only. The second type of water shortage, complex stress, 
occurs when there is water available in the soil profile, but something prevents 
its exploitation by roots; for example, soil compaction or when the daily 
demand for water is so high that the root system cannot sustain the necessary 
rate of extraction. 

Shortage of water at any stage in the crop life cycle is likely to have 
consequences for yield, but wheat is usually planted under favourable soil
moisture conditions, and the more serious consequences for grain yield are 
generally encountered when water shortage occurs after ear initiation. There 
are several ways in which water stress can affect grain yield, the first being by 
modification of early growth and ear development. The simultaneously 
occurring processes of tiller production and spikelet initiation are followed, 
immediately before anthesis, by a period in which a proportion of tillers and 
florets die. This proportion is dependent upon conditions in the pre-anthesis 
period, and particularly on water availability (Husain and Aspinall, 1970; Begg 
and Turner, 1976). The second major yield-determining process affected by 
stress is the production of fertile gametes and fertilization (Bingham, 1966; 
Fischer, 1973; Saini and Aspinall, 1981, 1982), which determines the 
proportion of the potential grain number which is realized. These processes are 
probably responsible in determining the 'critical period' before anthesis, when 
water stress usually has the most detrimental effect on yield (Salter and Goode, 
1967). 

Although there is evidence of direct effects of water shortage on 
microsporogenesis and pollen development (Salter and Goode, 1967; Saini and 
Aspinall, 1982), the major effect of water shortage in the pre-an thesis period is 
in causing reductions in assimilate availability. Even in the absence of water 
stress, during the pre-anthesis phase there are insufficient resources to support 
the potentially very rapid growth of the plant during this phase. Those organs 
with the greatest demand compete most successfully for resources, and the 
smaller, later-formed spikelets or tillers, which have less competitive ability, 
die because of the lack of resources for growth (Fischer and Stockman, 1980; 
Brooking and Kirby, 1981; Chapter 10). The assimilate supply problem may be 
compounded by further reductions in photosynthesis due to water shortage. 
Fischer (1981) has suggested that the reduction in seed number caused by water 
stress at this critical period is proportional to the reduction in leaf-area 
development, and hence in available assimilate during the approximately 25 
days before an thesis (see also Day et al., 1978; Fischer, 1980). 
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Grain number, the product of number of ears and number of grains per ear, 
is largely determined at anthesis, although there is a possibility that it can be 
modified to a certain extent by conditions after anthesis (for example, see the 
results of Day et al. (1978) and Innes and Blackwell (1981). The potential 
weight of individual grains seems to be determined before an thesis (Scott et al. 
(1983), working with barley), but the degree to which that potential is met is 
dependent upon conditions during grain-fill (Fischer and Maurer, 1978; Innes 
and Blackwell, 1981). Shortage of water after an thesis will generally mean that 
the potential grain size is not met and thousand-grain weight is reduced. Again, 
this is probably due to water stress affecting net photosynthesis, both by 
reducing its rate and by enhancing senescence. 

11.3 BREEDING FOR DROUGHT RESISTANCE 

There has been little attempt to breed specifically for drought resistance in 
wheat, due largely to a lack of knowledge of the physiological factors associated 
with such resistance. With regard to cereal water economy, agriculture has 
traditionally modified the environment to suit the plant through irrigation. 
However, modification of the plant to suit the environment, through breeding 
varieties that are particularly suitable for specific locations, is likely to become 
of increasing importance as the simpler avenues to higher yield are fully 
exploited. 

Physiologists have proposed plant ideotypes (Donald, 1968) for drought
prone locations, in which desirable characters for drought resistance are 
incorporated into new or existing varieties. These theoretical proposals are 
largely untested, however, since a thorough assessment is dependent upon 
close co-operation between breeders and physiologists, and is necessarily of a 
long-term nature. Recent work at the Plant Breeding Institute, Cambridge, has 
attempted such an approach. 

This involved, in the first instance, a choice of characters to study based upon 
the anticipated effects of each character on yield under full irrigation and under 
drought, its likely inheritability and its ease of selection. The next step involved 
establishing that there is sufficient genetic variation in the character and, if so, 
incorporating it into an adapted genetic background. It is important that the 
populations ultimately compared should have a common genetic background 
and only exhibit contrasting expression of the character in question. The final 
stage in the programme involves testing the significance of the character in 
determining yield and water economy. Ideally, this testing should be done in 
field experiments in which the total amount of water, and the timing of its 
application, can be controlled accurately. 
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11.4 EFFECTS OF MORPHOLOGICAL AND 
PHYSIOLOGICAL CHARACTERS ON YIELD 
AND WATER ECONOMY 

11.4.1 Yield structure and timing of stress 

Water relations 

Many studies have demonstrated that the yield structure of cereal plants can be 
affected by drought, a pre-an thesis drought reducing both the number of grains 
and the number of ears (Robins and Domingo, 1962; Slatyer, 1969; Wells and 
Dubetz, 1970), and a post-anthesis drought causing a reduction in thousand
grain weight (Asana, Saini and Ray, 1958; Day and Intalap, 1970; Hellman, 
1975; Day et al., 1978). Other studies have indicated that there is genotypic 
variation in drought tolerance (Wells and Dubetz, 1970; Fischer and Maurer, 
1978). 

Innes and Blackwell (1981) showed that genotypic differences in yield 
structure can result in differential sensitivity to drought at particular stages in 
crop development. In their study two spring wheat genotypes, Highbury and 
TW269, gave the same grain yield under full irrigation, but differed markedly 
in their yield structure (Table 11.1). On average, High bury had more grains per 
ear, whereas TW269 had more ears per unit area and greater thousand-grain 
weight. Pre-anthesis drought during the period of tiller and spikelet death 
caused a reduction in number of ears in TW269, but a proportionally greater 
reduction in number of grains per ear in High bury compared with the values for 
these genotypes in the fully irrigated plots. Thus, TW269 out-yielded Highbury 
when subjected to pre-anthesis drought. A similar result is evident in the data 
of Musick and Dusek (1980) with two winter wheat varieties. 

In view of the high thousand-grain weight of TW269 relative to High bury, 
there was a difference in grain yield between the two genotypes when subject to 
post-anthesis drought, caused by the greater reduction in thousand-grain 

TABLE 11.1 Effects of drought on two spring wheat genotypes 

Treatment 

Full irrigation 

Pre-an thesis 
drought 
Post -an thesis 
drought 
s.e.m. 

Genotype 

High bury 
TW269 
High bury 
TW269 
High bury 
TW269 

Data from Innes and Blackwell ( 19H I). 

Grain 
yield 
(t ha- 1) 

5.53 
5.46 
3.83 
4.74 
4.17 
3.07 
0.11 

Number Number 
of cars of grains 
(m-2) per car 

374 41.0 
464 26.9 
352 28.4 
409 26.2 
416 35.0 
434 26.1 

9 1.2 

Thousand-
grain weight 
(g) 

36.7 
43.9 
38.6 
44.3 
29.0 
27.1 

0.8 
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weight of TW269. These results indicate that the severity of a drought, in terms 
of reduction in grain yield, depends upon the interaction between the timing of 
the drought and the inherent yield structure of the genotype when not stressed. 
It might thus be supposed that decreased sensitivity to post-anthesis drought 
could be achieved by breeding genotypes with even smaller grains than 
Highbury, but more of them. However, small grains might make such geno
types unacceptable on the grounds of quality. 

11.4.2 Tiller production 

The final number of ears produced by a wheat crop is the product of the total 
number of tillers produced and the proportion which survive to produce an ear. 
The proportion of tillers which die, typically about 50% in crops not subjected 
to stress, is increased by drought (Day and Intalap, 1970; Keirn, 1974; Beranek, 
1980). The production of tillers which are destined to die consitutes a wastage 
of resources, since relocation of nitrogen, minerals and carbon compounds 
from sterile tillers to the rest of the plant is thought to be incomplete (Donald, 
1968; Lupton, 1969; Rawson and Donald, 1969; Austin and Jones, 1975). The 
effects of competition by non-productive tillers for water and light are 
essentially irreversible, and water consumption of such tillers may thus have 
particular significance if the crop runs short of water during later, critical stages 
of development (Jones and Kirby, 1977). 

The uniculm habit was first proposed by Donald (1968) as a way of avoiding 
the formation of unproductive tillers. The potential to increase yield by 
restricted tillering under limited water supply is supported by results from de
tillering experiments, both on barley plants grown in pots (Kirby and Jones, 
1977; Jones and Kirby, 1977), and with spring wheat in the field (Islam and 
Sedgley, 1981). 

Innes et al. (1981) reported the results of experiments with winter wheat 
selections which differed in final number of ears brought about by genetic 
differences in tiller production. In a mobile plot shelter experiment in which the 
amount of available water was varied, lines with larger numbers of ears (H) 
out-yielded lines with fewer ears (L) by 11% when full irrigation was applied; 
this was attributable mainly to the difference in number of ears between H and 
L lines (Table 11.2). When water was withheld after an thesis, grain yields were 
not significantly different from their values under full irrigation, because by the 
time the drought treatment began the plants were able to extract water from a 
considerable depth in the soil profile. A pre-anthesis drought treatment 
reduced the number of grains per ear of both Hand L lines almost equally, and 
also reduced the final number of ears of H lines without significantly altering 
that of the L lines. As a result the H lines were out-yielded by L lines. 

These results suggest that in an environment where there is no shortage of 
water, progress in breeding for high yield could be achieved by selection for 
high ear-bearing capacity. However, such a capacity may be disadvantageous 
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TABLE 11.2 Effects of selection for number of ears on the yield of winter wheat 
genotypes 

Grain Number 
yield of ears 
(tha- 1 ) (m-2) 

Full irrigation H 7.41 448 
L 6.68 396 

Pre-an thesis drought H 5.96 365 
L 6.45 373 

Post-anthesis drought H 7.24 455 
L 6.84 370 
s.e.m. 0.17 16 

H, mean of high-tillering genotypes; L, mean of low-tillering genotypes. 
Data from Innes eta/. (1981). 

Number of 
grains per 
ear 

41.2 
40.4 
37.2 
37.5 
40.9 
45.0 

1.8 

when there is a drought before anthesis. The lines with fewer ears showed 
significantly greater yield stability over the range of irrigation treatments 
(P < 0.05) as assessed by the method of Finlay and Wilkinson (1963). The 
reason for this appeared to be that the L lines had the ability to extract more 
water from deeper regions of the soil profile during a drought period (Fig. 
11.1), possibly indicating that they had a greater ratio of seminal to nodal roots . 
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Figure 11.1 Water extraction between 0. 90 and 1.35 m for high (e) and low (•) tillering 
lines during the course of a pre-an thesis drought. The date of an thesis was 4 June. The 
error bar indicates LSD (P = 0.05), and applies to the final points only. (Data from 
Innes et al., 1981.) 
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The number of ears per unit ground area is also a function of plant population 
density (Puckeridge, 1962). There is very little information in the literature on 
the effects of density on the water use of wheat, but it seems probable that 
differences in number of ears resulting from differences in plant density 
produce similar effects, when a drought occurs, to those caused by genetic 
differences (Innes et al., 1981). This supports the frequent observation that the 
optimum density of an annual crop is less in a dry environment than in a wet one 
(e.g. Donald, 1963; Pelton, 1969; Kirby, 1970; Ryhinder and Matsuda, 1978). 

11.4.3 Leaf posture 

The potential benefits of an erect leaf habit have been quantified in the models 
of Monteith (1965) and de Wit (1965), which predict that at leaf area indices 
(LAI) greater than 3-4, crops with erect leaves will have higher photosynthetic 
rates than those with lax leaves. Several studies have shown that erect-leaved 
canopies usually yield more than lax-leaved canopies under conditions of 
adequate water supply (Watson and Witts, 1959; Tanner et al., 1966; Hadfield, 
1968; Pendleton et al., 1968). 

Austin et al. (1976) investigated photosynthesis and yield of two winter 
wheat genotypes with contrasting leaf posture (E, erect; L, lax) over 2 years, 
and showed that from the time of flag-leaf emergence and in the absence of 
water stress, canopy net photosynthesis was greater in E than in L. Because of 
the slower senescence pattern of its lower leaves, the LAI of E was higher than 
that of Land this accounted, in part, for the difference between the genotypes 
in canopy photosynthesis. The more uniform distribution of light in the canopy 
of E also contributed to its higher rate of photosynthesis. During a drought 
the canopy photosynthesis of L was slightly higher than that of E, suggesting 
that the erect-leaf habit may be disadvantageous under conditions of water 
shortage. 

Innes and Blackwell (1983) evaluated selections of contrasting posture in 
experiments in which the available water was varied. When the most erect- and 
most lax-leaved genotypes were considered over three field experiments, E 
lines maintained a slight, though not significant, grain yield advantage over L 
lines (Table 11.3). However, theE lines produced significantly more biomass 
(total above-ground dry matter) than the L lines, and this extra biomass was not 
produced at the expense of additional water requirement. The pre-anthesis 
drought of Experiment 2 was not severe, owing to very low levels of potential 
evaporation and radiation in the period immediately preceding anthesis. Thus, 
it was not possible to test for a differential response to early drought between E 
and L lines at the time when LAI was greatest and the presumed benefits of 
the erect leaf habit were also greatest. However, results from a glasshouse 
experiment (Innes and Blackwell, 1983) did suggest that E lines might be more 
adversely affected by a substantial pre-anthesis drought. 
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It was concluded from these studies that the erect leaf habit may provide an 
opportunity of increasing biomass production. In a location in which a pre
anthesis drought is unlikely to occur, such varieties may give the best yields. 
However, at locations prone to early drought, or at sites which would not 
permit the maximum expression of LAI at anthesis, varieties with a lax leaf 
posture may give greater, or more stable, yield. 

11.4.4 Earliness of flowering, dwarfing genes and harvest index 

In wheat there is much genetic variation in flowering time and maturity, 
reflecting the expression of genes for photoperiodic sensitivity, vernalization 
requirement and possibly earliness per se. It has been suggested that variation 
in response to photoperiod could be utilized to ensure that the most sensitive 
stages of crop growth occur when water is available (Turner, 1982), but that the 
most rapid progress in developing crops for drier environments has been 
achieved by lessening the sensitivity of a crop to photoperiod (Fischer and 
Turner, 1978). 

In wheat no further vegetative growth takes place after flowering and in view 
of the sensitivity of flowering to water supply (see Section 11.2), flowering 
should take place before the expected end of the supply of available water. 
Earliness of flowering, and hence drought escape, would thus seem to be of 
adaptive advantage particularly in regions where a drought terminates the 
growing season. 

The relationship between earliness of flowering and grain yield has been 
studied in wheat, and the results seem to support these expectations. Chinoy 
(1960) showed that drought resistance was greater in early lines than late ones, 
even at the same intensity of drought. Derera, Marshall and Balaam (1969) 
observed a consistent negative relationship between grain yield and days to ear 
emergence in Australia, and concluded that much of the variation in wheat 
yield under limited water supply was accounted for by earliness. In a 
comprehensive study in which wheat cultivars were exposed to controlled 
Mediterranean-type or terminal drought, Fischer and Maurer (1978) found 
that yield was negatively correlated with days to anthesis. 

The extent to which earliness of flowering has contributed to the increases in 
adaptation to drier regions is complicated, however, by possible pleiotropic 
effects of the dwarfing genes on earliness. Short or semi-dwarf wheats are now 
widely used in most regions where wheat is grown, and the main sources of 
semi-dwarfism have been the genes Rhtl and Rht2 from the Japanese variety 
Norin 10 (Chapter 7). The Norin 10-based varieties have consistently out
yielded non-dwarf varieties over a wide range of environments (Laing and 
Fischer, 1977), especially when photoperiod-insensitive varieties with a low 
vernalization requirement have been grown. In addition, lodging resistance 
and other associated desirable consequences of reduced stature, notably 
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increased harvest index, are probably involved in this adaptation (Aguilar and 
Fischer, 1975). Increased harvest index is the main route by which the yield of 
various crop species has been improved by breeders (Donald and Hamblin, 
1976; Austin et al., 1980), biomass production having changed very little with 
this improvement. Fischer (1981) has suggested, however, that selection for 
high harvest index under adequate water supply may not be appropriate when 
breeding varieties for dry locations. 

The inherent higher yield potential of modern semi-dwarf varieties seems, 
in some cases, to be partly attributable to their earlier flowering, and partly 
to effects independent of earliness. This was demonstrated by Laing and 
Fischer (1977), who showed that modern semi-dwarf cultivars out-yielded 
taller cultivars of similar flowering date, and that tall, early cultivars out
yielded tall, late cultivars. 

In experiments which included tall and dwarf bread wheats, Laing and 
Fischer (1977), Fischer and Maurer (1978) and Fischer and Wood (1979) 
confirmed the higher yield potential of the semi-dwarf wheats, but showed that 
they suffer the greatest absolute yield losses when subjected to water shortage. 
However, these authors predicted that the semi-dwarfs, because of their yield 
potential, would out -yield the tall wheats in all situations except under the most 
severe drought. The greater drought susceptibility (as defined by Fischer and 
Maurer (1978)) of the semi-dwarfs is the probable reason why they have 
produced much more spectacular increases in grain yield in irrigated regions 
than in rainfed, dryland locations. 

Studies using isogenic populations differing in flowering date or in the 
presence or absence of Rht dwarfing genes have been in progress at the Plant 
Breeding Institute, Cambridge. Innes, Hoogendoorn and Blackwell (1985) 
studied the effects of differences in date of ear emergence and height on the 
yield of winter wheat, using early and late, and short and tall lines selected from 
a single cross. These lines were compared in a series of experiments, including 
one in which the plots were automatically sheltered from rain. Averaged across 
experiments, early lines gave 0.42 t ha- 1 more grain (P< 0.01) than late ones. 
Earliness, and hence drought escape, was particularly advantageous during 
post-anthesis water shortage, and became increasingly advantageous with 
severity of drought and with later sowing. Short lines averaged 0.52 tha-t more 
grain (P<0.01) than tall lines. With a fairly severe post-anthesis drought, 
however, tall lines yielded significantly more grain than short lines. In sub
sequent experiments using lines which were isogenic for Rht semi-dwarfing 
genes in different wheat backgrounds, Rhtl and Rht2 genotypes consistently 
out-yielded the rht (tall) types by about 10% in fully irrigated pre- and post
anthesis droughts (Innes and Blackwell, 1985). 

It seems possible that optimization of flowering date, in terms of its 
interaction with yield structure and likely time of drought (Section 11.2) may 
provide the basis of drought resistance, through drought escape, c~~ future 
varieties. 
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11.4.5 Awns 
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Evidence that awns contribute significantly to the photosynthesis of the cereal 
ear date back many years (e.g. Harlan and Anthony, 1920). The stomatal 
resistance of barley awns per unit area of surface is greater than that of leaves, 
but is increased less by drought than is leaf stomatal resistance (Biscoe, 
Littleton and Scott, 1973). Since barley awns contribute 20-30% to canopy 
photosynthesis after an thesis (Austin, 1977), this suggests that awns are 
especially beneficial during drought. Wheat awns are smaller than those of 
barley, but Grundbacher (1963) concluded that they contribute more than 10% 
of total grain weight, though this contribution increased with increasing water 
stress. Data from isogenic awned and awnless wheats (Atkins and Norris, 1955) 
showed that awned lines out-yielded awnless ones in drought seasons in Texas 
by as much as 13% in a very dry year, there being no effect of awns in wet years. 
Suneson and Ramage (1962) and Arnon (1972) also concluded that varieties 
with awns generally out-yielded those without awns under drought conditions. 

Being narrow structures, and by virtue of their position in relation to leaves, 
awns are better placed than leaves to intercept radiation and to dissipate that 
part which cannot be utilized as sensible heat (Benci, Aase and Ferguson, 
1973). Since the contribution of awns to grain yield increases with increasing 
water stress, it is perhaps not surprising that, in wheat, awns generally occur in 
varieties adapted to warm, dry regions and awnless varieties are generally 
confined to the more temperate zones (Hansen and Nelsen, 1980). 

11.4.6 Root characteristics 

The extent and pattern of root development are closely related to the ability of 
the plant to absorb water (Townley-Smith and Hurd, 1979). Optimization of 
rooting behaviour would thus seem to be an obvious way of increasing water
use efficiency. However, what comprises optimum root development is not 
easy to predict, and seems to be dependent upon the timing and quantity of 
water availability at a particular location. At locations in which existing 
varieties run short of water and yet are not utilizing all of the available water in 
the top 2.0 m of the profile, selection for a deeper or more-extensive rooting 
system would probably increase yields. This is the strategy proposed by Hurd 
(1974), who provided evidence of larger grain yields in durum wheat varieties 
with deeper root systems. 

The benefits from a large root system, however, cannot be achieved unless 
the plant diverts assimilate to the roots which might otherwise be used in ear 
development and grain-filling. Since root growth in wheat is largely complete 
by anthesis (Welbank et al., 1974), increasing the rate and amount of growth 
without extending its duration might cause the plant to exhaust the available 
water prematurely. At locations where wheat is growing on stored water which 
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is eventually exhausted, Passioura (1972) has suggested that a restricted 
seminal root system would reduce water use before anthesis, leaving more 
water available during the grain-filling period, with consequent increased grain 
yield. 

Passioura (1976) has described how the dual root system of wheat modifies 
shoot growth according to water availability. When the upper regions of the soil 
profile are wet, nodal roots develop and provide water to the shoot, which 
grows rapidly. When these upper regions of the profile begin to dry, little or no 
nodal root growth occurs and a few, deep seminal roots supply subsoil water to 
the shoot. The high resistance to water flow in the seminal roots causes a drop 
in leaf water potential, an increase in stomatal resistance and a reduced shoot 
growth. Such a response provides the shoot with a 'rationed' supply of water in 
conditions of drought, and reduces its demand for water, through decreased 
shoot growth, at such critical times. 

Hurd (1974) has suggested that the roots of the semi-dwarf wheats may 
respond differently from those of the taller wheats, rendering the former more 
susceptible to drought. A positive relationship between plant height and root 
development has been suggested by Monyo and Whittington (1970) and 
Mackay (1973). The results of Lupton et al. (1974) indicated that semi-dwarf 
varieties had more roots below 50 em than the taller varieties with which they 
were compared. Other studies, however, have shown no differences in rooting 
depth or water-extraction patterns between semi-dwarf and tall varieties 
(Cholick, Welsh and Cole, 1977; Pepe and Welsh, 1979; Holbrook and Welsh, 
1980). Recent field trials with different water availabilities, comparing isogenic 
lines with and without the Rht dwarfing genes referred to in Section 11.4.4, 
have shown virtually no differences between rht, Rhtl and Rht2 genotypes in 
water use or patterns of water extraction from the soil (Innes and Blackwell, 
1985), thereby confirming the results of varietal comparisons. 

While rooting depth is probably not related to the semi-dwarf habit, genetic 
variation in rooting patterns has been established (Derera, Marshall and 
Balaam, 1969; Evans and Bhatt, 1977; O'Brien, 1978). However, screening 
and selection for such differences is difficult to achieve, particularly in the field. 
The recently established technique using a closed-circuit television camera for 
non-destructive monitoring of root growth (Bragg and Henderson, 1983) may 
facilitate such screening. Alternatives are the root-box technique of Hurd 
(1968), or the reported associations between early root growth and the amount 
of root at maturity (e.g. Townley-Smith and McBean, cited by Hurd, 1974). 

The alternative strategies of Hurd (1974) and Passioura (1972) cited above 
may not be mutually exclusive. If appropriate techniques were available it 
might be possible to select for large deep rooting systems, each seminal root 
having high hydraulic resistance to water transport. New varieties with such 
characteristics would probably be well adapted to drought-prone locations, but 
the possibility of producing such varieties is entirely speculative at present. 
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11.5 EFFECTS OF METABOLIC CHARACTERS ON WATER 
RELATIONS 

11.5.1 Introduction 

Water stress has many and varied effects on plant metabolism (Hsiao, 1973), 
and some of these metabolic responses are thought to be of adaptive 
significance. In a range of crops, two such responses have been studied in some 
detail with a view to improving drought resistance: namely, accumulation of 
the imino acid proline and of the sesquiterpenoid plant hormone, abscisic acid 
(ABA). Endogenous levels of both proline and ABA usually increase as the 
water status of the plant declines, and there is evidence that both have effects 
on plant growth and development that help either its survival of drought or its 
recovery after drought is relieved. 

As both metabolites are easily measured, they have been suggested as 
candidates for use in routine screening of genotypes in the search for improved 
drought resistance. In the following sections the value of proline and ABA as 
metabolic indicators of drought resistance in wheat is examined. 

11.5.2 Proline 

The increase in proline concentration that takes place during drought stress has 
been suggested to be beneficial as an osmoticum, a desiccation-protectant, a 
sink for nitrogen and reducing power during stress or as a source of nitrogen 
and reducing power during recovery from stress (Stewart and Hanson, 1980). 
Although there is little firm evidence in support of these suggestions, proline 
accumulation has been studied in many crops in the hope of improving drought 
resistance or post-drought responses. 

Early work by Singh, Aspinall and Paleg (1972) showed a good positive 
correlation between drought resistance and proline accumulation in 10 barley 
cultivars. However, these results have since been disputed by Hanson, Nelsen 
and Everson (1977) and Hanson et al. (1979), who concluded that proline 
accumulation was merely an indicator of internal water stress in barley and had 
no survival value during drought. Nevertheless, other work with barley 
(Lewin, Sparrow and Aspinall, 1977), and also with sorghum (Blum and 
Ebercon, 1976) and maize (Pinter, Kalman and Palfi, 1978) consistently 
showed greater drought resistance or improved post-stress recovery in 
genotypes that accumulated higher proline concentrations during drought. 
Proline accumulation in barley and maize is an inheritable character, with 
inheritability, estimated from parental and F2 variances, ranging from 0.23 for 
barley (Hanson eta!., 1979) to 0.51 for maize (Pinter, Palfi and Kalman, 1981). 

Despite the apparent benefits of high proline accumulation in these cereals, 
there appears to have been, as yet, only one detailed attempt to associate 
drought-induced proline accumulation with drought resistance in wheat. Tan 



326 Water relations 

and Halloran (1982) tested 14 bread wheats for proline accumulation using 
seedling leaf sections floated on the osmoticum polyethylene glycol. The 
proline accumulated after 3 days was compared with drought-susceptibility 
indices given by Fischer and Maurer (1978) for the same varieties tested in field 
trials. Correlations between proline accumulation in sections of either first or 
second seedling leaves and the susceptibility index were not significant, but the 
more susceptible varieties tended to accumulate the most proline. Although 
there was no correlation in these tests between proline accumulation and 
drought susceptibility, the varieties showed only a 60% range of proline 
concentration. In addition, because leaves were detached and stressed with 
polyethylene glycol, senescence was well advanced by the end of the treatment 
period. By comparison, when intact plants of barley, sorghum or maize were 
stressed (Singh, Aspinall and Paleg, 1972; Blum and Ebercon, 1976; Pinter, 
Kalman and Palfi, 1978), differences in proline concentration between 
varieties were at least two-fold. Larger differences in proline content have been 
reported for wheat. Nath and Ghoshal (1978) screened 10 wheat varieties, 
representing three species, in irrigated and rainfed field plots and found 
differences between the genotypes of up to 10-fold in proline content. 
However, the degree of stress and the responses of the genotypes to drought 
were not recorded. It would be interesting to know how much proline would be 
produced by the wheat varieties Tan and Halloran (1982) tested if intact plants 
had been stressed. Thus, there is still considerable scope for studying the 
accumulation of proline in wheat during drought and evaluating the 
consequences for drought response of genotypic differences in proline 
accumulation. 

11.5.3 Abscisic acid 

As a stress metabolite, ABA has received more attention than proline and, 
consequently, our knowledge of the role of ABA in drought-stressed plants is 
more extensive, particularly in wheat. Much of the early work by Wright 
(1969a, b), showing that drought stimulated the accumulation of ABA, was 
done with wheat seedlings, and work at the Plant Breeding Institute, 
Cambridge, has since shown that ABA has many effects on wheat growth and 
development similar to those of drought (Quarrie and Jones, 1977; Quarrie, 
1982). 

Although water stress induces ABA accumulation throughout the plant, the 
mature leaves are the most prolific producers of ABA, and this ABA can be 
readily transported in the phloem to other parts of the plant. Concentrations of 
ABA may increase in response to drought from non-stressed basal levels of 5-
20 ng g- 1 fresh weight (FW) to about 1000 ng g- 1 FW, though a more typical 
increase in the field would be from 20 to 200 ng g - 1 FW as leaf water potentials 
fall to below -2.5 MPa (-25 bar) as the soil dries. 

At least some of the increased ABA formed is likely to be of functional 
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significance. Many of the possible effects of enhanced endogenous ABA 
concentrations have been deduced from experiments with synthetic ABA 
given to well-watered plants. Table 11.4 lists some of the main effects of an 
increase in ABA concentration and their consequences for wheat growth and 
development. In terms of drought resistance, some of these reponses to ABA 
will be beneficial and others detrimental. 

There are numerous reports that applied ABA causes stomatal closure in 
wheat and thereby reduces transpiration (e.g. Mittelheuser and Van 
Steveninck, 1969; Nordin, 1976; Quarrie and Jones, 1977). Because of this, 
water use efficiency (dry matter accumulated per unit of water transpired) is 
often increased by ABA (Koch and Bergmann, 1979). However, stomatal 
closure is associated with reduced photosynthesis, and studies with oat 
seedlings (Rehm and Cline, 1973) showed that ABA may also have a direct 
effect on extension growth. Increased ABA inhibits cell elongation and causes 
a stiffening of the cell walls so that, in wheat, growth rates are reduced and 
emerging leaves become smaller (Hall and McWha, 1981; Quarrie and Jones, 
1977; Quarrie, 1982). Because of the reduced assimilate supply, tillers emerge 

TABLE 11.4 Physiological responses to high levels of ABA in wheat and the conse
quences for yield of similar high levels of endogenous ABA produced during water stress 

Response 

Decreased stomatal 
conductance 

Decreased growth rate and 
reduced leaf area 

Decreased secondary tiller 
production 

Value 

Beneficial 

Detrimental 

Beneficial 

Detrimental 
Beneficial 

Increased proportion of Beneficial 
assimilates to roots 
Earlier ear emergence and Beneficial 
flowering 

Decreased spikelet numbers Detrimental 
per ear 
Decreased pollen fertility Detrimental 

Data from Quarrie (1984). 

Consequence 

Prevents extravagant use of water 
and hence delays severe desiccation. 
Water-use efficiency is increased 
Reduces photosynthesis and hence 
potential yield 
Reduces the transpiring area and 
helps conserve water 
Smaller plants give a reduced yield 
More efficient use of photo
synthate. Decreases the transpiring 
area 
Increases soil water available to 
the plant 
Earlier grain filling in a prolonged 
drought. Longer grain-filling period 
if drought is relieved 
Reduces grain number per ear and 
hence yield 
Reduces grain number per ear and 
hence yield 
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more slowly and, in spring wheat, fewer secondary tillers are produced 
(Quarrie, 1982). In a number of species, including wheat, increased ABA 
causes more of the available assimilates to be directed to the roots (Watts et al., 
1981; Quarrie, 1981a). 

Reproductive development in wheat is also affected by ABA (Table 11.4). 
When applied to well-watered plants, ABA accelerates ear development (Hall 
and McWha, 1981) so that ears usually emerge earlier (Quarrie, 1982). 
However, this more rapid development is achieved at the expense of spikelet 
numbers (Quarrie and Jones, 1977). A further reduction in potential grain 
number can be caused if high levels of ABA are present during the stage of 
pollen development. Morgan (1980) and Saini and Aspinall (1982) have shown 
that ABA may reduce pollen fertility in wheat when applied just before meiosis 
of the pollen mother cells. 

All of these effects of applied ABA in both the vegetative and reproductive 
plant are qualitatively similar to those induced by drought (under appropriate 
conditions). The level of ABA produced during a drought may therefore 
determine the intensity of the associated responses. However, it is clear from 
the diversity of responses to ABA described in Table 11.4 that it would be 
difficult to predict with any certainty the overall effect on grain yield of 
changing endogenous ABA levels present during drought. 

The consequences of high and low ABA production on crop development 
and grain yield have been studied at the Plant Breeding Institute, Cambridge. 
The programme has proceeded in three distinct phases. First, the necessary 
genetic diversity of ABA production in response to drought was sought. 
Secondly, suitable genotypes were produced which differed in their ability to 
accumulate ABA. Thirdly, seed of these genotypes was bulked and the 
genotypes tested in the field under conditions of controlled drought. 

Attempts to screen wheat varieties for ABA accumulation by withholding 
water from pot-grown plants were not satisfactory because of difficulties in 
achieving the same rate of stress development in each variety (Quarrie and 
Jones, 1979; Quarrie, 1980). Uniform rates of stress development are likely to 
be important, as Henson (1982) has shown that ABA production in the intact 
rice plant is a function of the rate of stress development; a rapid stress 
stimulates greater ABA accumulation. A detached-leaf test was therefore 
developed (Henson and Quarrie, 1981; Quarrie and Henson, 1981) in which a 
specific leaf was detached and partially dehydrated to a predetermined weight 
loss. Subsequent incubation in a humid environment (to prevent further weight 
changes) allowed high concentrations of ABA to accumulate. Each leaf could 
therefore be given the same stress stimulus to induce ABA accumulation. 
Using this procedure, a nearly three-fold range in ABA production was found 
amongst a number of spring-wheat varieties tested in two environments. Table 
11.5 summarizes the results for the more extreme varieties. 

In addition to the differences in ABA production, these varieties differed in 
many aspects of growth and development. To investigate the effects of ABA 
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TABLE 11.5 Accumulation of ABA in detached and partially dehydrated 
leaves of eight spring-wheat varieties grown in two environments 

Variety 

Ngezi 
Limpopo 
Sonora64 
TW269 
High bury 
Kharkovskaya 93 
LeeMida 
Chinese Spring 
Pooled s.e.m. 

ABA concentration (ng g- 1 fresh weight) 

Glasshouse 

412 
396 
372 
349 
254 
206 
169 
152 
18 

Controlled environment 

597 
631 
582 
704 
445 
509 
353 
238 
22 

Adapted from Quarrie (198lb). 
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without the complication of differences in drought response due to variation in 
these other characters, crosses were made between pairs of varieties having 
contrasting capacities to accumulate ABA. Most subsequent work was done on 
selections from a cross between the varieties High bury and TW269, both of 
which are adapted to the UK environment. Progeny of this cross were selected 
in the F2 to F4 generations on the basis of ABA accumulation in the detached
leaf test (Fig. 11.2). These plants were essentially homozygous for ABA 
accumulation by F 4 when the mean ABA production of low and high selections 
differed by nearly 100% (Quarrie, 1981b). 

These low- and high-ABA selections were multiplied in the field during the 
F5 generation, and several of them were tested at F6 for drought responses in a 
field experiment (Innes, Blackwell and Quarrie, 1984). Mobile plot shelters 
were used to control the amount of water received by each plot (Innes and 
Blackwell, 1981). Yields of 20 low-ABA and 20 high-ABA selections in a fully 
irrigated treatment were compared with those exposed to a pre-an thesis (about 
4 weeks) or post-anthesis (about 7 weeks) drought treatment. The high-ABA 
selections significantly out-yielded the low-ABA selections in both the fully 
irrigated and the late (post-anthesis) drought treatment (Table 11.6). The early 
(pre-anthesis) drought caused a greater yield reduction than the late drought, 
and for this treatment, both ABA classes gave similar yields. On the basis of 
these results, selection for high ABA production would seem, overall, to be 
beneficial to grain yield. During both drought treatments the high-ABA 
selections used about 7% less water than the low-ABA selections. Water-use 
efficiency for grain production was therefore better in the high-ABA 
selections. This improved water-use efficiency could have been partly the result 
of slightly lower flag leaf conductances in the high-ABA selections during the 
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ABA content (ng/g fresh weight) 

Figure 11.2 Frequency distribution of ABA content in stressed leaves of F2 and F4 

individuals from the wheat cross TW269/9 X High bury. Arrows indicate the mean 
ABA content of Highbury (H) and TW269/9 (T) grown with each generation. 
Individuals within the broken lines at low and high ABA content in the F2 distribution 
were used for the succeeding generation. Diagonal hatching indicates F4 individuals 
from high-ABA F3 plants. Unhatched F4 individuals are from low-ABA F3 plants. 

drought treatment: sufficient to reduce water loss, but perhaps not enough to 
affect net C02 uptake greatly. 

Some of these high- and low-ABA selections were tested again in drilled 
plots at a dry and a damp site. Again, the high-ABA selections out-yielded 
the low-ABA selections (Table 11. 7), with the yield advantage being more 
pronounced at the dry site, where overall ABA production was expected to 
have been higher (Quarrie and Gale, 1986). However, only four high-ABA 
and four low-ABA selections were compared on this occasion, and the yield 
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TABLE 11.6 Grain yields at 15% moisture content of low- and high-ABA 
selections at F6 from the wheat cross TW269/9 x Highbury 

Treatment Grain yield (t ha- 1) 

Low-ABA High-ABA Difference 
selections selections between 

selections 
(%) 

Fully irrigated 6.90 7.25 5.1 * 
Pre-an thesis drought 5.03 4.92 2.3 
Post-anthesis drought 6.01 6.38 6.1 * 

* Yield differences between low- and high-ABA selections significant at P < 0.05. 
Data adapted from Innes, Blackwell and Quarrie (1984). 
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results are therefore more likely to have been confounded by the effects of 
variation in the genetic background of the selections than would have been the 
case in the mobile-shelter experiment. 

These low- and high-ABA selections differed significantly in the expression 
of several other characters examined in the FcF6 generations (Table 11.8). In 
general the high-ABA selections resembled plants treated with synthetic 
ABA, i.e. they were smaller, flowered earlier and had few spikelets per ear 
than low-ABA selections. However, ear number and grain size were greater in 
the high-ABA selections. In reproductive development and grain filling the 
low- and high-ABA selections were similar qualitatively to their respective 
low- and high-ABA parents (Innes and Blackwell, 1981). Although it is 
tempting to conclude that ABA is involved in the natural regulation of these 
processes, the levels of ABA present during the determination of many of these 
characters would have been low, i.e. equivalent to those present in a non
stressed plant. Although there is evidence (S. A. Quarrie, unpublished) that 

TABLE 11.7 Grain yields of four high (H)- and four 
low (L)-ABA lines derived from a cross between 
TW269/9 and Highbury grown at two sites 

Dry site 
Damp site 

H 

8.22 
9.30 

Grain yield 
(t ha - 1) 

L 

7.08** 
8.47** 

(H- L)/L 
(%) 

16.1 
9.8 

** Significant difference between Hand L lines at P< 0.01. 
Data from Quarrie and Gale (1986). 



332 Water relations 

TABLE 11.8 Characters significantly correlated with ABA accumulation in irrigated 
plants of F5 wheat lines selected on the basis of drought-induced ABA accumulation 

Character Low-ABA selections High-ABA selections 

Stomatal conductance (em s- 1)t 0.66 0.61 
Flag leaf area ( cm2) 39.7 35.5*** 
Maximum tiller number 4.14 3.83** 
Plant height at maturity (em) 89.0 83.4 *** 
Leaf number on main stem:j: 6.2 7.3*** 
Days to anthesis 90.6 88.1*** 
Ear number per plant 2.97 3.20*** 
Spikelet number per ear 17.9 16.8*** 
1000-grain dry weight (g) 37.5 39.4 *** 

* • P < 0.01, • ** P < 0.001 significant differences between low- and high-ABA selections. 
t P 6 selections sampled from the early drought treatment. 
:j: Glasshouse-grown plants. 

differences in ABA concentration can occur in non-stressed plants (i.e. high
AHA selections tend also to have higher non-stressed ABA levels), it is not 
known whether these differences would be sufficient to account for the 
differences in growth and development referred to in Table 11.8. An alterna
tive explanation is that there was inadvertent correlated selection for early 
maturity and high ABA in the F2 and F3 populations. A back-crossing 
programme was therefore carried out in an attempt to introduce the high-ABA 
gene(s) into the background of the low-ABA parent. This material would have 
given a better indication of the association between high ABA and earliness, 
etc., and also would have been better for evaluating the yield advantage of the 
high-ABA selections. 

Although evidence from selfed progeny of the second back-cross onto 
High bury indicated that a single recessive gene was responsible for much of the 
high ABA production (Quarrie, 1982), the high-ABA individuals were lost 
after a third back-cross and the frequency distributions of ABA accumulation 
for selfed progeny of the third back-cross and for the recurrent low-ABA 
parent were essentially superimposable (S. A. Quarrie, unpublished). This 
indicates that ABA accumulation is probably a quantitatively controlled 
character, though in the case of the spring-wheat cross initially studied, readily 
inherited. 

Even though selecting for high ABA accumulation in spring wheat improved 
yields in the mobile plot shelter experiment under both non-stressed and late
drought conditions by only 5-6%, there were only 50% differences between 
selections in their ABA content in this experiment (Quarrie and Lister, 1983). 
Measurements of ABA content in varieties of pearl millet and sorghum grown 
in the field (Henson et al., 1981; Durley et al., 1983) suggest that larger 



References 333 

differences in ABA content between wheat genotypes may be possible. If so, it 
may be possible to improve on the yield advantage of our present high-ABA 
genotypes. 

If selecting for high ABA accumulation improves water-use efficiency, as 
suggested by our results, the benefit of high-ABA-producing genotypes should 
be greater in an environment where water shortage is a more severe or 
persistent problem than it is in the UK. Although a metabolic character would 
not normally be regarded as easily suitable for measurement by the plant 
breeder, it is now technically feasible (Weiler, 1979, 1982) to measure the ABA 
content of several hundred samples daily. In addition, our experience with 
spring wheat suggests that high ABA accumulation is simply inherited. 
Therefore, not only could ABA accumulation be used to assess parental 
material for its potential drought resistance, but a breeding programme to 
screen several thousand segregating individuals for ABA accumulation is now 
a possibility. 

11.6 CONCLUSIONS 

It is widely accepted that genetic adaptability over a range of environments is 
normally achieved at the expense of fitness for a particular environment. With 
regard to water economy, it may well be necessary to sacrifice yield potential in 
favour of yield stability. For example, the results outlined in Table 11.2 showed 
that high-tillering experimental genotypes were potentially higher yielding 
than low-tillering genotypes, but that the latter provided a much more stable 
yield over a range of water availability. This sacrifice in yield potential occurs 
because a character which, by itself, might increase water use efficiency is 
usually accompanied by pleiotropic or consequential changes which have the 
opposite effect. It is likely that the timing of a water shortage in a specific 
location will determine whether the attribute is of net benefit. Consequently, 
the specific combinations of attributes which will render new varieties more 
'drought resistant' than those now available will be dependent upon the specific 
environment for which they are intended. 
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CHAPTER 12 

Yield assessment 

B. Westcott 

12.1 INTRODUCTION 

As wheat will be grown in various sites and seasons and under various farming 
systems, methods of yield assessment must take into account edaphic, climatic 
and agency factors, the last of these being those factors which change as a result 
of the actions of farmers. It is impossible to give general rules for the choice of 
those factors or factor levels which deserve concentrated attention, but these 
will depend upon the resources of labour, land and equipment which are 
available and on the objectives of particular breeding programmes. 

In the early generations the breeder must select on the basis of characters 
such as disease resistance, plant type, height, straw strength and grain 
appearance. However, in order to reduce the numbers carried on to the later 
stages of the programme, some form of direct yield assessment may also be 
thought necessary. The objective of such assessment would be to select, with 
reasonable confidence, lines which will ultimately give a high yield in a pure 
stand. This is difficult, first, because in a conventional pedigree programme, 
supplies of seed are short in the early generations and little, if any, replication 
of trial plots is possible. Some of the statistical problems in the design and 
analysis of such unreplicated field trials were discussed by Kempton (1984). 
Secondly, since the material is segregating at this stage, intergenotypic 
competition occurs not only between, but also within, plots. This might mean 
that positive selection of individual plants could produce a negative change in 
the population mean (Griffing, 1967). In a plant-breeding context, this 
problem was highlighted by Allard and Adams (1969). Spitters (1979) 
published a detailed study of the effects of intergenotypic competition in barley 
breeding, but no work of comparable detail has yet been reported in wheat. 
However, some results were given by Kramer, van Ooijen and Spitters (1982). 

12.2 DESIGNS FOR WHEAT VARIETY TRIALS 

12.2.1 Introduction 

The objective of variety trials is to forecast agricultural performance. By far the 
most important character is yield and, in effect, most trials are primarily 
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concerned with comparing the yields of old and new varieties. However, other 
characters are often also measured and enter the decision making. 

In some countries the breeders' performance trials extend over several years, 
from the time at which the potential new variety is identified, until the moment 
of decision to market. In others, breeders' trials are followed by various 
systems of offical performance trials designed to help decisions on registration 
or recommendation. The breeders' trials are then largely used to decide which 
varieties are worth submitting for official testing. 

Both breeders' trials and official trials are normally grown at several sites to 
sample the possible levels of edaphic and climatic factors under which the crop 
will be grown, and are usually continued over several seasons. Within a site and 
season, agency factors besides variety are usually kept at a constant level 
considered to represent 'good farming practice'. 

12.2.2 Evolution of randomized trials 

Until the early years of the 20th century comparative trials on wheat varieties 
were generally made by dividing a field into two or three approximately equal 
areas and using these as plots in an unreplicated trial. Later, carefully marked 
out plots of equal area were used and attention was paid to soil heterogeneity 
by siting trials clear of shading by hedgerows, trees and field boundaries. Large 
plots, of up to 250 m2 were still the custom. By 1910 enough uniformity trials 
had been done to show the advantages of replicated small plots and to give an 
idea of the intrinsic variability of typical trial sites (Mercer and Hall, 1911 ). In 
the 1920s two methods were in common use. The first of these, the chessboard, 
consisting of small hand-dibbed plots, was described by Biffen and Engledow 
(1926) and in more detail by Engledow and Udny Yule (1926). Its main 
disadvantage was that the crop was grown in spacing conditions which were 
very different from those used by farmers. The other, the half-drill strip 
method, was described by Beaven (1922), Student (1923) and Engledow and 
Udny Yule (1926). Some defects of this method were discussed by Dyke (1974; 
Section 10. 2). These methods, which incorporated the idea of replication, were 
superseded in later years by methods, based on the work of R. A. Fisher at 
Rothamsted Experimental Station, which included the further principles of 
randomization and local control by blocking. A good discussion of the principle 
of randomization is given in Chapter 5 of Cox (1958), which is an excellent 
introduction to experimental design for the non-mathematical reader. 

The simplest example of a randomized variety trial is a completely 
randomized design where all of the plots are sown in a completely random 
order, and where each variety is replicated the same number of times, thus 
giving a balanced design. 

For each plot in such a trial the plot effect is defined as the difference 
between the yield of the plot and the overall mean yield; the variety effect as the 
difference between the trial mean of the variety occupying the plot and the 
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TABLE 12.1 Analysis of variance for a completely randomized design 

Source of d.f. ss MS 
variation 

Varieties v-1 Sum of squared variety effects SS/DF 
Residual v(r- 1) Sum of squared residuals SS/DF 

Total vr-1 Sum of squared plot effects 

overall mean; and the residual for the plot as the difference between the variety 
effect and the plot effect. It can be shown mathematically that the sum of the 
squared plot effects is equal to the sum of the squared variety effects plus the 
sum of the squared residuals. This is the basis for the analysis of variance 
developed by Fisher and derived from the work of Gauss (1821) on the method 
of least squares. The analysis of variance table for a completely randomized 
design of r replicates of v varieties is shown in Table 12.1. Details of this 
analysis are given by Cox (1958). If the trial has been randomized, the residual 
mean square, obtained by dividing the residual sum of squares by its degrees of 
freedom, provides an unbiased estimate of the error variance and represents 
the variation between plots after variety effects have been removed by 
subtraction. The residual mean square forms the basis for examining the 
precision of any comparison between varieties by means of the standard error 
of the difference between two variety means. In a balanced design, this 
standard error is the same for any two varieties. 

It was then appreciated that a more sensitive design might be obtained ifthe 
randomization was more restricted by dividing the trial area into blocks, each 
block containing one plot of each variety. The varieties would then be 
randomized within each block to give an unbiased estimate of the error 
variance. 

In analysing a randomized block, another sum of squares, due to differences 
between blocks, is present. In a directly analogous way to varieties, the block 
effect of each plot is the difference between the block mean and the overall 
mean. The plot residuals now have both block and variety effects subtracted 
from the plot effects. The analysis of variance for b blocks of v varieties (Table 
12.2) depends upon the balance between the varieties and blocks. In any 
design, two factors are said to be orthogonal if the difference between every 
pair of means for one factor involves taking as many plots negatively as 
positively from each level of the other factor. The property is necessarily 
reciprocal, in that a difference between a pair of means for the second factor is 
similarly balanced for the first. It can be proved mathematically that 
orthogonality of factors implies the partition of the total sum of squares into 
independent components corresponding to each factor in turn, and to the 
residual after the factor effects have been removed by subtraction. In the 
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TABLE 12.2 Analysis of variance for a randomized block design 

Source of d.f. ss MS 
variation 

Blocks b-1 Sum of squared block effects SS/DF 
Varieties v-1 Sum of squared variety effects SS/DF 
Residual (b-1)(v-1) Sum of squared residuals SS/DF 

Total bv-1 Sum of squared plot effects 

randomized block the difference between any two variety means involves one 
positive and one negative yield from each of the blocks, so varieties and blocks 
are orthogonal in this design. This means that the total sum of squares of plot 
effects is equal to the sum of the three separate sums of squares due to blocks, 
varieties and residuals. The degrees of freedom of the three components also 
add up to the total degrees of freedom. Again, the resulting mean square 
provides the basis for measuring the precision of the comparison between two 
varieties. The design is balanced, in that the standard error of the difference 
between any two variety means is the same. 

It was known from uniformity trial work that adjacent plots, as judged from 
the yields of crops, were more alike than those which Were further apart; 
division of the land into compact blocks would usually result in the blocks being 
as dissimilar as possible compared with the variation within blocks. The effect 
of this on the analysis of variance would be to put a large fraction of the 
variation due to soil heterogeneity into the portion ascribable to variation 
between blocks, thus reducing the residual sum of squares. The residual 
degrees of freedom would also be reduced (by one less than the number of 
blocks), but if previous knowledge of the fertility patterns in the trial field 
enabled the blocks to be chosen efficiently, then this would result in a reduction 
in the residual mean square, and hence in an increase in the precision of 
comparisons between varieties. Blocking was thus seen originally almost 
entirely as a means of providing local control in order to eliminate unwanted 
effects of soil heterogeneity (Fisher, 1935, section 29). 

This idea, of grouping similar plots into blocks to eliminate unwanted 
variation from comparisons of interest, was later extended by the development 
of the Latin square design, in which the plots were laid out in the field in rows 
and columns, the number of plots in each row or column being the same as the 
number of varieties. The total number of plots is thus the square of the number 
of varieties. The rows and columns form two simultaneous systems of blocks. 
The varieties are allocated so that each variety occurs once in each row and 
once in each column, rows and columns thus being orthogonal to each other 
and each orthogonal to varieties. A Latin square should ideally be selected at 
random from all possible squares of the same size. In practice, for the larger 
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squares any particular square can be 'taken as a basis, provided that first the 
rows are rearranged in random order (without altering the order within a row); 
secondly, the columns are rearranged in random order (without altering the 
order within a column); and, thirdly, the letters which are usually used as 
symbols for the varieties are assigned to varieties in random order. The analysis 
of variance is straightforward because of the mutual orthogonality of rows, 
columns and varieties. 

12.2.3 More-complex designs 

In comparing a set of varieties in randomized blocks or Latin squares, the 
number of plots per block must equal the number of varieties. Such designs lose 
their value if the number of varieties is large, because the ratio of the variation 
between blocks to that between plots within a block could be small. If a partial 
loss of orthogonality of variety and block is accepted, various types of 
incomplete block design can be devised in which the number of plots per block 
is less than the number of varieties to be tested. In these designs, information 
on differences between varieties is obtainable from comparisons between 
blocks as well as within blocks, and interblock estimates can be calculated and 
used to provide adjusted mean yields for each variety. 

In spite of the non-orthogonality, if every variety is assigned to the same 
number of plots and every pair of varieties occurs equally often as block-mates, 
then the precision of comparison between two varieties is the same for every 
pair and the design is balanced. If the design consists of b blocks, each of k plots 
with v varieties each replicated r times, then kb = vr, since either is the total 
number of plots in the trial. Furthermore, the total number of plots in blocks 
containing a particular variety is kr. Under the above restrictions, the plots 
other than those of the particular variety must be equally divided between the 
remaining (v- 1) varieties. Hence r(k- 1)/(v- 1) must be a whole number. 
Balanced incomplete block designs exist for many, but not for all sets of 
numbers k, v, rand b satisfying these two conditions. 

When many varieties are to be tested in small blocks, balanced incomplete 
block designs may require too many replicates to be practical. With some 
sacrifice of balance, lattice designs can be used. These are constructed by 
arranging the variety symbols on a grid or lattice, and forming blocks from rows 
and columns. This is particularly useful when the number of varieties is a 
perfect square; the case of 16 treatments is an easily handled example, although 
the practical importance of the designs is greater for larger numbers. The 
varieties are written in random order into a 4 X 4 lattice, as 

G A E J 
L H B I 
M P N F 
D 0 C K 
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TABLE 12.3 Square lattice design for 16 varieties 

Replicate Block Varieties 

1 1 G A E J 
2 L H B I 
3 M p N F 
4 D 0 c K 

2 5 G L M D 
6 A H p 0 
7 E B N c 
8 J I F K 

3 9 G H N K 
10 L A c F 
11 M 0 E I 
12 D p B J 

4 13 G 0 B F 
14 L p E K 
15 M H c J 
16 D A N I 

5 17 G p c I 
18 L 0 N J 
19 M A B K 
20 D H E F 

Two types of block can then be formed, one from rows and one from columns. 
These are listed as blocks 1-8 of Table 12.3, and a trial of two replicates could 
be made of these alone- a so-called simple lattice design. Two varieties such as 
C and D that occur in the same block (block 4) would be compared rather more 
precisely than two such as A and B that are never block-mates. 

If more than two complete replicates could be undertaken, then one or both 
of these sets of four blocks could be repeated, but a better plan (because it 
comes nearer to balancing comparisons between varieties) is to introduce a 
third set of blocks consisting of groups of varieties orthogonal to rows and 
columns. Further sets of blocks orthogonal to the first three can be added if the 
amount of replication to be undertaken allows this. The reader can verify that 
blocks 9-12 in Table 12.3 correspond to a Latin square superimposed on the 
original4 x 4lattice: each of these four blocks contains one variety from each 
row and one from each column. Blocks 13-20 complete the possibilities of this 
kind of arrangement by providing two more orthogonal sets of blocks; no larger 
number is possible, and, indeed, the 20 blocks give the particular form of 
balanced incomplete block design known as a balanced lattice. A trial could be 
based on any two, three or four of the sets of blocks, instead of on the fully 
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balanced design. The order of varieties should be randomized independently in 
every block. 

Where two systems of blocks are needed these can be provided by making 
one set of blocks into rows and another into columns simultaneously. One 
4 x 4 square of varieties (in fact, the original lattice) comes from blocks 1-4 
of Table 12.3 as rows and blocks 5-8 as columns. A second square could have 
blocks 9-12 as rows and blocks 13-16 as columns. If a third replicate was 
wanted, it could have blocks 17-20 as rows and blocks 1-4 as columns. Such 
a design is known, rather confusingly, as a lattice square (the reader should 
distinguish between a lattice square and a square lattice). If every block of 
Table 12.3 is used once as a row and once as a column, then full balance 
according to the balanced incomplete block restrictions is achieved iri both 
rows and columns and we have a balanced lattice square design. When the 
number of varieties is the square of an odd number, k, balance can be 
achieved in (k + 1)/2 squares by having each block of the balanced lattice 
system appear as a row or as a column; when k is even, (k + 1) squares are 
needed for balance. 

12.2.4 Trials of more advanced breeding material 

Row-and-column designs such as lattice squares are often used in breeders' 
variety trials but Patterson and Silvey (1980) considered that block designs 
were more appropriate for statutory performance trials. They commented: 

"Only small amounts of seed of new lines are available in breeders' trials 
and plots are therefore small, often roughly square in shape. In contrast 
the later trials use plots that are sufficiently long to provide local control in 
one direction; blocking is then used to deal with fertility and other variation 
across the line of plots." 

The plots, of course, are arranged with their longer sides adjacent within each 
block. 

Trials with 50 or more varieties are not uncommon; incomplete block designs 
are needed to control heterogeneity within the large area occupied by one 
complete replicate. At one time the use of incomplete blocks was opposed in 
the UK, first on the grounds of their additional complication, relative to 
randomized blocks, in their layout, analysis and interpretation, and, secondly, 
because the number of varieties in any given trial cannot always be tailored to 
fit a square or rectangular lattice. The first objection was overcome by using 
only resolvable designs and by supplying appropriate computer programs 
and files of designs. Although resolvability is a mathematical concept it has 
the practical benefit of placing replicates on identifiable areas of land, thus 
helping cultivation and visual assessment. In the field a resolvable incomplete 
block design is indistinguishable from a randomized block. 
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The second objection was overcome by the introduction of a catalogue of 
designs of proven efficiency for any number of varieties up to 100 with two, 
three or four replicates. This catalogue is based on a general class of designs for 
v varieties with plots arranged in r replicates, each replicate containing s blocks 
of k plots (Patterson and Williams, 1976). The designs are called generalized 
lattice designs because they include the square lattice designs introduced by 
Yates (1936) specifically for variety trials, and are constructed by a 
generalization of Yates' method. The rectangular lattices of Harshbarger 
(1949) are also included. 

An example of generalized lattice design for v = 32, s = 8, k = 4 and r = 4 
is shown in Table 12.4. It is constructed with the aid of an array of v variety 
names on which are superimposed two arrays of s letters. The variety name 
array has k names in each row and column. The first array of letters is such 
that (a) no letter occurs more than once in any row or column, and (b) any 
cell that is empty in the variety name array is also empty in the array of letters. 
The second array of letters satisfies conditions (a) and (b), and is such that 
each combination of two letters, one from the first and the other from the 
second array, is unique. The rows of the variety name array define the blocks 

TABLE 12.4 Generalized lattice design for 32 varieties 

Variety name array Array 1 Array2 

1 25 17 9 A. F B .G A. E H. c 
10 2 26 18 HB . G. c DB F . A. 

11 3 27 19 AC H.D E C G. B 
20 12 4 28 E BD. A. c F D H. 

21 13 5 29 F C E B D GE .A 
30 22 14 6 c .G.DF B E HF 

31 23 15 7 D . H. EG. c F .AG . 
32 24 16 8 E . A. FH . D. G. B H 

Design (rows = blocks) 

Replicate 1 Replicate2 Replicate3 Replicate4 

1 9 17 25 1 10 20 30 1 11 24 28 1 15 18 29 
2 10 18 26 2 11 21 31 2 12 17 29 2 16 19 30 
3 11 19 27 3 12 22 32 3 13 18 30 3 9 20 31 
4 12 20 28 4 13 23 25 4 14 19 31 4 10 21 32 
5 13 21 29 5 14 24 26 5 15 20 32 5 11 22 25 
6 14 22 30 6 15 17 27 6 16 21 25 6 12 23 26 
7 15 23 31 7 16 18 28 7 9 22 26 7 13 24 27 
8 16 24 32 8 9 19 29 8 10 23 27 8 14 17 28 

Reproduced, with correction, from Patterson and Silvey (1980). 
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of replicate 1 and the columns the blocks of replicate 2. The two arrays of 
letters define the blocks of replicates 3 and 4. Designs for r = 2 and 3 can be 
obtained by omitting one or both arrays of letters. 

The conditions imposed on the arrays ensure that the varieties of every pair 
either appear together in one block, or do not concur at all. Designs with this 
property are called (0,1) designs and cover all requirements when k (the 
number of plots per block) does not exceed s (the number of blocks per 
replicate) except for the case v = 36, s = 6, k = 6 and r = 4. For these values 
a design where some variety pairs concur twice must be used. Numbers of 
concurrences play a large part in determining efficiency (Pearce, 1963), 
particularly when the most important comparisons are between varieties in 
pairs. 

The general problem of selecting suitable designs for the catalogue has been 
tackled by a mixture of theory and computing. The theory was used to identify 
classes of designs with a high standard of efficiency. These designs were then 
generated by computer for final selection. 

The final computer file is large and therefore difficult and costly to make 
available to breeders. Patterson, Williams and Hunter (1978) found, however, 
that a much smaller file can be used provided that the user is prepared to use 
only designs where k does not exceed s and to accept some slight loss of 
efficiency in certain cases. A general method of analysis suitable for small 
computers has been described by Williams (1977). 

The effectiveness of generalized lattice designs in UK official trials has been 
monitored by calculating average relative efficiencies from the data of com
plete trials. Average relative efficiency is defined as the ratio G/R, where G is 
the average variance of pairwise variety comparisons in a full analysis of the 
generalized lattice designs including recovery of inter-block information, and 
R is the average variance in a randomized block analysis obtained by ignoring 
the lattice blocks. Patterson and Silvey (1980) reported the median relative 
efficiency for UK official cereal trials with 20 or more varieties to be about 1. 40. 

The complicated structure arising from attempts to achieve balance in 
incomplete block designs may be disadvantageous in some circumstances. 
Sometimes a large group of varieties will contain one or two whose 
performance is very different from the rest, so that their failure or 
extraordinary success may make it necessary to exclude them from the main 
statistical analysis. An extreme case arises when a plot value is missing. 

Designs in which all varieties are arranged in randomized blocks but where a 
systematic pattern of a check variety is included in each block avoid this 
disadvantage; for every plot an index can be constructed which is the average 
yield of the neighbouring checks, and a covariance analysis between yield and 
this index should reduce the variation in large blocks. Exclusion of some 
varieties, blocks or plots from the analysis is relatively simple. 

The analysis of covariance is surprisingly underused, as it is a powerful 
general technique for increasing the precision of variety comparisons. For 
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further information on it see Cox (1958, chapter4) and Dyke (1974, chapter 14; 
1980). Computation of analysis of covariance with a given design can easily be 
done on a small computer once an analysis of variance program has been 
written for that design (Pearce, 1977). 

12.3 FACTORIAL TRIALS 

In the trials described so far, only one agency factor, variety, is investigated, 
the others being kept at a constant level. There are many other factors 
controllable by the farmer which affect the growth and yield of the wheat crop: 
examples include amounts and times of application of fertilizer, herbicides, 
fungicides and insecticides, previous cropping, seed source, seed rate, depth of 
sowing, sowing date, methods of cultivation and harvest date. The effect of any 
agency factor level may depend upon the level of the others. Since field trials 
take many months to carry out, the chain of experiments needed for adjusting 
factors individually would continue for many years. An alternative is to design 
trials for the simultaneous study of several agency factors, each level of one 
being used in combination with various levels of the others. From these, first, 
information is obtained on the average effect of each factor; secondly, the basis 
of inferences about one factor is broadened by testing it at varied levels of 
others; and, thirdly, the way in which the effects of factors interact with one 
another can be assessed. These three results are not completely independent, 
and the emphasis changes with the objectives of a particular trial or set of trials. 
Although factorial trials are harder to carry out, to analyse and to interpret 
than simpler ones, a trial can often be made factorial (or more factorial than it 
is already) without increasing the number or size of plots. 

If many factors are included, the number of possible combinations soon 
becomes large and the cost of replicating these can be prohibitive. However, 
interactions of four or more factors may usually be assumed to be negligible, at 
least when disastrous combinations of levels are avoided. When a particular 
interaction is in reality zero, its mean square in the analysis of variance has the 
same expectation as the residual mean square, so a mean square obtained by 
pooling the sums of squares and degrees of freedom for several high-order 
interactions should approximate to the residual mean square, and may be used 
as such. Any true interaction will tend to inflate the mean square a little, but 
this is likely to be relatively unimportant compared with the advantage of 
keeping a trial on many factors within reasonable limits by avoiding replication. 
Even a trial using only a fraction of the possible factor combinations (fractional 
replication) may give useful information on all main effects and important 
interactions. Blocking systems can still be used to remove variation. If the total 
number of factor combinations is small, factorial trials can be arranged as 
randomized blocks or Latin squares. For larger numbers of combinations con
founding can be used (Mead, 1984): the factorial structure gives an opportunity 
for constructing incomplete blocks by deliberately sacrificing precision on 
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certain interactions so that more important effects can be measured more 
precisely. Sometimes the ideas of fractional replication and confounding can 
be combined, giving a design that provides information on all of the more 
important effects with blocks of moderate size. For details and examples see 
Cox (1958, chapter 12) and the references given therein. 

Occasionally some factors in a trial can only be applied to larger units than 
others. For example, the comparison of soil-cultivation techniques, irrigation 
treatments or different sowing dates may demand relatively large areas, but 
tests of other agency factors may be made simultaneously on subdivisions of 
these areas. A trial in which some factor levels are applied to large units, or 
main plots, each of which is subdivided randomly into two or more subplots for 
the levels of other factors, is said to have a split-plot design. In this design 
certain main effects and low-order interactions are confounded: there must be 
sufficient replication of main plots to give any precision needed on main-plot 
factors. 

Split-plot designs will usually assess the effects of subplot factors and their 
interactions with main-plot factors more precisely than the effect of main-plot 
factors alone: these designs are therefore adopted to obtain higher precision on 
comparisons of greater importance. However, when split plots are not essential 
for practical reasons, a design confounding high-order interactions rather than 
main effects is better and cheaper in terms of number of plots. If a factor is 
introduced into a split-plot design, not because its own effect is in question, but 
to provide interactions with other factors, then there is no need to insist on 
it being randomized. A systematic main-plot factor with randomized sub
plots will give a valid subplot analysis, while a subplot factor can be applied 
systematically as long as the main-plot factor has been properly randomized 
and the analysis separates the interaction of the subplot factor with blocks from 
the rest of the residual sum of squares. These considerations are of some 
importance, because a factor introduced to provoke an interaction, should one 
exist, commonly has extreme levels, which can be randomized only with 
difficulty. 

More generally, specific agency factors can sometimes be incorporated into 
completely systematic layouts. For example, Neider (1962) and Bleasdale 
(1967) have provided designs for examining the effect of sowing density on 
yield, and Cleaver, Greenwood and Wood (1970) have described systematic 
designs for determining optimal rates of fertilizer application. 

12.4 PRACTICAL CONSIDERATIONS 

12.4.1 Introduction 

Attention to detail is of the utmost importance in executing each stage of a yield 
trial, and the reader is recommended to consult Dyke (1974), who gives a 
wealth of practical details on all the component operations. Some of these have 
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also been described by Preece (1982), who considered that, although the basic 
principles of the design and analysis of comparative experiments had been well 
known for many years, badly designed, unsatisfactorily run and unsoundly 
analysed agricultural experiments were still common. He thought that 
mathematically oriented teaching, with emphasis on disembodied theory at 
the expense of practical realities, was partly to blame. Statisticians and 
experimenters alike had paid insufficient attention to data recording and, in 
particular, to choosing an appropriate degree of precision. Careful scrutiny of 
data had been neglected in both teaching and practice. In analysis, he 
considered that overemphasis on significance testing continued; a multiple 
comparison test was often seen as necessary, even when used in disregard of 
the treatment structure of the experiment. Many experimenters were still 
unfamiliar with plot residuals analysis, and did not understand the coefficient 
of variation and covariance analysis. Many statistical packages and programs 
for analysis of experimental results were notable for bad algorithms, bad 
output and bad documentation. 

12.4.2 The use of computers 

In general, computers have great potential for improving the efficiency of 
breeders by supplying relevant information quickly. This potential would be 
better realized if people with the requisite computing skills were recruited to 
breeding teams. 

Pearce (1977) presented some details of the use of small computers for 
analysing trials. Although large computers may be useful for some 
applications, much could be achieved on a small, cheap machine. The 
restriction lies neither in the technology nor in the cost, but in the lack of skilled 
personnel. 

The computer can also be used to produce most of the material needed to 
administer a wheat-breeding programme: score sheets, plot layouts, field 
books, seed lists, pedigree lists, variety collection records, etc. Accounts of two 
such systems were given by Morales and Geling (1979) and by Andrews and 
Hardwick (1982). Direct-recording balances have great potential in reducing 
both the time taken and the number of mistakes made in yield recording. These 
balances were discussed in general by Dyke (1974, appendix C) and, with 
particular reference to a small grain breeding programme, by Scott, Kronstad 
and McCuistion (1978). A plant breeding computing system which 
incorporates electronic balances has been described by McNicol, Ng and 
Kidger (1982). 

Computers are useful, not only in the conventional statistical analysis of 
trials, but also in screening data for aberrant observations, conducting more 
sophisticated analyses, storing results and producing summary tables and 
residuals analysis. There is further scope for computer graphics in presenting 
the results of any calculations in a more digestible form. Computers can also be 
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used to do post morterns on trials; to see, for example, what would have 
happened if different blocking systems had been used (Pearce, 1976). 

12.4.3 The use of blocks 

It was pointed out earlier that blocked designs were introduced primarily as a 
means of controlling local soil variation: nowadays, however, blocking is 
increasingly used as a management tool. 
As we have seen (Section 12.2.2), the choice of blocks can do harm if the 
variation lies within them instead of between them, because there will not be a 
large enough sum of squares for differences between blocks to compensate for 
the use of degrees of freedom for this purpose. Too often blocking is introduced 
into a trial for no good reason, in the mistaken belief that no harm will be done 
by a bad choice. Unfortunately, as with any other tool, the effectiveness of 
using blocks depends upon the skill of the practitioner. As far as soil variation 
goes, the choice of whether to use blocks and, if blocks are chosen, their 
positioning in the field, depends entirely upon the topology of the site and the 
amount of knowledge available on its history. Account must be taken of 
previous years' cropping, fertilizing, cultivation and positioning of paths (paths 
often result in compaction) as well as the direction of the prevailing wind. 
In general, any known differences in soil conditions should coincide with a 
boundary between blocks, but if there is a change in soil conditions in such a 
position that one or more blocks must lie across it, then the harmful effects will 
be minimized if the blocks are arranged so that each plot has the same share of 
conditions. If there are no obvious topological features or effects of previous 
years' cultivations, blocks should not be used to control soil variation, as areas 
of poor or good fertility change from season to season. Furthermore, if a trial is 
small, degrees of freedom for residual are so precious that none should be 
diverted to blocks. However, for a bigger trial, even if there is little local 
variation, some form of block may be needed if the whole area is too large to be 
managed in one piece, and at critical times will have to be divided so that 
several teams of scorers, samplers, harvesters, etc., can work simultaneously, 
each person working on a different block. If machines are to be used for 
sowing, spraying, harvesting, etc., then it is an advantage if the layout is such 
that work on each block can be completed before the next one is tackled, 
so that the effects of any delay or malfunction can be partially removed by the 
use of blocks in the analysis. In some cases this requirement may conflict 
with considerations of soil variation. Bitter experience shows that precedence 
should be given to mechanical necessities unless soil variation is known to be 
marked. The general principle is to treat all plots within a block as uniformly as 
possible, putting all of the sources of unwanted variation to coincide with 
differences between blocks. 

Blocks may also be used to broaden the basis of any conclusions drawn by 
growing each replicate or block at a different site (Pearce, 1979). A trial with 
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all of its replicates at one site may show the relative performance of the varieties 
or treatments very well, but there will always be doubt about how far the con
clusions can be generalized. Conclusions which apply to a range of conditions 
may be obtained if whole trials are repeated at a range of sites, each complete 
in itself. While this is certainly a great improvement on a single location, 
if blocks could be more dispersed the conclusions could be generalized even 
further. Multi-site yield testing with just a single replicate at each site was 
advocated by Bhatt, Ellison and Marshall (1984). Finney (1956, p. 11) 
described a system of trials in India where fractional replicates were used at 
each site, allowing other agency factors to be tested simultaneously over a wide 
range of soils and climates. 

12.5 GENOTYPE x ENVIRONMENT INTERACTION 
IN WHEAT 

12.5.1 Introduction 

As we have seen, variation in varietal response within trials can be estimated 
from the residual mean square in an analysis of variance of each trial. It 
contributes to errors in the estimation of variety means, and is mainly due 
to chance errors of measurement and plot-to-plot differences in fertility or 
other yield determining factors. Yates and Cochran (1938) pointed out that 
experimental error variance may change from one trial to another. They gave 
an example in which an apparently significant treatments x trials interaction 
turned out to be due to heterogeneity of error variances. They also described 
an analysis which produces correct tests of significance and weighted mean 
squares in these circumstances. This procedure was not used in analysing UK 
official trials, because the range of error variances was much smaller and the 
ratios of interaction mean squares to residual mean squares were much larger 
than in the example given by Yates and Cochran. Patterson and Silvey (1980) 
noted that bias might be introduced into estimates of average response by using 
weights that were correlated with individual responses, and considered that 
only environments of less agricultural importance should receive reduced 
weights. In practice, unless there is a considerable change in error variance 
from trial to trial, a pooled plot error variance for a series of equally replicated 
trials over several years and centres can be reliably obtained by averaging the 
residual mean squares of all of the trials in the series. 

However, in considering such a series we not only need to consider variation 
within trials, but also to take account of variation in varietal response from 
one environment to another. This type of variation, due to interaction (in 
the statistical sense) of genotype with environment, is an intrinsic part of 
variety behaviour and, without its estimation, the assessment of a variety is 
incomplete. It, too, contributes to errors in the estimation of variety means. 
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The existence of genotype x environment interaction has long been of 
concern to plant breeders; see the reviews by Hill (1975), Freeman (1973) and 
Westcott (1986). In the case of wheat several methods of analysis have been 
used, and these are reviewed briefly here. 

12.5.2 Joint regression analysis 

The joint regression analysis method was introduced by Mooers (1921) and has 
been widely used by plant breeders since its further development by Yates and 
Cochran (1938), Finlay and Wilkinson (1963) and Eberhart and Russell (1966). 
The method was originally intended for complete varieties x trials tables with 
measures of sensitivity given by joint regression of the means of each variety on 
an environment index obtained by averaging the performance of all varieties in 
each environment. 

In wheat, Johnson, Shafer and Schmidt (1968) used the Finlay and Wilkinson 
approach to examine the general adaptation of 12 hard, red, winter wheats 
grown in the USA Southern and Northern Regional Performance Nurseries. 
Only a group of varieties that had all been tested during the same period of 
years was examined, thus wasting some of the available yield data. The authors 
claimed to have shown substantial progress in developing varieties with both 
greater stability of performance and high yield potential in the Southern and 
Central Plains, but with less improvement in the Northern Plains. Some 
varieties whose mean yields over the regional trialling systems were nearly 
equal, exhibited sharply different yields at different values of the environment 
index. 

Joppa, Lebsack and Busch (1971) analysed yield data from a spring-wheat 
nursery grown at 15-20 locations in the North-Central USA and Canada over 
10 years. They adopted the Eberhart and Russell approach, calculating not 
only regression coefficients, but also the mean square for deviations from 
regression. Again, the table of varieties X trials was incomplete, as new 
varieties entered or left the trialling system in different years. The regressions 
and mean square deviations were thus calculated for each variety in each of the 
years. Large mean square deviations from regression were interpreted by 
Eberhart and Russell as reflecting instability in yield performance. Where 
instability was identifiable externally (e.g. through the susceptibility of a 
variety to a pathogen at certain sites), a large deviation mean square was, 
indeed, obtained. Unfortunately, in a number of other cases, Joppa, Lebsack 
and Busch found equally large values, but were unable to explain the causes. 
The Eberhart and Russell interpretation was also used by Stroike and Johnson 
(1972) in an analysis of a large-scale international winter-wheat performance 
nursery and by Laing and Fischer (1977) in an analysis of the adaptation of 
semi-dwarf wheats to rainfed conditions, using data from the 6th and 7th 
International Spring Wheat Yield Nurseries. 
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One method of overcoming the problem of incompleteness of the varieties X 

trials table was obtained by Digby (1979). He suggested that a sensitive variety 
provides more information on the environment than an insensitive one. 
Estimates of variety means and environment effects can be obtained by fitting 
constants (Patterson, 1978). Then, having calculated joint regressions on 
the environment constants, weighted environment means can be calculated 
with weights proportional to the regression coefficients. Regression on these 
weighted means then gives improved estimates of sensitivity, the process 
being repeated until successive estimates converge. Patterson (1980) used this 
method on UK winter-wheat trial data to examine the hypothesis that newer, 
short-strawed varieties of winter wheat were more sensitive to changes in 
environment than were older, long-strawed ones. 

Johnson, Shafer and Schmidt (1968), Joppa, Lebsock and Busch (1971), 
Stroike and Johnson (1972) and Laing and Fischer (1977) made no attempt 
to examine the assumptions underlying joint regression analysis and, in 
particular, the critical assumption of linearity in defining stability parameters. 
Baker (1969) considered a subset of six varieties of hard, red, spring wheat 
taken from a series of trials grown in Western Canada. They were chosen to 
form a complete varieties x trials table over nine locations and five years. 
Although these six varieties had been grown along with 19 others in a 5 x 5 
balanced lattice in all trials, their yields were treated as if grown in a 
randomized blocks design, so that analysis of variance and estimation of 
variance components could be carried out as described by Comstock and Moll 
(1963), and as used in a previous analysis for winter wheat by Liang, Heyne and 
Walter (1966). 

Baker subdivided the variety X environment sum of squares into sources 
attributable to the interaction of each variety with the different environments. 
The proportion of the sum of squares due to linear regression on the 
environment effects was then calculated. This was significantly different from 
zero in three out of the six cases, but in no case accounted for more than 15% of 
the interaction sum of squares, averaging less than 9% of the total interaction 
sum of squares. Because of this, and because of the difficulty in the 
interpretation of stability criteria, Baker concluded that joint regression 
analysis is of little value as a measure of the stability of wheat yield in Western 
Canada. Similar criticisms were made by Byth, Eisemann and De Lacy (1976). 

Joint regression analysis has also been criticized on other grounds: a definite 
model for the expected response function is unnecessary and may be mis
leading (Mungomery, Shorter and Byth, 1974), regression fits may be unduly 
influenced by performance in relatively few environments (Westcott, 1986) 
and, in practice, regression parameters may fail to identify stable or unstable 
genotypes (Easton and Clements, 1973). Moreover, the sum of squares for 
deviations from regression, which was regarded by Eberhart and Russell 
(1966) as an important component of stability assessment, is not independent 
of the slope of the regression line (Hardwick and Wood, 1972). 
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12.5.3 Design of a series of trials 
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The components of variance due to varieties x centres (VC), varieties x years 
(VY) and varieties x centres x years (VCY), together with the average plot 
error (E) obtained by Baker (1969), Campbell and Lafever (1977) and by 
Patterson et al. (1977) are shown in Table 12.5. As we have seen, Baker (1969) 
escaped analysis complications due to varieties entering or leaving the trials 
system by confining attention to those which were present in all years, thus 
ignoring a substantial fraction of the data. Patterson et al. (1977) avoided this 
constraint by using the restricted maximum-likelihood analysis described by 
Patterson and Thompson (1971, section 10). USA soft, red, winter wheat 
varieties seem to be equally affected by seasons and sites. West Canadian 
spring wheat appears to be much less dependent upon common seasonal 
conditions than upon site features, the situation being reversed for UK winter 
wheat. This does not, of course, mean that the weather has no effect on the 
relative performance of West Canadian spring wheat varieties or that UK 
winter wheat varieties are relatively unaffected by the location of trials centres: 
the varieties x centres x years variance is still large in both cases. 

TABLE 12.5 Components of variance in three trialling systems (yields converted to 
t ha-1 where necessary) 

Trialling system 

West Canadian spring wheat 
United Kingdom winter wheat 
USA soft red winter wheat 

vc 

0.0219 
0.0049 
0.0248 

VY 

0.0046 
0.0227 
0.0255 

VCY 

0.0543 
0.1209 
0.0952 

E 

0.0642 
0.1082 
0.1210 

The mean difference in yield between a new variety and one or more controls 
over a series of trials provides an estimate of the value the new variety would 
have if put into production over the whole range of conditions sampled by the 
series. This estimate is subject to uncertainty because future environmental 
conditions are unpredictable. Suppose that the new variety is tested at m 
centres in each of n years and that the same c control varieties are used 
throughout. All varieties, new or control, are grown on r plots in each trial. 
Then the variance of the estimated mean difference is given by (1 +c) VIc, 
where V, the variance of a variety mean over all centres and years, is calculated 
as 

V = VC/m + VY/n + VCY/mn + E/rmn. 

This formula enables examination of those values of m, nand r which minimize 
V. Even without knowing the precise values of the components, we can come to 
some conclusions about the optimum number of centres, years and replicates. 
First, the value of replication is limited, in the sense that, although for a given 
number of years and centres the effect of increasing r is to decrease V, the 
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rate of decrease is inversely proportional to the square of r. Thus, a law of 
diminishing returns sets in and the value of successive additional replicates gets 
progressively less. If only the period of years has been determined, then we 
may examine the trade-off between the number of centres and the number of 
replicates per centre. Given a fixed total number, k, of replicates (rm = k), 
Vis an increasing function of r and a decreasing function of m. This means 
that, for nand rm = k fixed, the optimum situation is when r = 1 and m = k. 
The rate of decrease of Vas m increases is inversely proportional to the square 
of m, so a law of diminishing returns again applies, each extra centre giving 
less decrease in V. 

Finally, for a given number, r, of replicates at each centre, we can find the 
optimum number of centres and years if the total number of trials, t = mn, 
is fixed. In this case, V has its minimum value if n is the square root of tVYIVC 
and m is the square root of tVCIVY. It is the ratio ofthe components of variance 
due to varieties X centres and varieties x years that determines the optimum 
numbers in this situation. Using the data of Table 12.5, the values of m and 
n that minimize V for 60 and 180 trials in total are shown in Table 12.6. 

TABLE 12.6 Optimum numbers of years (n) and centres (m) for a given 
number of trials (t) in the three systems of Table 12.5 

Trialling system 

West Canadian spring wheat 
United Kingdom winter wheat 
USA soft red winter wheat 

t = 60 

n 

3.6 
16.7 
7.9 

m 

16.9 
3.6 
7.6 

t = 180 

n 

6.1 
28.9 
13.6 

m 

29.3 
6.2 

13.2 

In most cases the number of years required to achieve a minimum is too 
large to be practicable: the testing period would be too great a fraction of 
the commercial life of new varieties. Because the number of years available 
for trials is small, variances of variety means are usually dominated by the 
varieties X years component. This is borne out by calculating actual values 
of the predicted variances in the three trialling systems already described. 
Given a total number of 180 replicates, and assuming a maximum testing 
period of 5 years, the predicted variance, V, and the fraction of the variance 
due to the varieties X years component for various allocations of centres, 
years and replicates are displayed in Table 12.7. 

To summarize, unless the ratio of the varieties x years component to the 
varieties x centres component is small (as a rule of thumb, unless it is less than 
20/t, where tis the number of trials), the full span of 5 years should be taken. 
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Otherwise, the number of years is the nearest whole number to the square root 
of tVYIVC. In any event, the number of years is then fixed. Over this period 
best results will be obtained for a given total number of replicates by dispersing 
the trials as far as possible, the ideal being a single replicate at each centre. 
The desirability of such dispersal because of the wider applicability of any 
conclusions drawn has already been noted (Section 12.4.3). If the number of 
centres is fixed at a suboptimal level, presumably for logistical reasons, a 
reduction in variance will be obtained by increasing the number of replicates 
per centre, but a law of diminishing returns holds and, in practice, the decrease 
is small for more than three replicates. 

Campbell and Lafever (1977) did not display their calculations of predicted 
variances. However, Table 12.7 shows a sample of the results obtainable from 
their variance-component values. They concluded that, although the optimum 
allocation of a given number of trials of USA soft, red, winter wheat would 
have a ratio of centres to years near unity (Table 12.6), the effect of substituting 
centres for years was not serious and appeared to them to be a reasonable 
practice. They considered that varieties should be tested for more than 1 year; 
however, testing beyond 3 years appeared to them to be of little value, 
especially as the number of centres was increased. 

Two points should be made here concerning analysis based on variance 
components. The first is that the validity of inferences depends upon the 
assumption that the centres and years included provide random samples of the 
commercial conditions that a new variety may experience. The second is that 
no account has been taken of the well-known fact that some varieties are more 
variable than others. However, this is less important than might appear at first, 
since average variances have to be used in planning future series of trials of new 
varieties. 

Patterson and Silvey (1980, section 6.4) attacked the problem of designing 
a two-stage system consisting of 2 years of trials for registration followed 
by 3 years of trials for recommendation. The efficiency criteria they used 
were percentage average gain and the probabilities that varieties of known 
performance will be accepted. Gain measures the effectiveness of the trial 
system as a whole; an acceptance probability is of more interest to breeders and 
others concerned with the fate of an individual variety. However, their analysis 
was incomplete in that the number of centres in the first stage was assumed to 
be fixed, as was the proportion of varieties finally recommended. Also, all 
effects were assumed to be normally distributed. 

Campbell and Lafever (1977) argued that the options for the choice of 
centres was wider than for the choice of years: centres can be varied in number, 
can be divided into regions, and can be selected to measure specific characters. 
They considered that this justifies a greater emphasis on varieties-centres 
interactions than on varieties-years interactions. Liang, Heyne and Walter 
(1966) used varieties-centres interactions as a basis for dividing the state of 
Kansas into regions of adaptation for winter wheat. In analysing data from a 
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complete varieties x trials table from the USA Uniform Eastern Soft Red 
Winter Wheat Nursery, involving 11 varieties at nine centres over 3 years, 
Campbell and Lafever examined the residuals in the varieties X centres table. 
They noted that some selection for specific adaptation occurred in most 
breeding programmes: some varieties which were selected at particular centres 
deviated positively from their predicted values at those centres. They 
concluded that the early generation sites played a major role in determining the 
degree of adaptability to diverse environments. If wide adaptation over a 
region is an objective of a breeding programme and the number of testing 
centres must be limited, then Campbell and Lafever proposed that centres 
should be chosen for making selections that are highly correlated with most 
other centres in the region. They regarded the centres which are not correlated 
with the ones chosen as being unrepresentative of the region in general. 
Specific adaptation may be desirable at such centres. Correlation coefficients 
of the 3-year variety mean at each centre with the corresponding mean yields at 
each of the other centres were calculated. A high correlation was observed 
between one particular centre and most of the others; it was concluded that 
this centre was a desirable one for selecting varieties with general adaptation. 
Cluster analysis was also used in an attempt to examine similarities in centres. 
In a later paper, Campbell and Lafever (1980) extended their analysis to cover 
12 centres and 7 years, although in calculating the correlation coefficients no 
adjustment was made for the now incomplete varieties x trials table. They 
found a year-to-year variation in centre similarities and, reversing their 
previous conclusion, suggested that substitution of centres for years should be 
minimized. 

Other authors have also attempted to use cluster analysis to classify wheat 
genotypes and environments. Byth, Eisemann and De Lacy (1976) employed 
an agglomerative, hierarchical clustering technique with an incremental sum
of-squares sorting strategy, using variance-standardized squared Euclidean 
distance as the dissimilarity measure, to analyse yield data from the 4th 
International Spring Wheat Yield Nursery. In classifying both varieties and 
environments, the hierarchy was truncated arbitrarily at the 10-group level, 
reducing the original data matrix to a 10 x 10 matrix of group means. This 
reduction process achieved a size reduction of 97% with the loss of only 18% of 
the total variation available in the original unreduced matrix. They claimed 
that the information retained in the reduced matrix preserved the variety group 
yield response patterns. 

Brennan et al. (1981) carried out a similar procedure on wheat yield data for 
Queensland. Since the varieties x trials table was incomplete, each year's data 
were analysed separately, the level of truncation being varied over years in 
order to retain a large portion of the genotype-environment interaction sum of 
squares among groups and to reduce the variation within each group. Brennan 
et al. criticized the use of variance components for determining the optimum 
number of years. They claimed that these procedures are not specific in that 
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they do not allow the influence of particular test environments to be deter
mined, and do not discriminate among varieties on the form of the response. 
Further, the adequacy of sampling of environments in the region of influence is 
not determined. They claimed that their cluster-analysis method overcame 
these difficulties and, on the basis of their results, suggested a phased yield 
assessment system for Queensland which would tend to maximize discrimi
nation among varieties on the form of their genotype x environment response 
pattern. 

Cormack (1971), in a review of classification methods, listed 10 different 
indices of similarity, eight different sorting strategies and 10 different distortion 
measures. J. C. Gower, in the discussion to Cormack's paper, listed five 
separate criteria for optimal partition into classes. The choice of these may 
affect the particular clusters which result. A serious deficiency of the papers 
which use cluster analysis to examine genotype-environment interaction in 
wheat is that the authors make no attempt to justify their particular choice of 
these items. To that extent, although their results are certainly interesting, they 
must at present be held to be arbitrary. 

Another criticism of clustering methods made by Gordon (1981, chapter 5) is 
that they: 

"can force unwarranted structure on a data set, suggesting misleading 
results. It is a useful precaution also to employ methods of analysis which 
are not obliged to present their results in the form of a certain number of 
groups. As Cormack (1971, p. 340) remarks: 'When the data have not been 
forced into clusters, the observer can assess better whether clusters exist'." 

So-called geometrical methods (Westcott, 1986) may provide a means of 
identifying groups without previous imposition of any group structure. 
Westcott (1987) proposed a geometrical method for the assessment of yield 
stability, including examples of its use in a series of wheat trials. 

Menz (1980) used the analysis of Byth, Eisemann and De Lacy (1976) to 
analyse International Spring Wheat Yield Nurseries in five more years. For 
comparison purposes, he also applied the stochastic dominance (SD) pro
cedure of Anderson (1974). He found that variety groups based on cluster and 
SD analyses showed a considerable degree of coincidence and concluded that, 
while the SD procedure is no panacea, it appears to be useful as an adjunct to 
other analytical procedures for the interpretation of trials data. 

Some attempts have been made to arrive at decisions on the choice of trial 
sites without using data on varieties, but by using census or survey data on 
overall wheat yields. Goodchild and Boyd (1975) studied the average annual 
wheat yields for each major wheat-producing shire in Western Australia over 
the 40-year period 1932-1971. Simple correlation coefficients were calculated, 
but were considered to provide an inadequate representation of the yield 
fluctuations over time and of regional differences. The data were then analysed 
by principal components analysis as expounded by Pearce (1969) and Holland 



Genotype x environment interaction in wheat 361 

(1969). Goodchild and Boyd claimed that the principal components were 
clearly interpretable, the first eigenvector, accounting for 56% of the total 
variance, being attributed to between-season variation, while the second, 
accounting for 17% of the total variance, was attributed to within-season 
variation. A group of shires in the central part of the wheat belt contributed 
most to the first vector; other shires were arranged concentrically around this 
group and contributed progressively less to the vector with distance from the 
centre. Such a pattern conformed to the distribution of the average yields of 
the shires. Goodchild and Boyd considered that breeding policy was unduly 
influenced by the more spectacular and obvious problems of crop production in 
the more marginal areas. They concluded that, while their results indicated a 
need to develop cultivars with wide adaptability as well as the desirability of 
emphasizing results and selections obtained from the central region, it should 
be possible to use within-season variation for defining areas into which late 
generation selection trials could be extended. Hill and Goodchild (1981), using 
a more extensive set of data, performed principal components analyses on eight 
groups of consecutive years which were chosen to reflect changes in socio
economic factors. They concluded that although climatic factors were the 
prime cause of variability before the Second World War, after the war the 
effects of climate were overridden by particular series of events which 
characterized each group of years. Unless wheat breeders are satisfied either 
that such events will not distort the data, or that the effects can be removed, 
they would be ill-advised to use sets of historical data in predictive models. 
Although the principal components were interpretable in these cases, a clear 
interpretation is not always possible (Silvey, 1982), and this is a weakness of the 
method. 

Hamblin, Fisher and Ridings (1980) used trials data from the same state over 
the four years 1973-1976. Their approach was somewhat similar to that of 
Campbell and Lafever (1977), using correlation coefficients of the genotypes at 
a centre for one year with the average yields over all centres for that year. They 
also computed correlation coeffecients of these average yields with the mean 
yields over two and three centres. The best combinations were then selected, 
taken to be those with a high predictive power, but attention was also given 
to their ability to discriminate between the best genotypes and the rest, and 
whether their mean yield was high enough and consistent enough to ensure an 
adequate seed supply. These were then cross-verified with the previous 4 years' 
data, from 1969 to 1972. The results showed that some combinations still gave 
high predictability and were therefore recommended for concentration of early 
generation selection effort. 

Pederson and Rathjen (1981) investigated nine sites used in a wheat
breeding programme in South Australia. Of the six major sites, four occupied 
farmers' fields and two were located on experimental stations. The data 
analysed consisted of yields of 31 genotypes grown in 31 trials over 5 years. 
Wheat grown at the experiment stations generally had higher mean yields, 
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higher coefficients of variation and lower heritabilities. Data from a set of 
independently conducted trials were used to estimate the yields of the 31 
genotypes. Following the work of Allen, Comstock and Rasmusson (1978), a 
heritability of the correlated response to selection was then estimated for each 
breeding trial, and was generally low for the experimental station sites. Further 
investigation showed that the non-station and station sites were suitable for 
the selection of genotypes intended for low- and high-yielding environments, 
respectively. The optimum selection scheme consisted of several unreplicated 
trials per year, and at least four trials per year were necessary to avoid the 
possibility of a negative heritability estimate for the correlated response to 
selection. 

12.6 THE AGRICULTURAL SIGNIFICANCE OF 
WHEAT YIELD ASSESSMENT 

In the last paragraph of their chapter on yield, Biffen and Engledow (1926) 
remarked: 

"Yield problems like the 'general theory' and 'adaptation' are no longer 
for the individual. Time, ideas, and resources will have to be pooled. May 
Providence ever defend us from bureaucracy in scientific investigations! 
but for some problems there must be a joining of forces. A well-tested and 
generally approved common policy is the first and perhaps the only require
ment. The first steps to a reasonable co-ordination are overdue." 

After more than 50 years they are still overdue, and it is clear that much 
remains to be done. This last section therefore considers deficiencies in trials 
systems which lead to lack of effectiveness in forecasting agricultural 
performance. 

Trial sites, in practice, are often determined by chance and arbitrary factors 
such as convenience, government policy, the location of agricultural research 
organizations or the presence of a farmer willing to have trials conducted on his 
land. The balance between the number of sites and the number of replicates per 
site may also be affected by considerations such as the need to minimize 
movement of sowing and harvesting machinery between sites. Replication of 
trial centres and years does not provide a random sample of conditions in 
commercial farming, nor does it necessarily provide a representative sample, in 
that trial centres may be established for ease of operation rather than to 
represent areas where the crop is widely grown. There may be some conflict 
between designing a series of trials to predict agricultural performance and 
designing it to determine response across a wide edaphic and climatic range. 

The existence of substantial genotype-environment interaction in wheat is 
of obvious importance in yield assessment. Interaction occurs between geno
types and edaphic, climatic and agency factors. It affects the rational choice 
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of trials sites, the number of years over which trials are held and the husbandry 
treatments which need to be applied to them. 

Simmonds (1981) pointed out that the merits of high-yielding varieties with 
high stability of yield have been widely recognized in recent years, especially in 
the context of Third World development, but also in the context of what are 
now high-input agricultures which may be faced with husbandry constraints 
(such as energy shortage) in the future. High inputs may also have a 
detrimental ecological effect. Simmonds suggested that a strategy of 
deliberately breeding such varieties implied three things: first, a reasonable 
confidence that systems of trials predict the agricultural reality; second, a 
deliberate policy of selecting and testing in well-chosen low-input 
environments and, finally, a wide genetic base of operation if there is reason to 
believe (as there seems to be in the cereals) that recent selection has pushed 
varieties in the direction of responsiveness rather than stability. 

Standardization of husbandry procedures at centres is normally regarded as 
good scientific practice. In UK trials standard seed rates and seed treatments 
are imposed at a national level, and seed of any variety comes from the same 
source for all trials: sowing and harvest dates, applications of herbicides, levels 
of fertilizer, etc., vary from centre to centre according to what is regarded as 
good local practice. Such standardization can lead to under-estimation of 
variability in variety performance. It can also conceal bias in estimated variety 
means: for example, the chosen seed rate may favour particular varieties and in 
certain years particular varieties may be favoured at some centres by the sowing 
dates, harvest dates and husbandry practices chosen. 

For example, in trials conducted at the Plant Breeding Institute, Cambridge, 
in 1981 and 1982, clear interactions between variety and sowing date were 
demonstrated (Bingham, Blackman and Newman, 1985). The yields of five of 
the winter wheat varieties which were grown in these trials at six different 
sowing dates are shown in Table 12.8. The sowing dates were (1) early 
September, (2) late September, (3) third week in October, ( 4) early December, 
(5) late January and (6) mid-March. There were clear changes in relative 
rankings at the different dates. At sowing date 1, Aquila, Norman and Gawain 
all did well. At date 2, Norman was easily best, whereas at date 3 its advantage 
was much reduced and, at dates 4 and 5, it did relatively badly, with Gawain 
and Aquila coming to the fore. At date 6, Aquila did badly, while Moulin, 
which has a low vernalization requirement, came into its own. It is of little use 
recommending varieties to farmers if they are not also informed how they 
perform at particular sowing times. In the UK, for example, biased results are 
obtained from winter-wheat variety-recommendation trials because most of 
these trials are sown in October (Mann, 1984). 

Nitrogen applications may also interact with varieties. Table 12.9 shows the 
yields and protein contents of the same five varieties, which were also included 
in a nitrogen fertilizer trial at the Plant Breeding Institute in 1981. The previous 
crops were sugar beet in 1979 and linseed in 1980. On 27 March, 40 kg ha- 1 of 
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TABLE 12.8 Yields (in t ha-1) of five winter-wheat varieties grown at stx sowing dates in 
1981 and 1982 at the Plant Breeding Institute, Cambridge. Standard errors of differences 
between variety means were 0.54 (1981) and 0.34 (1982) 

Sowing Aquila Norman Moulin Gawain Avalon 
date 

1 1981 9.4 9.5 9.3 9.8 7.9 
1 1982 10.0 10.2 9.7 9.9 8.7 

2 1981 9.1 10.5 9.7 9.9 9.6 
2 1982 9.7 10.7 9.6 10.3 9.2 

3 1981 9.0 10.3 10.0 9.5 10.3 
3 1982 9.3 9.5 9.0 9.6 8.2 

4 1981 7.9 8.3 8.9 9.0 7.9 
4 1982 8.6 7.1 8.1 8.2 7.3 
5 1981 6.9 6.6 6.3 7.6 6.0 
5 1982 8.3 7.2 7.9 7.9 6.2 
6 1981 4.4 5.9 7.4 6.7 5.9 
6 1982 6.5 6.3 6.9 6.6 5.7 

nitrogen was applied and later dressings, on 23 April, brought the totals up to 
the amounts shown. Responses of yield to nitrogen were relatively small due to 
the previous cropping; it is also possible that the late sowing date (28 October) 
may have imposed a ceiling on yield. As expected from official recommen
dations for this situation, the most economic response in yield (assuming 
a constant price per tonne) would have been for a total of 140 kg ha- 1 of 
nitrogen. This treatment, however, would not have given the protein content 
needed to obtain a premium for baking quality. The 11% protein requirement 
was readily obtained, however, with 200kgha- 1 • The results illustrate the 
dangers of considering yield in isolation, and of neglecting agency factors and 
economic and social conditions in designing and interpreting trials for the 
recommendation of wheat varieties to farmers. Some official trials in the 
UK receive no levels of fungicide treatment, in spite of local practice. This 
can result in misleading rankings of variety performance, as not only does 
disease resistance vary among varieties, but also some varieties with good 
fungal disease resistance can still respond to fungicide because of associated 
effects such as delayed leaf senescence. Variety trials which receive both 
unsprayed and sprayed treatments often show an extremely large interaction 
between varieties and effect of fungicide. 

Variety performance may also be differentially affected by field-plot 
techniques. Trial yields are generally higher than farm yields because sites at 
testing centres are chosen for uniformity and they receive standards of 
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management which reflect good, rather than average, commercial practice. 
This tends to bias results towards varieties that perform well under conditions 
of high fertility. Davidson (1962), in one of the few published attempts to relate 
experimental yields to farm yields, showed that in a series of wheat trials in 
Victoria, Australia, over 18 years, farm yields approached trial yields more 
closely in years of low yield. The managerial skill of farmers will vary over a 
wide range in any area; but even a skilled farmer, working a large area of land, 
is unable to carry out cultural operations over the whole area at the right time or 
with optimum efficiency. In favourable years, when the general yield level is 
high, the optimum timing and efficiency of operations for the trials may give 
exceedingly high yields which are not reflected on farms. In such years a small 
difference in farm yields may correspond to a large relative yield in trials. In 
unfavourable years the correct timing of operations could be less beneficial to 
the trials, because yield is then largely determined by climatic conditions. The 
same difference in farm yields may then correspond to a much smaller yield 
difference in trials. 

Trial results are ultimately valid only if they are confirmed in commercial 
practice; unfortunately, agricultural censuses and surveys on farm yields 
almost never contain information on which varieties were grown. Published 
yield estimates for varieties often include results from trials and demonstration 
plots as well as commercial-scale farms. In any case, the fields used are not 
chosen at random. Thus, there are no hard data available to answer the 
pressing questions of the validity and agricultural significance of trials. Some 
doubts exist: for example, in the UK it had been noted by Fiddian (1973) that 
national cereal yields were approximately static at that time despite the regular 
release of new varieties that were believed to be higher yielding on the evidence 
of trials. 

On a wider scale, the fact that national average yields always fall well below 
the maximum yields obtained could be due to deficiences in farming practice, in 
the varieties themselves and/or in the trialling systems used for assessing their 
yields. On the other hand, it may simply reflect inherent differences in land and 
climate. It is obviously an important task to discover the reasons for such 
variability; until this is done the efficiency of all our methods, whether for 
farming, breeding or yield assessment, will remain in doubt. 
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CHAPTER 13 

Breeding for disease resistance 

R. johnson and F. G. H. Lupton 

13.1 INTRODUCTION 

The provision of high-yielding varieties with adequate grain quality is the 
principal objective of the wheat breeder. However, to permit potential high 
yield to be fully realized and maintained, disease must be controt!ed. One of 
the most effective ways of achieving this is by the use of resistant varieties, and 
selection for resistance to diseases, pests and other hazards forms an essential 
component of most breeding programmes. 

Because of the extra work involved in breeding for resistance, it is essential 
for the breeder to consider, first, which diseases are prevalent at levels that are 
likely to cause economic loss and, secondly, whether they may be controlled 
more effectively by other means. Some diseases may be controlled by cultural 
techniques such as the use of extended rotation for the control of take-all, 
caused by Gauemannomyces graminis (for further examples see Russell, 1978). 
The elimination of other host plants, including alternate hosts, such as the 
barberry host of black stem rust (Roelfs, 1982), has contributed to disease 
control. The destruction of volunteer plants on which infection could survive 
during the break between crop seasons has also been advocated, although 
application of this method was not successful in controlling rust diseases in 
India (Rao, 1978). Some diseases such as common bunt, caused by Tilletia 
caries and T. foetida, and loose smut, caused by Ustilago tritici, have been 
controlled in many advanced countries by fungicidal seed dressings. 

More recently the advent of systemic fungicides for the control of foliar 
pathogens has influenced the agronomy of wheat cultivation in Western 
Europe, and has changed the emphasis on breeding for resistance in many 
programmes (Bingham, 1981; Effland, 1981). Such chemicals may, however, 
be too expensive for use in developing countries, and their application may not 
be economic, even in developed countries where yields of wheat per unit area 
are low, such as in regions of low rainfall. Furthermore, fungicides for the 
control of foliar pathogens often control disease more effectively on varieties 
that possess a measure of inherited resistance (Bingham, 1981). In addition, 
there is increasing evidence of pathogens becoming insensitive to fungicides. 
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For example, insensitivity of the eyespot pathogen to the fungicide benomyl 
has become common in the UK in recent years (Hollins et al., 1985). For these 
several reasons it is likely that selection for resistance to diseases of economic 
importance will continue to form an essential part of most breeding 
programmes, probably as part of integrated programmes that also exploit other 
means of disease control. 

Having selected those diseases that require the effort of breeding for 
resistance, breeders must be constantly alert to the possibility that a disease 
that had not previously been considered to be important may suddenly become 
prevalent. For example, following the introduction of short-strawed varieties 
in Western Europe, glume blotch, caused by Septaria nadarum, became more 
prevalent. This probably arose because the varieties from which the short
strawed character was derived were also rather susceptible to glume blotch, 
and there was insufficient selection for resistance in the derived lines. Their 
susceptibility was also related to the shortness of straw, a character which 
predisposes wheat to infection by glume blotch (see Section 13.9.6). Other 
examples could include the occurrence of severe Septaria tritici on semi-dwarf 
wheats released in North Africa (Saari and Wilcoxson, 1974) and the high 
susceptibility of some varieties when yellow rust reached Australia in 1979 and 
New Zealand in 1980 (O'Brian etal., 1980; Beresford, 1982). Another example 
was the unexpected susceptibility of the wheat variety A val on to head blight, 
caused by Fusarium spp., in the unusually wet summer of 1982 in the UK. 

When it is decided that a disease is of sufficient economic importance and 
that breeding for resistance is a realistic solution, the breeder must develop 
suitable screening techniques. In most of these the resistance is assessed 
directly in the presence of the pathogen which either occurs naturally or is 
introduced. Where inoculum of a pathogen is introduced, the breeder must 
also consider the risks of introducing disease into the environment if this could 
spread easily into commercial crops that would otherwise probably remain 
uninfected. For example, following the introduction of yellow rust to Australia 
in 1979, before the epidemiology of the disease in that country was assessed, 
breeders were not allowed to introduce inoculum for screening until infection 
had occurred naturally in the surrounding area (R. A. Mcintosh, personal 
communication). Although the benefits may often be considered to outweigh 
the risks, each proposal to introduce inoculum should be reviewed carefully 
before initiation of the tests. Where the pathogen is introduced by the breeder 
it is important that appropriate isolates be chosen, and this requires knowledge 
of variation in the pathogen population. 

13.2 PATHOGEN VARIATION 

All pathogens are genetically variable, but the types of variation that can be 
detected differ between pathogen species. Generally there is greater specificity 
in the relationship of obligate parasites with their host plants than of facultative 
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parasites with the plants in which they induce disease. At one extreme are 
pathogen species that grow only in association with living host tissues and may 
therefore be classified as biotrophic. This includes the rust, powdery mildew 
and smut pathogens, and also the viruses. Most smut pathogens can be cultured 
on artificial media (see Fischer and Holton, 1957) but the powdery mildew 
pathogen has not been and only a few isolates of the rusts have been 
successfully cultured other than on living host tissue (Williams, 1984; Kuck and 
Reisener, 1985). In their parasitism, however, all of these groups are entirely 
biotrophic. Many other pathogens, described as necrotrophic, obtain many of 
their nutrients from dead plant tissue and can survive for long periods on dead 
tissue. Some of these appear to kill host tissue as they spread, although initially 
they must germinate and start development on live tissue. These include the 
eyespot, take-all, Fusarium and Septaria pathogens. These necrotrophic 
pathogens can be cultured on artificial media, including sterilized host tissues. 

The division of pathogens into these two groups is somewhat arbitrary (see 
Williams, 1984), but it is convenient here because pathogens within each of 
these two main groups share certain features relevant to plant breeding, some 
of which are described below. 

13.2.1 Biotrophic pathogens 

All pathogens have a restricted host range and only cause disease in certain 
families and genera of plants. With pathogens such as the rusts and powdery 
mildew of wheat it was noted that the host range, determined by infection 
experiments, was narrower than would be indicated by morphological 
classification. For example, isolates of Puccinia striiformis taken from wheat 
are usually able to infect a wide range of wheat varieties but very few barley 
varieties, while the converse is true of isolates taken from barley. Although 
morphologically indistinguishable, these isolates from the two hosts clearly 
differ in their host range. Eriksson (1894) referred to the forms with different 
host ranges as formae speciales. Since the introduction of the term, extensive 
investigations have shown considerable complexity in the interaction of 
biotrophic pathogens with groups of related host species and genera (see 
Anikster, 1984). One of the potential sources of resistance for plant breeding is 
the related species and genera, and this variation clearly has implications for 
the transfer of resistance from such sources into wheat. 

Stakman (1914) demonstrated that isolates of Puccinia graminis differed in 
their ability to infect subsets of a group of wheat varieties and species, thus 
demonstrating that populations of P. graminis could be divided into 
physiologic races within the formae speciales. Similar variation was 
subsequently found in the other wheat rusts, in powdery mildew and in the 
smut and bunt diseases. It was shown by Flor (1955) that such variation in 
pathogenicity in the flax rust pathogen interacted with resistance in flax in a 
precise pattern, described as a gene-for-gene interaction between the host and 
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the pathogen. For each resistance gene in the host there was a unique matching 
gene for pathogenicity in the pathogen. It has either been demonstrated or 
inferred that gene-for-gene relationships occur between wheat and most of its 
biotrophic pathogens (see Day, 1974) and also with some insects such as aphids 
and the Hessian fly (Mayetiola destructor), as discussed more fully in Chapter 
14). Where such interactions occur, resistance sometimes becomes ineffective 
due to the spread of previously unknown races with matching pathogenicity. 

Much of the earlier work on breeding for resistance to the rusts and powdery 
mildew was based upon the exploitation of simply inherited major genes that 
were expressed in seedlings and throughout the life cycle of the host plant. 
Most of these genes conferred very high levels of resistance expressed as 
hypersensitive chlorotic flecks on plants exposed to infection. Plants carrying 
such genes could therefore be conveniently identified by tests carried out with 
precision on seedlings under glasshouse conditions. Such tests are easy to 
conduct on a large scale, and are particularly convenient where it is desired to 
introduce resistance by back-crossing from an unadapted exotic source. 
However, these major genes frequently interacted in a gene-for-gene pattern 
with the pathogen, and were soon matched by previously unknown physio
logical races of the pathogen. An example of successive losses of resistance due 
to rapid matching of resistance genes is provided by the history of breeding 
and using wheats with resistance to yellow rust in Britain since 1952 (Table 
13.1). A series of otherwise promising varieties had to be withdrawn shortly 
before or after their release when their resistance to yellow rust failed. Others 
were still sufficiently resistant after increased pathogenicity occurred to be 
used commercially, although sometimes only with the help of fungicides. In 
Table 13.1 the nomenclature of the races is according to the system described 
by Johnson et al. (1972), but certain isolates with the same race name are 
distinguished by being described as 'Type X'. These vary in pathogenicity for 
certain race-specific components of resistance in adult plants that are present in 
UK wheat varieties (Section 13.7 .1). 

In contrast with this experience with resistance to yellow rust, control of stem 
rust based on breeding for combinations of known major resistance genes has 
been successful for many years in both North America (Roelfs, 1985) and 
Australia (Watson, 1981). The reasons for this success probably include aspects 
of the epidemiology and population biology of the pathogen, as well as the 
quality of the particular genes and gene combinations used. Some hypotheses 
offered for the successful control of rusts by certain wheat varieties are dis
cussed in Section 13.7.2. 

Much resistance to all three rusts, to powdery mildew and to smuts and bunts 
has been shown to be race-specific, and the pathogen populations have 
correspondingly been found to consist of different physiological races. For all 
of these diseases there is also resistance that is not controlled by currently 
identified race-specific genes. The nature of such resistance has been a source 
of speculation, some authors considering that all resistance will eventually be 
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TABLE 13.1 Some races ofPuccinia striiformis collected in the UK from 1952 to 1983, 
showing wheat varieties and lines affected 

Year 

1952 
1955 
1966 
1968 
1969 

1971 

1972 

1974 
1975 

1979 
1980 
1981 

1982 
1983 

Race 

40E8 
32E160 
37E132 
41E136 
104E137 
108E9 
104 E137 Type 2 
41 E136Type2 
108 E141 

43El38 
45El40 
104El37Type3 
41 E136 Type 3 
232E137 
108E141 Type2 
41 E136 Type 4 
171 E138 
108E141 Type3 
108E9Type2 
106E139 
109E141 
169E136 
45 El40 Type 2 
169 E136 Type 2 

Varieties and lines 

Nord Desprez * 
Heines VII* 
Rothwell Perdix * 
Maris Templar*, Cama * 
Maris Beacon*, Maris Nimrod t 
Maris Rangert 
Joss Cam bier* 
Joss Cambier* 
Maris Rangert, Maris Beacon* 
Maris Nimrod t 
Capta *,Talent* 
Maris Rangert, Maris Templar* 
Maris Bilbo*, Joss Cambier*, Hobbit:j: 
Maris Huntsman t, Maris Nimrod* 
Clement§ 
Kinsman:j: 
Hobbit:j:, TL363/30/2§, CWW916/26§ 
CWW1771§ 
CWW 1684/5§,Brigand:j:, Gawain* 
Moulin:j:, Hobbit* 
Hots pur§ 
Normant, Brimstone:j: 
CWW 1645§, Stuart§ 
Longbow:j: 
Stetson*, Slejpnert 

* Became too susceptible for further commercial use. 
t Remained sufficiently resistant for commercial use despite specific pathogenicity of the race. 
:j: Continued in commercial use with the help of fungicides. 
§ Withdrawn due to susceptibility before commercial use. 

shown to be race-specific and others that there are two distinct types of 
resistance, one of which is race-specific and the other of which is not. While 
neither of these speculations can be confirmed as correct with existing data 
(Johnson, 1981a) there is clear evidence for inheritance of disease resistance by 
genes of small effect (minor genes) and of more-complex inheritance than is 
associated with single major genes. There are also large differences in the 
durability of resistance, and these are of major concern to the plant breeder 
(see Section 13.4). 

With the obligate pathogens, genetic analysis of pathogenicity has usually 
been confined to those genes that interact with race-specific genes in the host. 
Day (1974) suggested that there is no reason not to expect more complex 
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inheritance of pathogenicity, corresponding with the observations on host 
resistance. An example of apparent polygenic inheritance of pathogenicity was 
provided for loose smut of barley by Person et al. (1983), but there seem to be 
no examples yet from the obligate pathogens of wheat. 

In addition to variation in specific pathogenicity, biotrophic pathogens may 
vary in other genetic characters that affect overall fitness. Authors sometimes 
refer to aggressive and non-aggressive isolates of obligate pathogens. By 
analogy with the facultative pathogens (see below) variation in such non
specific characters would be expected to occur. However, because 
pathogenicity characters are assessed on living host plants it is difficult to 
disentangle effects due to specific pathogenicity from those that are controlled 
by other genes (Johnson, 1987a). Similarly, where large variations in non
specific pathogenicity are found it is more difficult to demonstrate the existence 
of specific pathogenicity (Scott and Hollins, 1980a). This problem may even 
arise with certain biotrophic pathogens. For example, flag smut of wheat, 
caused by Urocystis tritici, is a biotrophic pathogen and variations in 
pathogenicity between pathogen isolates have been reported (Purdy, 1965). 
However, there is currently some doubt whether it displays specific differential 
pathogenicity towards individual wheat varieties (see Section 13.8.2(e)). 

Among the possible genetic characters affecting pathogen fitness, 
considerable attention has been given to the suggestion that the possession of 
genes for specific pathogenicity reduces fitness in pathogen isolates when they 
grow on varieties lacking the corresponding resistance genes (see Leonard and 
Czochor, 1980). Selection against unnecessary genes for specific pathogenicity 
has been termed 'stabilizing selection' by Vanderplank (1968) or, more 
correctly, 'directional selection' in the terminology of population genetics. The 
demonstration of such effects requires the separation of any effect of an 
unnecessary pathogenicity gene on fitness from other genetic variation 
affecting fitness. This has rarely been attempted, and so most reports of 
apparent effects of unnecessesary genes for specific pathogenicity remain 
inconclusive (Johnson, 1984, 1987a; Leonard and Czochor, 1980). Bronson 
and Ellingboe (1986) attempted to remedy this deficiency by studies in which 
fitness of isolates of Erysiphe graminis f. sp. tritici was assessed by their 
competitive ability when grown in mixtures on wheat seedlings. They showed 
that fitness segregated independently of recognized genes for specific 
pathogenicity in the progeny from a cross between two isolates of the pathogen 
that differed in their number of genes for specific pathogenicity. Initially the 
isolate with more genes for specific pathogenicity was classified as the less fit of 
the two, but the analysis of Bronson and Ellingboe showed that the difference 
in fitness was controlled by genes other than those determining pathogenicity. 
However, they also noted that even this careful demonstration did not preclude 
the possibility of a relatively small direct effect of the genes for specific 
pathogenicity on fitness. Furthermore, it is open to question whether the genes 
associated with fitness were, in fact, previously unrecognized genes for specific 
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pathogenicity or some other type of gene. It may also be questioned whether 
competitive ability in mixtures is a test of the characters controlling fitness in 
the field. Correlations between such laboratory tests and observations in the 
field are sometimes poor (Johnson and Taylor, 1976). 

The question of directional selection against unnecessary genes for specific 
pathogenicity is clearly relevant to plant breeding, because it has implications 
for attempts to combine race-specific resistance genes in single varieties and to 
their planned deployment in heterogeneous crops. However, as indicated, it is 
very difficult to devise satisfactory experiments to test the theory. 

The classification and documentation of this pathogen variation is important 
for the plant breeder. Greater precision can be applied in the selection for 
resistance when isolates with known pathogenicity characters are used. The 
origin of the variation and its behaviour in pathogen populations are also 
relevant to the use of resistance by breeders. For example, the relative 
importance of sexual and asexual reproduction has been shown to affect the 
variability of populations of rust pathogens (Groth and Roelfs, 1982). It has 
been customary to classify pathogen isolates as belonging to different races or 
biotypes on the basis of their interactions with a selected set of differential 
varieties. However, this method only classifies a limited part of the potential 
variation, and many modifications have been proposed to make the 
classification more relevant to resistance in breeding programmes and 
commercial crops. These include the addition of supplementary differential 
varieties and the replacement of differential varieties by lines with identified 
genes for resistance. The value and limitations of these methods of 
classification were reviewed by Caten (1987). One limitation is that the 
classification of isolates into races is mainly of value if there is some stability in 
the occurrence and survival of races. Where sexual reproduction is an 
obligatory or very common feature of a pathogen life cycle there may be a high 
rate of recombination between genes controlling pathogenicity and the content 
of races in the population may vary rapidly. The occurrence of such rapidly 
changing populations led to the development of methods for studying the 
population genetics of individual genes for pathogenicity, and their expected 
and observed frequencies of occurrence in combinations. Such methods have 
sometimes been applied indiscriminately to populations in which reproduction 
is largely asexual and recombination between pathogenicity genes is limited 
(Wolfe and Knott, 1982). 

Numerous systems of nomenclature have been applied to the classification of 
variation in specific pathogenicity. Those in current use are always 
compromises between practical constraints in the numbers of differential 
varieties that can be tested, the desire to maintain historical continuity and 
international co-operation, and the need to adapt to changing evolution and 
local features of pathogen populations. An ideal system of nomenclature would 
provide a concise name that conveyed maximum information about the pattern 
of pathogenicity of any isolate. In practice the requirement for conciseness 
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conflicts with the requirement to convey information. Some problems of 
nomenclature and classification for wheat rusts were reviewed by Roelfs 
(1984). 

In addition to studies of the phenotypes and genotypes associated with the 
expression of pathogenicity, it is possible to examine characters not expressed 
in pathogenicity. For example, for pathogens that can be cultured on artificial 
media, such as the smut fungi, growth characteristics of the cultures often vary 
independently of recognized pathogenicity characters (Fischer and Holton, 
1957). 

Techniques for the examination of isoenzymes and double-stranded RNA 
(dsRNA) and for observation of restriction fragment length polymorphisms 
(RFLPs), using digestion of DNA by restriction enzymes, make possible the 
examination of further characters not assessed by pathogenicity. Two 
objectives of such work could be to find characters correlated with patho
genicity or to identify characters that are independent of pathogenicity and 
not subject to selection due to resistance in host varieties. Such characters 
could be valuable in population studies. Newton, Caten and Johnson (1985) 
showed that isolates of Puccinia striiformis from wheat differed from isolates 
taken from barley in certain isoenzymes and in dsRNA, but that both 
characters were uniform within the two groups despite differences in 
pathogenicity. The results supported the recognition of formae speciales tritici 
and hordei in P. striiformis, but the uniformity of isoenzymes and dsRNA 
within the two groups was surprising. By contrast, individual isolates of 
P. recondita from wheat differed in dsRNA. Such analyses have further 
potential for elucidating aspects of variation in populations of pathogenic 
fungi. 

Preliminary studies showed that isolates of Erysiphe graminis from wheat, 
barley, oats and rye differed in their complement of repeated DNA sequences 
carried by their chromosomes. These variations were detected by treatment 
of the DNA with restriction endonucleases, coupled with electrophoresis of 
the treated DNA (Fig. 13.1; O'Dell et al., in preparation). These RFLPs are 
consistent with the classification into different formae speciales originally based 
on pathogenicity tests (Hiura, 1978). Further work indicated the possibility of 
recognizing different RFLPs among isolates within the formae speciales. These 
polymorphisms will be useful as markers, mostly independent of pathogenicity, 
in the extensive population studies carried out on these pathogens (see Wolfe 
and Schwarzbach, 1978). 

13.2.2 Necrotrophic pathogens 

As already noted, parasites that are facultative and that tend to be necrotrophic 
on host plants often do not display differential pathogenicity towards individual 
host varieties. They do not, therefore, display a gene-for-gene interaction with 
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Figure 13.1 Electrophoresis of DNA fragments produced by digestion with EcoRl 
endonuclease of DNA from leaves of barley (B), rye (R), wheat (W) and oats (0) 
infected with corresponding formae speciales of Erysiphe graminis. The digests are 
probed with a cloned DNA fragment F6 from barley powdery mildew DNA using the 
Southern blot technique. DNA sizes are given in numbers of base pairs (bp). (O'Dell 
eta!., in preparation.) 



378 Breeding for disease resistance 

resistance in the host. Examples include eyespot caused by Pseudocerco
sporella herpotrichoides (Scott and Hollins, 1977) and Septaria nodorum in 
Britain (Scott and Benedikz, 1976). In these examples introduced resistance 
has remained effective. 

Problems of breeding for resistance to pathogens that do not display highly 
developed specificity in their interaction with host varieties are often rather 
different from those with the obligate, biotrophic pathogens. 

Incorporation of resistance to eyespot has been an important objective of 
wheat-breeding programmes at the Plant Breeding Institute, Cambridge 
(PBI), and the variety Cappelle Desprez has been an important donor of 
resistance. Individual isolates of the pathogen Pseudocercosporella 
herpotrichoides differ in pathogenicity, and in individual tests interactions 
between isolates and varieties have been demonstrated. At first sight this might 
appear to indicate specific differential interactions between isolates and 
varieties. However, in repeated tests no consistency was obtained and there 
was no evidence of specific pathogenicity in any isolate for an individual wheat 
variety (Scott and Hollins, 1977). The resistance of Cappelle Desprez remained 
effective during widespread use of this variety for more than 20 years in the 
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Figure 13.2 Eyespot infection scores (numbers of leaf sheaths infected or penetrated) in 
wheat and rye seedlings infected with two isolates of each of W-type and R-type 
Pseudocercosporella herpotrichoides. (P. R. Scott and T. W. Hollins, unpublished.) 
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UK. In contrast with these results obtained with wheat varieties, evidence was 
obtained of specificity in the pathogenicity of P. herpotrichoides towards 
different species and genera of cereals (Scott, Hollins and Muir, 1975). Thus, 
isolates collected from wheat were pathogenic for wheat but only slightly 
pathogenic for rye, whereas isolates taken from rye were pathogenic for both 
wheat and rye (Fig. 13.2). Isolates were also obtained with specific 
pathogenicity for a line of Aegilops squarrosa (Scott et al., 1976). These 
observations are relevant to attempts to introduce eyespot resistance into 
wheat from related species and genera, which are discussed in Section 13.9.1. 

Other facultative pathogens that display specificity in their pathogenicity to 
species and genera but little or no specificity towards individual wheat varieties 
include Gauemannomyces graminis, the cause of take-all (Chambers and 
Flentje, 1967) and Septaria nodorum (Holmes and Calhoun, 1970). In these 
and similar examples, resistance introduced from other wheat varieties would 
be expected to remain effective, but the durability of resistance introduced 
from alien sources might be unpredictable. However, for take-all there is little 
evidence of resistance among wheat varieties, and introduction from an alien 
source is therefore attractive (see Section 13.9.2). 

Facultative pathogens can also be examined for characters other than their 
pathogenicity. These pathogens are readily cultured on sterile media and 
characters of colonies in sterile cultures are often used in identification, and 
sometimes also in population studies. As mentioned above, isolates of 
Pseudocercosporella herpotrichoides can be of types infecting wheat but not rye 
(W-type cultures), or infecting both wheat and rye (R-type cultures). When 
cultured on potato dextrose agar theW-type produces quickly growing smooth
bordered colonies whereas the R-type is slow-growing with feathery borders. 
In Britain the spread of insensitivity to benomyl fungicides in the population of 
P. herpotrichoides is associated with the spread of cultures with R-type 
characters on agar and pathogenicity for both wheat and rye. However, 
insensitivity to benomyl was found in almost half of the W-type isolates 
collected in surveys in 1985 (Hollins and Scott, 1986), showing that there is no 
fixed relationship between the R-type and insensitivity to benomyl (Fig. 13.3). 
The figure shows W-type and R-type cultures with sensitivity and insensitivity 
to benomyl. The spread of pathogenicity for rye has occurred despite the 
continuing small area sown to rye in the UK. Possible explanations for this 
include the apparently greater insensitivity of R-type cultures to several 
commonly used fungicides (M. J. Griffin, personal communication; Leroux 
and Gredt, 1985) and their greater pathogenicity on winter barley, which has 
become widely grown in the UK in recent years (Hollins, Scott and Payne, 
1985). However, at present other possibilities, such as random population 
effects or other unperceived selective forces, cannot be ruled out, especially as 
W-type cultures can also be insensitive. 

The value of characters other than pathogenicity in genetic studies of 
pathogens was illustrated by tests of wheat- and barley-adapted isolates of 
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Figure 13.3 Pseudocercosporella herpotrichoides colonies on potato dextrose agar 

(PDA) (left column) or PDA amended with 2 mg 1- 1 benomyl (right column) in 9-cm 

Petri dishes after 3 weeks at 22 ac; (a) W-types and (b) R-types sensitive (above) and 

insensitive (below) to benomyl. (Hollins, Scott and Payne, 1985.) 
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Septaria nodorum (Osbourn, Scott and Caten, 1986). Variation in colony 
morphology on sterile media, in fluorescence, in genetic markers (nitrate 
utilization) and in heterokaryon incompatibility were used to compare isolates 
of the two pathogenicity types that had been passaged through the host to 
which they were not adapted. Apparent changes in pathogenicity were 
associated with corresponding changes in the non-pathogenicity characters, 
and it was concluded that, despite careful precautions, occasional cross
contamination between isolates had occurred. The use of the pathogenicity 
characters alone would not have permitted the identity of the passaged cultures 
to be checked, and might have led to the assumption that passaging had led to 
transformation of pathogenicity. 

13.3 SOURCES OF RESISTANCE 

Understanding the genetic variability of pathogens is an essential feature of 
exploiting host resistance to disease and influences the choice of sources of 
host resistance. 

The most favourable source of resistance to any disease is among varieties 
closely similar in agronomic type to that which the breeder is trying to achieve. 
Often, however, there is insufficient resistance in adapted wheats and 
resistance may be sought in varieties that are poorly adapted to the area in 
which the breeding programme is being carried out. Transfer of resistance from 
such unadapted sources requires greater effort than transfer from adapted 
sources, because it must be separated from the undesirable characters of the 
unadapted wheat. 

Resistance from within cultivated wheat may be inadequate either in level of 
expression (see resistance to eyespot, Section 13.9.1, and take-all, Section 
13.9.2) or because the available resistance is being depleted by spread of new 
races of a pathogen. For both of these reasons there is an incentive to look for 
resistance in the related species and genera, both cultivated and wild; such 
resistance is described as being of alien origin. The use of alien germplasm in 
the improvement of disease resistance was reviewed by Knott and Dvorak 
(1976). 

Where much resistance is known to be race-specific, as with the rust diseases, 
the introduction of resistance from alien sources to replenish the stock of 
available genes may be attractive as those in existing varieties are overcome by 
races with matching pathogenicity. It may also be hoped that resistance 
introduced from other species might display greater durability than resistance 
already available within wheat varieties. However, experience with introduced 
alien resistance has not always supported this expectation. For example, 
resistance to yellow rust introduced to wheat from Aegilops comas a (Riley, 
Chapman and Johnson, 1968) was originally effective in the UK though not in 
Kenya, but races with matching pathogenicity were later found in the UK 
although the resistance had not been deployed in a commercial variety 
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(Johnson, Priestley and Taylor, 1978). Similarly, resistances to yellow rust, 
brown rust and powdery mildew introduced from rye to wheat by a 
translocation of a segment of chromosome 1R of rye to chromosome 1B of 
wheat have all been rapidly overcome by races of the pathogens with matching 
pathogenicity (Stubbs, 1985; Negulescu and Ionescu-Cojocaru, 1974; Bennett, 
1984). In contrast, resistance to stem rust derived from Agropyron elongatum 
and designated as Sr26 has remained effective for many years in Australia 
(Watson, 1981). Also the gene Sr2, which was derived from a tetraploid wheat, 
J aroslav Emmer, has been implicated in the durability of resistance to stem 
rust in Australia (Hare and Mcintosh, 1979) and in North America (Sunder
wirth and Roelfs, 1980; Johnson, 1984). 

Many other opportunities have been taken and will be taken to introduce 
disease resistance from alien species and genera to wheat (Chapter 7), and 
techniques of tissue culture and molecular genetics will enhance the possi
bilities. The fate of introduced resistance in the face of pathogen evolution 
will probably remain unpredictable especially, but not solely, for the obligate, 
biotrophic pathogens (Johnson, 1987b ). 

13.4 DURABILITY OF RESISTANCE 

No breeder who has worked hard to introduce resistance to disease is content to 
see such resistance rapidly matched by previously unknown pathogen races. As 
illustrated above, obligate parasites such as rusts and powdery mildews provide 
the greatest challenge in this aspect of breeding for resistance. Numerous 
publications have addressed the problems of achieving durable resistance and 
differing views, using diverse terminology, have been presented. This situation 
arises because data are inadequate to prove many of the theoretical models 
proposed and because pathogens themselves are diverse in their interactions 
with hosts. Aspects of this topic with references to some relevant publica
tions were reviewed by Johnson (1984). Assumptions that are commonly made 
include: that all resistance is of the same type, regardless of the type of 
pathogen; that extreme resistance, controlled by genes of large effect, is more 
vulnerable to changes in specific pathogenicity than intermediate levels of 
resistance; and that intermediate levels of resistance are under polygenic 
control, even in the absence of genetic data. It is sometimes implied or assumed 
that genes of small phenotypic effect (minor genes) will not show race
specificity and sometimes that all genes, whether of large or small phenotypic 
effects, will inevitably display specificity. In the broad context of disease 
resistance, none of these generalizations is of universal application. Although 
durable resistance may often be under complex genetic control, this is not 
always so. Intermediate levels of resistance may or may not display race
specificity and may or may not be under complex control. Because of the 
variety of genetic systems controlling resistance that remains effective during 
widespread use it has been proposed that, initially, resistance of this type is 
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recognized by its durability (Johnson, 1981a, 1984). The identification of the 
precise genetical components that control the durability of the resistance may 
even then remain difficult. The problems of achieving durable resistance to 
diseases of wheat are referred to where relevant in the discussions of individual 
diseases below. 

13.5 DISEASE ESCAPE 

Various methods can be employed to avoid exposure of wheat to potentially 
damaging disease, and these methods of disease escape may be combined with 
other features of disease control such as resistant varieties and the use of 
fungicides. Methods of crop rotation that break disease cycles, eradication of 
supplementary or alternative hosts of pathogens, and the use of sanitation and 
quarantine may all contribute to disease control. Such methods are not directly 
influenced by breeding for resistance, but breeders should be aware of their 
potential and importance. 

Other methods that contribute to disease escape, and that can be influenced 
by plant breeding, include the use of earlier-maturing crops to escape the 
season of maximum disease potential. For example, wheat varieties with 
earlier maturity were introduced in Australia in the first attempts to reduce 
the severity of attacks by Puccinia graminis (Mcintosh, 1976). Sometimes 
approaches to breeding for disease escape may conflict with the objective of 
higher yield or agronomic characters. For example, taller wheats are more 
resistant to Septaria diseases (Scott, Benedikz and Cox, 1982a), but this 
character can only be used to a limited extent for improving resistance because 
of the agronomic requirement for short-strawed wheats. The use of variety 
mixtures and multiline varieties can also be classified as contributing to disease 
escape QY reducing disease pressure on individual components of the mixture 
or multiline. 

13.5.1 Varietal diversification, mixtures and multilines 

Few wheat varieties are completely uniform genetically, but most approach 
uniformity because of selection towards phenotypic homogeneity in their 
production. As noted above, single varieties that are widely grown with 
resistance to certain diseases provide a powerful screen for multiplication of 
previously unknown races with matching pathogenicity, sometimes leading to 
serious disease epidemics. One way to limit this possibility is to ensure genetic 
diversity in the resistance of host varieties. Lines or varieties with different 
resistances can be used in various ways, including deployment on a 
geographical scale, a field scale or in an intimate mixture. The objective is to 
increase the likelihood that pathogen propagules that have grown on one host 
will land on a genetically different host substrate for which the pathogen lacks 
matching pathogenicity. 
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Proposals have been made to deploy different resistance genes in different 
geographical zones, either to limit production of disease inoculum in a 
significant epidemiological source zone or to present a barrier in a known 
epidemiological pathway. Reddy and Rao (1979) proposed a scheme of gene 
deployment for the control of brown rust on wheat in India. Identification of an 
epidemiological pathway for stem rust from south to north annually in North 
America led to proposals to deploy resistance genes in different zones (Knott, 
1972). To put these schemes into operation would require control over the use 
of resistance genes by breeders and control over the distribution of seed to 
farmers. The necessary degree of co-ordination between breeders and in seed 
distribution has not been achieved, and no successful use of such systems of 
gene deployment to control diseases of wheat has been reported (Mundt 
and Browning, 1985). Effective diversity in disease resistance has sometimes 
existed between geographical areas because of cultivation of different varieties 
in the areas for reasons other than disease control. However, examples given 
by Mundt and Browning (1985) do not include wheat. 

Alternatively, diversification of resistance genes could be used on the scale 
of individual fields of wheat. In Britain schemes are presented each year 
encouraging farmers to make use of such diversity as occurs in the resistance of 
commercial varieties to yellow rust and powdery mildew. Priestley (1981) 
described such a system for yellow rust of wheat, and more recently a scheme 
combining resistance to yellow rust and powdery mildew has been introduced. 
It is suggested that farmers should usually grow more than one variety, 
especially on large farms, and that the alternative varieties should be chosen to 
reduce the potential for spread of these two pathogens between them. The 
scheme is based upon knowledge of the genetic basis of resistance in the 
varieties and the distribution of matching pathogenicity in the pathogen 
populations as determined by surveys. An example of such a scheme is given in 
Table 13 .2. It is unlikely that a disease epidemic would be equally intense on all 
varieties, and therefore the scheme provides a measure of insurance against 
severe crop loss throughout a farm. It may also reduce the chance of infection 
on individual varieties, but it does not provide protection against spread of 
disease within fields. Priestley (1981) stated that 56% of farmers in a selective 
survey used the scheme for yellow rust. However, there are no recent data and 
none from random surveys of farmers, and British agricultural advisers believe 
its direct use is infrequent. Nevertheless, the publication of the scheme in 
leaflets for farmers and agricultural advisers probably helps to maintain 
awareness of the potential hazards of genetic uniformity and possible benefits 
of diversity. Also, as with geographical diversity, some diversity in disease 
resistance between fields arises spontaneously because of choice of varieties by 
different farmers, for different purposes and for different environments, 
although in Britain and elsewhere a small number of varieties usually occupies 
a high proportion of the total area. 

The remaining alternative for diversification is the use of intimate mixtures 
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TABLE 13.2 Winter wheat varietal diversification scheme to reduce spread of yellow rus1 
and mildew in the UK (modified from UK Cereal Pathogen Virulence Survey, Annual Report, 
1985) 

Variety 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

1. Brock + + + + + + + + + + + + + + 
2. Mercia + + + + + + + + + + + + + + 
3. Penman + + m + m m + + + m m m m m 
4. Aquila + + + m + + + + + + + m + + 
5. Virtue + + m + ym m + + + m m m ym m 
6. Norman + + m + m ym + + + m m ym ym m 
7. Armada + + + + + + ym + + + + m + + 
8. Slejpner + + + + + + + y y + + + + + 
9. Stetson + + + + + + + y ym + + m + + 

10. Galahad + + m + m m + + + ym m m m m 
11. Avalon + + m + m m + + + m ym ym m m 
12. Moulin + + m m m ym m + m m ym ym m m 
13. Longbow + + m + ym ym + + + m m m ym m 
14. Brimstone + + m + m m + + + m m m m ym 

+ , Good combination; low risk of spread of yellow rust and powdery mildew. 
y, Risk of spread of yellow rust. 
m, Risk of spread of powdery mildew. 

of lines or varieties within fields. Theoretical and practical aspects of the use of 
multilines and mixtures have been discussed in many publications, and are 
reviewed by Mundt and Browning (1985) and Wolfe (1985). Multiline varieties 
are groups of lines of similar phenotype but containing different resistance 
genes, usually introduced by back-crossing into an established but susceptible 
variety. Multilines have been referred to as 'clean' if all of the component lines 
possess a high level of resistance to all existing pathogen races and 'dirty' if 
some or all the component lines are susceptible to different component races in 
the pathogen population (Marshall, 1977). Obviously these two types of 
multiline have quite different implications for their effects on the pathogen 
populations. Most of the models of the effects of multilines on disease 
incidence and on pathogen populations pertain to dirty multilines. In practice 
most multilines are likely to contain some lines resistant to all races and some 
susceptible to particular races of the pathogen population. The question of the 
ability of pathogens to carry 'unnecessary' pathogenicity genes, discussed in 
Section 13 .2.1, is of critical importance to models and observations on the long
term effectiveness of dirty multilines. Many models have been constructed and 
experiments conducted to study the effects of the use of multilines on the 
structure of pathogen populations, but effects of their widespread use remain 
unpredictable, leading to proposals for the dynamic rather than static 
deployment of multilines (Wolfe, 1985). 



386 Breeding for disease resistance 

The more complete the back-crossing programme is, the more precise the 
practical test of the theoretical advantages of the multilines can be. However, 
because of the time required to develop the necessary back-cross lines, 
multilines tend to be agronomically outmoded and may also be uniformly 
susceptible to diseases other than that against which they are targeted 
(Groenewegen and Zadoks, 1979). For practical purposes, therefore, it is 
preferable to reduce the number of back-crosses to the minimum required to 
achieve sufficient agronomic uniformity (Mundt and Browning, 1985). There 
are now several examples of wheat multilines. Perhaps the most extensively 
used so far were Miramar 63 and Miramar 65, which were reported by 
Browning and Frey (1969) to have been widely grown in Colombia. 
Considerable experimental data on the effects on disease and yield have been 
published for the different sets of wheat multilines and several have recently 
been released for use by farmers (Mundt and Browning, 1985). There are, 
however, no readily available statistics on their commercial use. 

As indicated, for practical purposes it seems desirable not to aim for the 
maximum degree of genetic uniformity among component lines of multilines. 
A proposed alternative, involving the minimum of genetic uniformity, is the 
use of mixtures of existing varieties, selected for agronomic compatibility but 
diversity in genes for disease resistance (Wolfe, 1985). The varieties can either 
be produced specifically for use in mixtures or existing varieties can be mixed 
on the basis of genetic diversity in their disease resistance. Although multilines 
and mixtures are commonly thought of in the context of the pathogens that 
show highly developed specificity, it has been shown that the occurrence of 
other diseases in a variety mixture may be restricted relative to that observed in 
pure stands of the components, provided only that the components differ in 
level of resistance. Thus Jeger, Griffiths and Jones (1981) indicated that disease 
due to Septaria nodorum on wheat and Rhyncosporium secalis on barley was 
reduced by mixing resistant and susceptible varieties, compared with the mean 
levels of disease on pure stands of the varieties, although there was no race
specificity in the host resistance used in the experiments. 

Many data indicate the effectiveness of variety mixtures for disease control in 
experiments. However, the testing of mixtures for yield and other characters in 
routine variety-assessment procedures presents problems because of the large 
numbers of mixtures that are possible with only a few varieties. Effects of 
variety mixtures on disease are also difficult to measure in routine experiments 
with small plots. In addition, controls on the marketing of cereal seeds in some 
advanced countries require the maintenance as pure lines of the component 
varieties used in mixtures. In fact, mixtures cannot be maintained as such 
through many generations because differential reproduction of the component 
varieties will alter the composition of the mixture. 

Although there are thus considerable practical problems in the maintenance 
and sale of variety mixtures it is evident that these are not insurmountable. 
Mixtures of barley varieties have been used with the major target of controlling 
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powdery mildew on a commercial scale. In the UK in 1984 it was estimated that 
about 1.5% (23 000 ha) of the barley crop was sown to variety mixtures. 
Mixtures were used in Denmark in 1985 on about 8% (80 000 ha) of the spring 
barley area and in East Germany in recent years on approximately 50% of the 
barley area (M.S. Wolfe, personal communications). For wheat there are few 
data on the commercial use of variety mixtures, but in the UK in 1984 it was 
estimated that about 1% (18 000 ha) of the wheat area was sown to mixtures. 
The use of variety mixtures and the marketing of grain from such mixtures are 
unfamiliar to wheat farmers, although the degree of genetic uniformity within 
existing varieties is much less in some developing countries than in 
technologically advanced countries. Grain from a variety mixture may be 
considered to be of inferior quality for some purposes to grain from individual 
varieties. However, the current limited use of variety mixtures in wheat may 
owe more to habit and traditional practice than to discriminating appraisal of 
the data from experiments. It is therefore possible that the use of variety 
mixtures will spread gradually, provided that varieties are chosen with 
sufficient care to build up the confidence of farmers in this unfamiliar system 
of wheat growing. 

13.6 Practical aspects of breeding for resistance 

As indicated by the preceding sections, different approaches are required in 
breeding for resistance to different diseases. They all have in common the need 
to screen large numbers of plants rapidly. The ease with which this can be done 
depends upon the type of disease and the expression of resistance to it. For 
example, yellow rust is very easy to identify on wheat leaves, and screening can 
be carried out visually and very rapidly in field plots. However, the ease of 
selection for resistance is counterbalanced by the high variation in specific 
pathogenicity in Puccinia striiformis, which often, but not invariably, results in 
the failure of introduced resistance. Selecting for resistance to Septaria 
nodorum is more difficult because the symptoms of necrosis on the leaves are 
difficult to identify and can be confused with necrosis due to other causes. High 
levels of resistance are not available, so it is difficult to achieve adequate 
resistance even with strong selection. Resistance successfully incorporated into 
new varieties in the UK has, however, always remained effective without the 
emergence of races with specific pathogenicity. 

Selection for resistance to eyespot is even more difficult because the disease 
is not readily visible to the naked eye on single wheat plants in situ. In the PBI 
wheat-breeding programmes the main problem has been to provide sufficient 
inoculum, by culture in the laboratory, for an adequate disease test, and to 
devise an appropriate simple system of selection for resistance in the field. In 
early generations screening is limited to selection for resistance to lodging 
(stem breakage) in plots where straws colonized by the pathogen have been 
scattered. In later generations part of the seed of an individual family is used, in 
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a time-consuming test in the glasshouse, to assess its resistance to penetration 
of the pathogen into the stems. Despite these difficulties, and although 
resistance in Cappelle Desprez is controlled by genes on more than one 
chromosome (see Section 13.9.1), successful transfer of the resistance to new 
varieties has been achieved. Resistance successfully introduced in this way 
from Cappelle Desprez has not been matched by new races of the pathogen. 

Because of the large numbers of plants that must be screened in most wheat
breeding programmes, it is not possible for breeders to spend long periods 
analysing components of resistance, such as rate of infection or spore 
production on individual plants or progenies. More detailed assessments of 
disease resistance can be applied to parents or to small numbers of selected 
lines in the later generations of breeding programmes, but a rapid method is 
essential for application to large numbers of segregating progeny in early 
generations. Genetic control of resistance to some diseases, particularly rusts 
and powdery mildew, has been analysed with great precision and chromosomal 
locations of many resistance genes are known (see Chapter 6). However, the 
extensive nature of most wheat-breeding programmes, and selection in them 
for many characters, limits the precision that can be applied to selection for 
resistance to any single disease. Even where the presence of particular 
resistance genes in parents is known, the exact combinations of such genes 
achieved in the progeny from crosses are often not known precisely until after 
breeding is complete (Johnson, 1981b ). Limits to our knowledge ofthe genetic 
basis of resistance and of the genetic components that produce durable 
resistance further restrict the precision achievable in breeding disease-resistant 
varieties that are satisfactory in all other characters for commercial use. The 
skill of the plant breeder lies in combining adequate disease resistance with all 
the characters that lead directly to good agronomic features, high yield and 
good grain quality. It is necessary to transfer all accumulated characters for 
disease resistance into each new variety, even to maintain the progress already 
achieved. Still greater efforts are required to improve on past successes. At the 
same time accumulating knowledge of the genetic bases of other important 
characters, and the use of more-precise methods of selection, multiplies the 
steps required for breeding successful varieties. The complexity of this process 
is not always appreciated by those unfamiliar with plant breeding, including 
pathologists who recommend complicated procedures for the incorporation of 
resistance to single diseases. Further discussion of this topic, relevant to the 
incorporation of disease resistance, is given in Chapter 16. 

Probably all existing commercial varieties of wheat were produced by 
pedigree methods of selection in which individual crosses are recorded and 
selected progenies are identified through each generation. This method 
permits selection to be adjusted for each cross and for the development of lines 
with particular characters. Such lines can be reintroduced into the breeding 
cycle, thus allowing the gradual accumulation and combination of desired 
groups of characters. 
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Disease resistance is usually included among the characters, and is 
sometimes considered to be of paramount importance. The simpler the genetic 
control of a character is, the more easily it can be manipulated in breeding 
programmes but, as already noted, simply inherited disease resistance may 
sometimes be overcome by pathogen races with matching pathogenicity. It has 
been suggested that incorporation of such simply inherited race-specific genes 
is favoured by the pedigree selection system, and that the use of varieties with 
such genes leads inevitably to the sudden loss of resistance when races with 
matching pathogenicity spread (Robinson, 1976). Breeders are criticized for 
having adhered to the pedigree system of breeding despite this apparent 
limitation of the method. In contrast it is argued that, in addition to any race
specific resistance, all plants possess at least some resistance that is race non
specific, or 'horizontal'. Such resistance could be accumulated to useful levels 
by intercrosses between lines possessing such resistance, using a process of 
mass selection (Robinson, 1976). 

Based upon this premise, Robinson and Chiarappa (1975) proposed that 
race non-specific (horizontal) resistance could be accumulated by intercrossing 
locally adapted varieties that are too susceptible to disease for commercial use. 
The genetic exchange between lines would be increased by promoting 
intercrossing between them, using male sterility induced by chemicals, and 
resistance to all important diseases would be accumulated over several 
generations by a process of mass selection. They suggested that, for a disease 
like a rust, a single race of the pathogen carrying matching pathogenicity for all 
of the race-specific genes in the component lines would be used for screening. 
A wheat breeding programme based on these principles was described by Beek 
(1983). 

While transgressive segregation for disease resistance may be a common 
occurrence (Wallwork and Johnson, 1984) there are, in our view, several 
reasons why resistance to rusts and powdery mildew developed in programmes 
of this type should not be assumed to be race non-specific. These include the 
possibility that a single race of the pathogen may not be available that possesses 
matching pathogenicity for all of the major and minor genes that may be race
specific. Race-specific genes may also interact with each other and with their 
genetic background, giving diminished or increased expression (see Section 
13.7 .1). Furthermore, even if several race-specific genes have been identified, 
there is no guarantee that all other resistance is non-specific, even though it 
may not be matched by any currently available pathogen race. 

Nevertheless, the technique of accumulating resistance by intercrosses 
between moderately or highly susceptible varieties may be useful, provided 
that it is remembered that the resistance achieved may be at least partly race
specific. For example, following the introduction of yellow rust to Australia in 
1979 breeders considered the possible methods of breeding for resistance. 
Because of the many agronomic differences between Australian wheats and 
those from Europe and North America that appeared to possess durable 
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resistance to yellow rust, Mcintosh (1983a) proposed that attempts to 
accumulate transgressive resistance from crosses between susceptible 
Australian wheats would be worthwhile. This could be achieved within a 
pedigree breeding system, or mass-selection procedures could be applied. 

It remains true, however, that all commercially acceptable varieties so far 
reported were evidently produced by systems of pedigree selection rather than 
by any techniques of mass selection. This may be because, to be successful, 
wheat varieties required rather precisely defined characters and these are more 
readily achieved with pedigree breeding than with mass selection. 

13.7 RESISTANCE TO RUST DISEASES 

Most wheat-breeding programmes include the introduction of resistance to one 
or more of the three rusts that are major pathogens of wheat (black or stem rust 
caused by Puccinia graminis Pers. f. sp. tritici, brown or leaf rust caused by 
P. recondita Rob. ex Desm. f. sp. tritici and yellow or stripe rust caused by 
P. striiformis West.). 

Black rust is often considered to be the most damaging of the rusts, because 
it can occur severely on both leaves and stems, sometimes causing complete 
yield loss. It has been responsible for severe epidemics in many of the warmer 
wheat-growing areas of the world, including North and South America, Africa 
and the Mediterranean region, India and Australia. However, it does little 
damage in the cooler zones where much wheat is grown, and Samborski (1985) 
has suggested that brown rust may cause more damage worldwide because of its 
wider distribution and more regular, although less spectacular, occurrence. 
Infections of brown and yellow rusts cause less damage to stems than black rust, 
although they can still lead to severe yield losses (Doodson, Manners and 
Meyers, 1964; Samborski, 1985). Yellow rust is rarely seen in the warmer 
zones of wheat cultivation such as central North America or central India, but 
is the most prevalent of the three rusts where wheat is grown in cool conditions, 
including temperate maritime climates, at high altitudes or where wheat is 
grown in the cool season in areas that may have hot summers such as North 
India and Australia. 

The geographical range of the rust diseases can be extended if highly 
susceptible varieties are grown in areas in which the diseases do not usually 
occur. Thus, for example, it may be unrecognized but important for wheat 
varieties grown in central North America to have at least some resistance to 
yellow rust. There are occasional extensions of the area in which a given rust 
causes damage, and this sometimes leads to the suggestion that a rust pathogen 
is extending its ecological adaptability. Probably the most usual cause is 
exceptional susceptibility in a recently introduced variety, perhaps coinciding 
with more than usually favourable weather conditions. 

In many breeding programmes the production of varieties with resistance to 
one or more of the rust diseases is a primary objective, since the cultivation of 
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susceptible varieties is impossible. The efficiency of breeding programmes can 
be greatly increased if the genetic basis of resistance is known and the genetic 
basis of the interaction between resistance to rust diseases of wheat and the rust 
pathogens is one of the most intensively studied of all host-pathogen 
interactions. 

13.7 .1 Genetic aspects of resistance to rust diseases 

Mcintosh (1984) provided a comprehensive list of all of the named resistance 
genes for rust resistance with references to their original descriptions, and has 
regularly updated the information with annual supplements published in 
Cereal Research Communications and in Wheat Information Service. In 
addition, much information is available for black rust (Luig, 1983), for brown 
rust (Browder, 1980) and for yellow rust (Robbelen and Sharp, 1978) and for 
all three in the two-volume book on the cereal rusts (Bushnell and Roelfs, 1984; 
Roelfs and Bushnell, 1985; see also Chapter 6). 

Named genes have been described at more than 30 loci for resistance to black 
rust, at more than 30 for brown rust and at more than 10 for yellow rust. For 
each rust, tightly linked or allelic series of genes have been demonstrated at 
some loci. Such closely linked genes are distinguished from each other by their 
differential interactions with races of the pathogen. Resistance due to most of 
the named resistance genes is expressed in seedlings and throughout the life of 
the plant. No doubt this is at least partly accounted for by their original 
detection in tests of seedlings. However, there are several examples, such as 
Sr2 (Knott, 1968) and Lrl2, Lr13 and Lr22 (Dyck and Kerber, 1985) that are 
classified.as genes expressed mainly or only in adult plants. Mcintosh, Dyck 
and Green (1977) reported that the genes Sr23 and Sr25 are expressed in 
seedlings but give inadequate resistance in adult plants. Although not the only 
possible examples, this is the least common pattern of development of 
resistance to a rust disease. 

Most of the named genes determining resistance to rust diseases are known 
to be race-specific. This applies both to genes obtained from within cultivated 
wheat and to those derived from related species and genera such as Aegilops, 
Triticum and Secale. Race-specificity has been observed in the genetic 
components of adult plant resistance to all three rusts (Dyck and Kerber, 1985; 
Knott, 1983; Wallwork and Johnson, 1984; Zadoks, 1961). It is assumed that 
race-specific resistance genes interact with specific genes for pathogenicity 
according to the gene-for-gene hypothesis. Some data have been produced for 
both host and pathogen to show that resistance in wheat and pathogenicity of 
the wheat rust pathogens Puccinia graminis and P. recondita operate on a gene
for-gene pattern (see Samborski, 1985; Loegering and Powers, 1962; Green, 
1966). However, crossing and genetic analysis of P. graminis and P. recondita 
are difficult and time-consuming, and relatively few corresponding gene pairs 
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in host and pathogen have been analysed. For yellow rust an explicit demon
stration of a gene-for-gene relationship is not possible because no sexual stage 
has been found for P. striiformis. 

Person (1959) showed that the gene-for-gene relationship leads to a 
predictable pattern of interactions between varieties with resistance genes and 
pathogen races that differ in their genes for specific pathogenicity. Application 
of the gene-for-gene hypothesis to such patterns is often used to provide 
preliminary analyses of resistance genes in varieties. This method is not a 
substitute for genetic analysis by intercrosses but, provided sufficient care is 
used in the interpretation of data, it can give useful information about larger 
numbers of varieties than could ever be analysed with standard genetic 
methods. Errors can arise in the interpretation of this type of data where, for 
example, a variety is thought to possess no resistance genes because all 
pathogen isolates possess a corresponding gene for pathogenicity. When tested 
with other isolates, particularly from other geographical locations, such a 
variety may unexpectedly be shown to possess resistance due to a previously 
unrecognised gene. Perwaiz and Johnson (1986) indicated possible difficulties 
from such a source in the interpretation of tests of wheat varieties from 
Pakistan with races of P. striiformis from the UK and other geographical areas. 
Data in Table 13.3, and many other unpublished data, show that the reactions 
of Heines VII, which possesses resistance gene Yr2, correspond with those of 

TABLE 13.3 Infection types (00-resistant to 4-susceptible scale) on seedlings of wheat 
varieties infected with UK and foreign races of Puccinia striiformis (H. Singh and 
R. Johnson, unpublished) 

Varieties 

Heines VII Kalyansona 

UK races 
104E9 ON-1-* ON-112+t 
108E9 0--1- 1-2+ 
109E9 ON-1+N ON-1-N 
45 E140 4 4 
106El39 3+-4 4 
108E141 4 4 

Foreign races§ 
6EO 00 3/2+ 
66EO 00 r-3+ 

* A range of infection types on different plants. 
t Discontinuous variation between plants, commonest type on left. 
:j: First leaves of WL 711 rather variable, second leaves 0--1-. 

WL711 

r-3-:J: 
a-rt 
ON-TN 
4 
4 
4 

3--3+ 
3-3+ 

§ Races imported under Ministry of Agriculture Fisheries and Food licence PHF 48N80(76). 
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Kalyansona and WL711 in tests with UK races of P. striiformis. This could be 
interpreted as indicating that all three varieties possess Yr2. However, tests 
with races from other parts of the world show that Kalyansona and WL 711 are 
susceptible to races that give low infection types on Heines VII. This could 
indicate that they do not carry Yr2 or that Heines VII carries a resistance gene 
in addition to Yr2. Crosses and careful use of rust races will be necessary to 
resolve these alternatives. 

This illustrates the possibility of identifying further race-specific genes for 
resistance to yellow rust. Although there is undoubtedly more race-specific 
resistance to be analysed for all of the rusts, further details on resistance to 
yellow rust are used here as an example. Ten loci for race-specific genes 
controlling resistance to yellow rust in seedlings and throughout the life of the 
plant have been identified and named. A further gene, Yr15, was introduced 
from Triticum dicoccoides, but its race-specificity is not reported (see 
Mcintosh, 1986). A previously undescribed race-specific resistance in seedlings 
of an Australian wheat variety Avocet was noted in Australia but has not yet 
been named (C. R. Wellings and R. A. Mcintosh, personal communication). 
Specificity has also been observed in resistance that develops after the seedling 
stage. In the UK race specificities in adult plants were numbered R11 to R14 
(Priestley, 1978). Mcintosh (1986) allocated gene symbols Yrll-Yr14 to these, 
despite the lack of precise genetic data to identify them as single genes, mainly 
to avoid confusion that might arise if the numbers 11 to 14 were assigned to Yr 
genes genetically unrelated to R11-R14. However, Stubbs (1985) used 
numbers 11-14 to designate race-specific resistances that are probably 
genetically different from those designated 11-14 by Priestley. The potential 
confusion from the use of overlapping numbering systems could be avoided by 
the use of abbreviations of the name of the variety in which the race-specific 
resistance was first detected, although this would not solve all problems of 
identification. For example, race-specificity in adult plants has also been 
identified in many varieties in the Netherlands (e.g. Zadoks, 1961), but their 
relationships with the genes Yrll-Yrl4 have not been determined. Although 
data of sufficient precision for the identification and chromosomal location of 
resistance genes can usually be obtained for those that are expressed in 
seedlings, it is much more difficult to obtain such clear data for the race-specific 
genes expressed only in adult plants. This is partly because, in many crosses, 
there may be several genes affecting resistance to yellow rust, and effects of the 
environment may alter the expression of resistance, often making it difficult to 
obtain segregation into discrete classes in the progeny. An example of 
identification of a gene of small effect in adult plants, using chromosome 
substitution and controlled crosses, is noted in Section 13.7.2 The evidence 
given here indicates the large amount of further work required to elucidate the 
genetic basis of race-specific resistance to yellow rust. 

Usually, genes for resistance to one rust pathogen do not provide resistance 
to the other two rust pathogens. Thus, to develop resistance to more than one 
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rust disease it is necessary to incorporate resistance to each separately. A 
possible exception was suggested by Mcintosh (1983b ), who showed that 
mutations induced in the gene Lr20 always resulted in a change in the 
completely linked gene Sr15. He suggested that the same gene or overlapping 
sequences of two genes were involved in the interaction with the two different 
pathogens. Some other apparent exceptions are genes for resistance to more 
than one rust disease transferred to wheat from alien sources, such as Sr24 
and Lr24 transferred from Agropyron (Mcintosh, Dyck and Green, 1977). 
Although both genes are carried on the same alien chromosome segment, the 
segment is probably large and contains many genes. There is no evidence that 
the same gene provides resistance to two rust diseases in such alien 
translocations, but both genes are inherited together because crossing over 
between genes is rare due to reduced pairing of the alien chromosome segment 
with the normal wheat chromosome at meiosis. 

Occasionally linkage between genes for resistance to different rusts can help 
in the analysis and also with the transfer of genes. For example, linkage 
between the genes Sr9g and Yr7 was used to assist in the identification and 
distribution of Sr9g in wheat varieties (Mcintosh et al., 1981) and the presence 
of Sr9g can also be used to support evidence that Yr7 is present. 

As well as interacting with only a single rust pathogen, most of the named 
genes for resistance to a single rust pathogen are described as acting 
independently of each other. However, the description of the independence or 
interaction of genes for rust resistance is confusing. For example, if a gene 
giving a low infection type is present with a gene conditioning an intermediate 
infection type, it is usually the effect of the former that is observed when tested 
with a pathogen culture lacking pathogenicity for both genes. The gene 
conditioning the lower infection type is sometimes described as being epistatic 
to the gene for the intermediate infection type. In genetic terms it is clear that 
the action of the two genes is not additive, and in quantitative genetics 
departures from additivity are described as interactions. However, in plant 
pathological literature the gene is often said to display independent action, and 
many identified genes act in this way. In contrast, where two resistance genes 
together give a lower infection type than either of them separately, it is often 
suggested that the genes interact. In genetic terms, however, if the lower 
infection type is the sum of the effects of the two genes separately, then such 
gene action could be described as additive and would therefore not be 
considered to indicate interaction. In plant pathological literature the term 
'additive' is often applied loosely where resistance due to two genes is greater 
than the resistance of either of them separately, or to any transgressive 
segregation of resistance, whether or not the effect is truly additive. 

Dyck and Kerber (1985) reported several examples of pairs of genes for 
resistance to brown rust that act together to give greater resistance than either 
of them separately. Knott (1968) suggested that the gene Sr2, although not 
expressed in seedlings, increased the resistance due to Sr9d (referred to as Sri) 
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TABLE 13.4 Frequency distributions of percentage leaf area of the flag leaf infected 
with yellow rust in progenies of a cross between Maris Bilbo and Nord Desprez infected 
with race 104 E137(3) ofPuccinia striiformis, 11 July 1979 

Line Percentage of flag leaf infected 

10 20 30 40 50 60 70 80 90 100 

Maris Bilbo 23 
Nord Desprez 2 11 8 2 
F1 3 28 
Fz 1 5 3 4 8 26 45 146 
F3 4 11 3 6 14 28 66 105 

Modified from Wallwork and Johnson (1984). 

in seedlings and acted cumulatively with Sr9d in adult plants. Examples are also 
known of complementary genes (e.g. Singh and Mcintosh, 1984) and inhibition 
of genes (Kerber and Green, 1980; Johnson and Dyck, 1984). The action of 
many genes is modified by the genetic background, although individual 
modifying genes may not be identifiable (e.g. Green et al., 1960). There are 
numerous examples of transgressive segregation of resistance, particularly for 
yellow rust (e.g. Wallwork and Johnson, 1984; Pope, 1965; Sharp and Volin, 
1970) but also for black rust (Knott, 1983) and brown rust (de Milliano, Beek 
and Zadoks, 1986). An example for yellow rust is shown in Table 13.4. It is 
evident that transgressive resistance can be due, at least partly, to effects of 
recognized race-specific genes. Whether it may sometimes be partly or 
completely due to the combined effects of race non-specific genes remains a 
matter for speculation. 

For yellow rust it is clear that many more race-specific genes remain to be 
accurately identified and incorporated into the systematic scheme for naming 
genes. This is indicated by studies of the race-specificity of resistance in India, 
Australia, the USA, the Netherlands, the UK and other countries (see Stubbs, 
1985). Without doubt, further race-specific genes will be identified also for 
resistance to black and brown rust. In addition there is clearly resistance to all 
three rusts that has not yet been shown to be race-specific.lt cannot be foreseen 
whether such resistance will prove in the future to be race-specific, but where it 
has already been widely exposed to the particular rust pathogen by widespread 
and prolonged use of a commercial variety it should be recognized as a valuable 
resource for further investigation and use in breeding (Johnson, 1981a). 

13.7 .2 Durability of resistance to rust diseases 

Intermittent failures of rust resistance in wheat varieties due to the spread of 
previously unknown races with matching pathogenicity have been well 
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documented (e.g. Dyck and Kerber, 1985; Zadoks, 1961). Judgements on 
whether programmes of breeding for resistance have been successes or failures 
appear to be subjective, with different authors taking different views of the 
same data. Controversy arises partly from whether the authors take a long
term view, in which economic effects can be judged overall to have been 
favourable, or whether the losses arising from individual epidemics and their 
effects on individual farmers are considered of paramount importance. 
Questions of the frequency and severity of epidemics, of the length of time for 
which resistance remains effective in varieties, and the possibilities of replacing 
varieties that become susceptible are also relevant to judgements about the 
overall success or failure of programmes and breeding techniques. 

Where most of the identified genes for resistance are known to be race
specific, as with resistance to black rust, it has been proposed that complex 
combinations of resistance genes would remain effective for longer than single 
genes or pairs of genes (e.g. Green and Campbell, 1979; Samborski, 1985). The 
histories of resistant varieties lend some support to this notion. For example, 
althougl! epidemics of black rust have sometimes been severe in North 
America and in northern New South Wales, Australia, they have occurred 
infrequently and some of the varieties with resistance that has remained 
effective for many years have possessed complex combinations of resistance 
genes. In Australia the gene Sr36 (formerly SrTtl), derived from Triticum 
timopheevi was introduced alone in 1960 to give resistance to black rust in the 
variety Mengavi, but the resistance was soon overcome (Watson, 1981; Luig, 
1983). In 1964 the variety Mendos, possessing Sr7a, Srll, Srl7 and Sr36, was 
introduced, but soon also became susceptible. In 19~7 Timgalen and later 
Timson and Cook, were released with the genes Sr5, Sr6, Sr8 and Sr36. These 
three varieties were widely grown and remained resistant up to 1984. Thus, 
although they possesseq the same number of genes as Mendos, their resistance 
was more durable, despite the race-specificity of each of the individual genes 
they contained. Johnson (1984) described this among examples of durable 
resistance to rust diseases. However, in 1984 strains of Puccinia graminis 
with pathogenicity matching the genes in Cook were identified in surveys 
in Australia (R. A. Mcintosh, personal communication). These examples 
indicate the contrasting effects of different gene combinations, but the 
underlying causes of the variation are not clear. One possible speculation is that 
during the years when Timgalen, Timson and Cook were important, the 
pathogen population may have been sufficiently small to limit the rate of 
evolution towards matching pathogenicity. 

The difficulty of identifying the genetic components of resistance that are of 
special significance for durability is illustrated by the variety Selkirk in Canada. 
Selkirk was introduced in 1953 and provided resistance to the current races of 
P. graminis which were causing a severe epidemic (Green and Campbell, 
1979). It was widely grown for more than 30 years and remained resistant to 
stem rust at the adult stage throughout the period. After its introduction 
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genetic analyses revealed that it contained at least six genes for resistance toP. 
graminis: Sr6, Sr7b, Sr9d, Sr17 and Sr23 effective from the seedling stage 
onwards and Sr2 effective in adult plants (Green and Campbell, 1979; Hare and 
Mcintosh, 1979). Proposed explanations for the durability of its resistance 
included: that the combination of genes Sr6 and Sr9d had marked effects on the 
population dynamics of the pathogen which prevented the spread of races with 
combined pathogenicity for these two genes (Green, 1975; Vanderplank, 
1978); that Vanderplank's analysis was based on erroneous treatment of P. 
graminis as a randomly interbreeding population and that all of the known 
genes in Selkirk may have contributed (Wolfe and Knott, 1982; Green, 1981); 
and that Sr2 may have been particularly important among the genes possessed 
by Selkirk (Hare and Mcintosh, 1979; Johnson, 1981b ). The latter suggestion 
was doubted by Knott (1983). One important outcome of these controversies is 
that they do not provide a clear indication of the best way to utilize the 
resistance of Selkirk in further breeding programmes. They also illustrate that, 
despite the large amount of information on the genetic control of resistance to 
black rust, major questions remain to be answered. 

Resistance to brown rust poses similar problems. Samborski (1985) outlined 
the history of varieties with resistance to this disease in Canada. The earliest 
varieties with resistance genes Lr14a from Hope and LrJO from Lee became 
susceptible to brown rust soon after they were released. Selkirk possessed the 
genes LrJO and Lrl6, and although races with pathogenicity matching LrJO 
were common none was detected with pathogenicity for Lrl6 until1961. Even 
then races with pathogenicity for Lr 16 spread slowly, reaching a frequency of 
56% by 1966. Later, when the area of Selkirk declined, pathogenicity for Lrl6 
also declined. However, pathogenicity for the resistance derived from Hope 
remained high in the population, although no varieties with this resistance were 
widely grown. This emphasizes the unpredictability of brown rust pathogen 
populations in relation to the resistance in commercial varieties. Resistance to 
brown rust was accumulated by mass-selection procedures in programmes of 
breeding for horizontal resistance sponsored by the Food and Agriculture 
Organization of the United Nations (FAO). Lines resulting from these 
programmes were tested in race nurseries in the Netherlands (de Milliano, 
Beek and Zadoks, 1986). Most of the selected lines gave good resistance to 
brown rust and showed little race-specificity compared with the differential 
control varieties used. However, as noted by Samborski (1985) and Johnson 
(1978, 1984) such experiments do not provide a powerful test of the potential 
race-specificity in varieties compared with their use in commercial agriculture. 

There seems to be little published evidence indicating durable resistance to 
brown rust in individual varieties, although features such as slow rusting to this 
pathogen have been reported. For example, Lee and Shaner (1984) reported 
studies on the development of the pathogen on slow- and fast-rusting varieties, 
including the slow-rusting variety Suwon 85. Although they gave 'durable 
resistance' as a supplementary key word, they did not comment on any 
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evidence for the durability of the resistance of the slow-rusters. Modawi, 
Browder and Heyne (1985) indicated that the resistance of Suwon 95 was not 
effective against all races of P. recondita, and suggested that it would be likely 
to succumb rapidly to such races if widely used. This confirms the conclusion 
that slow-rusting is not diagnostic of durable resistance (Johnson, 1984). Thus, 
until varieties with demonstrated durability of resistance to brown rust are 
identified it will be even more difficult to make progress towards identifying 
genetic components associated with durable resistance than for the other two 
rust diseases. 

Resistance to yellow rust also provides a challenge in relation to the 
durability of resistance, differing in some respects from that of the other two 
rusts. Various combinations of the race-specific genes referred to in Section 
13.7.1 have been produced in breeding programmes for winter wheat at the 
PBI and in other countries, but so far these have been matched quite soon by 
races of P. striiformis with corresponding combinations of genes for 
pathogenicity. However, in the UK and elsewhere, numerous varieties possess 
resistance that develops after the seedling stage and has remained effective 
during prolonged and extensive use. In many of these varieties the genetic basis 
of resistance includes identifiable race-specific components that have usually 
been matched by pathogen races during widespread use of the varieties but, in 
addition, they all contain a substantial level of resistance not controlled by 
recognized race-specific genes. It has sometimes been suggested that resistance 
remaining after race-specific genes have been matched is due to residual effects 
of those genes (e.g. Nasset at., 1981). However, there is evidence that varieties 
with the same recognized race-specific genes have different levels of residual 
resistance. Although this does not disprove the possibility that 'defeated' race
specific genes may have relatively small residual effects, it does indicate the 
presence of other resistance genes with much greater effects (Johnson, 1984). 
Indeed, the difficulties of demonstrating residual effects of 'defeated' race
specific genes in the host are similar to those of demonstrating unequivocally 
the deleterious effects of 'unnecessary' genes for specific pathogenicity 
discussed in Section 13.2.1. 

Although it is likely that the genetic basis of durable resistance to yellow rust 
is different in different varieties, very few of them have yet been investigated 
genetically. Cytogenetical investigations of the varieties Hybride de Bersee 
and Cappelle Desprez, for both of which there is evidence of durability, have 
shown that a chromosome designated as 5BS-7BS contributes to their 
resistance (Johnson and Law, 1975; Law eta!., 1978). Tests ofmonosomics of 
Cappelle Desprez have shown that several other chromosomes also influence 
resistance. Part of this resistance is determined by factors on the short arms of 
chromosomes of homoeologous group 5 that contribute resistance and of 
factors on the long arms of the same chromosomes that contribute increased 
susceptibility (Pink et al., 1983). Precise cytogenetic control of chromosome 
substitution during studies of genetic linkages in wheat also identified a gene 
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for resistance designated as Yrl6 on chromosome 2D of Cappelle Desprez 
(Worland and Law, 1986; Chapter 6). Identification of the chromosomes 
carrying the race-specific components of resistance Yr3a and Yr4a reported by 
Lupton and Macer (1962) in Cappelle Desprez has proved elusive, and data 
remain unpublished. In summary, it can be concluded from present 
information that the genetic control of resistance to yellow rust in the durably 
resistant variety Cappelle Desprez is complex. It consists of some components 
known to be race-specific and others for which race-specificity has not been 
demonstrated; it includes some components that increase the level of resistance 
and others that decrease resistance. All of these components of resistance have 
been shown to differ from allelic genes in other varieties that promote different 
levels of response to yellow rust (Pink et al., 1983). 

With such complexity it is not possible to identify which components of 
resistance are of greatest significance in producing the durability demonstrated 
by Cappelle Desprez. As with resistance to the other two rusts, it not possible 
therefore to state the optimum method for transfer of the resistance to new 
varieties in breeding programmes. 

13.7 .3 Breeding for resistance to rust diseases 

The foregoing discussion of the genetic basis and durability of resistance to 
rust diseases is far from exhaustive. It is intended to illustrate some of the 
complexities of resistance, and to indicate that despite the amount of detailed 
information available there are still many questions to be answered. Not 
surprisingly, therefore, diverse approaches are recommended for breeding for 
resistance, and it can be concluded that with present information there is no 
certain method of achieving durable resistance in new varieties. 

Green and Campbell (1979) described in detail the method used to breed for 
resistance to stem rust at Winnipeg (Table 13.5). In many respects this is similar 
to the method used at the PBI for breeding varieties with resistance to yellow 
rust (Johnson, 1981a; Bingham, 1981; Chapter 16). Despite the similarities 
of method, the objectives are rather different. In Canada experience with 
resistant varieties seems to indicate that complex combinations of known race
specific genes should be adequate to control the rust. It is hoped to achieve 
these by using parents with several genes for resistance and selecting in the 
field in the presence of a mixture of races with complex combinations of 
pathogenicity genes. Depending upon the combination of genes present and 
races used, this may often produce complex combinations of resistance genes in 
new varieties. However, this need not always be so; for example, if a new 
resistance gene giving resistance to all available pathogen races is introduced, 
then resistance could depend upon this gene alone. The only certain method to 
achieve precise combinations of several genes for resistance would be to do 
discriminating tests with races capable of identifying each gene individually. 
The large numbers of plants in breeding programmes virtually precludes such 
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TABLE 13.5 Flow sheet for wheat crosses at Winnipeg, including selection for rust 
resistance and other characters (Green and Campbell, 1979) 

Year Action 

1 Cross made in growth cabinet. F 1 grown in Mexico 
2 F2 grown in rust nursery at Winnipeg, selection for resistance.* 

F3 headrows grown in Mexico. No planned selection 
3 F 4 headrows grown at Winnipeg rust nursery. Selection for resistance and 

other characters. Grain quality test after harvest. F 5 grown in Mexico. 
No planned selection 

4 F6 headrows grown at Winnipeg. Selection for a wide range of characters 
including grain quality. F7 grown in New Zealand. An increase generation 

5 A 5-m increase row grown at Winnipeg and rust nursery test 
6 Yield test A, five locations and rust nursery test. Seedling tests for rust 

resistance in greenhouse if possible 
7 Yield test B, seven locations, and rust nursery test. Seedling test in 

greenhouse 
8 Yield test C, 10 locations and rust nursery test. Seedling test in greenhouse 
9 Yield test CC, 18locations and rust nursery test. Seedling test in 

greenhouse. Seed increase 
10 Yield test CC, 18locations and rust nursery test. Seed test in greenhouse. 

Seed increase at Regina 
11,12 Licensing and distribution 

* Throughout the programme only fully resistant plants are selected. 

tests and, in practice, genes in new varieties are usually identified after 
production of the varieties (Johnson, 1981 b). 

Experience with resistance to yellow rust in the UK does not lead to the 
expectation that combinations of resistance genes already known to be race
specific will provide resistance of sufficient durability. It was therefore 
proposed (Johnson, 1978, 1981b) to use durably resistant varieties as sources of 
resistance in the PBI programme, and to produce crosses that would avoid the 
production of new combinations of race-specific genes that could give 
resistance to all races of P. striiformis present in the UK. Alternatively, if 
combinations of race-specific genes that could mask the resistance from the 
durably resistant variety were produced, selection against the minimum 
number of such genes would be carried out. Thus, resistance in new varieties 
could be derived from the durably resistant parent (see Bingham, 1981). It was 
not claimed that this would produce resistance that could be guaranteed to 
be durable, but only that the probability of achieving it could be enhanced. 
However, with the large number of crosses and huge populations of plants in 
the PBI wheat-breeding programmes (Chapter 16), the degree of control over 
crosses required for this method could not be achieved so that, in practice, new 
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varieties have tended to contain more race-specific genes than previous 
varieties, and in some of them it is evident that their resistance to yellow rust 
may depend upon simple combinations of race-specific genes, such as the 
combination of Yr9 with Yr14. In some varieties, however, there is evidence 
that most resistance is likely to have been derived from a durably resistant 
source. If some of these become widely grown they could provide a test of the 
method (Johnson, 1981b). 

Despite the differences in approach of the programmes at Winnipeg and at 
PBI, both appear to have been successful in producing a series of varieties that 
have controlled the relevant rusts. There was no significant epidemic of yellow 
rust on commercial wheat in Britain between 1972 and 1986. However, in the 
second half of the period resistance was supported by widespread use of 
fungicides, many of which would control yellow rust even if they were not 
applied for that purpose but to control other diseases. In Canada there was no 
serious epidemic of black rust from 1953 to 1986 (D. R. Knott, personal 
communication). It is possible that the amount of inoculum of P. graminis 
reaching Canada each year has been reduced due to the success of breeding 
programmes in the USA, and that this has helped to protect varieties. 
However, it seems probable that, despite their relative sophistication, neither 
the programmes at Winnipeg nor those at the PBI have the precision to develop 
varieties in which the durability of resistance can be guaranteed. 

It is often considered that back-crossing of characters into existing wheat 
varieties provides too limited an opportunity for improving yield and other 
characters. This is one criticism of the production of multilines, as noted in 
Section 13.5.1. However, in Australia much use has been made of back
crossing to introduce improvements in resistance to black rust into existing 
varieties and advanced breeding material. This may have been successful partly 
because the strict grain quality requirements for Australian wheat have made 
the maintenance of quality even more critical than improvements in yield. A 
serious epidemic of black rust occurred in Australia in 1973, but it was confined 
mainly to areas in the southern part of the eastern Australian wheat belt where 
susceptible varieties were grown. It did not occur in northern New South Wales 
and southern Queensland, where a sustained programme of breeding resistant 
varieties had been conducted. This experience led to a national programme 
for breeding wheats with resistance to stem rust (Watson and Butler, 1984). 
Important components of this programme included testing advanced lines from 
breeding programmes for resistance to black rust using selected strains from 
the large collection of P. graminis maintained at the University of Sydney, 
Castle Hill, New South Wales. Also, an extensive programme of back-crossing 
effective resistance genes into varieties and advanced lines from Australian 
breeders was started at Castle Hill. Although based on genes of major effect 
that are expected to show race-specificity sooner or later, many of the genes 
currently in use are of alien origin and are effective against all the P. graminis 
strains available (T. T. The, personal communication). 
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This process of introducing new genes into established wheat genotypes is 
called anticipatory breeding (R. A. Mcintosh, personal communication), 
meaning that if the pathogen changes, the breeders should already have well 
advanced resistant lines for replacement of varieties that become susceptible. 
One advantage of the back-crossing programme is that genes can be added to 
existing complexes of genes with a high probability of success, without the need 
for detailed identification of each gene. However, if a breeder takes a wheat 
line produced in this way, that possesses a resistance gene such as Sr26 which 
gives resistance to all Australian races, and uses it as a parent for crosses, 
resistance in the progeny may well depend solely upon Sr26 because other 
genes cannot be detected readily against this background. Several current 
Australian wheat varieties depend for resistance to black rust mainly or solely 
upon Sr26, derived from Agropyron, and although this gene has remained 
effective during widespread use for many years, overdependence on it carries 
potential risks if matching pathogenicity should occur. The anticipatory 
breeding programme thus provides potentially important alternative sources of 
resistance. 

The programmes described in the preceding paragraphs are all operated 
using as much information as possible about the genetic basis of resistance and 
about the specific pathogenicity of the rust isolates used in tests. Many breeding 
programmes are conducted without such detailed information, and the 
programmes of the International Maize and Wheat Improvement Centre 
( CIMMYT) provide an example (Dubin and Ra jar am, 1981). Breeding there is 
carried out using a modified pedigree system and a large number of crosses 
(4000-5000 per generation). Inoculum of rusts used for selection of the 
breeding material is a mixture of naturally occurring races, including those with 
uncommon specific pathogenicity. However, the genetic basis of resistance in 
the wheats is not assessed in detail. A major feature of the programme is tests of 
derived lines at many locations throughout the wheat-growing areas of the 
world. In addition to the essential tests of environmental adaptability of new 
varieties, these tests are designed to expose the lines to diverse pathogen 
populations, including the rusts. It is hoped that this will result in resistance 
with a broad genetic base which is thought to be less likely to succumb to new 
races than if resistance was based on a single deliberately introduced gene 
(Dubin and Rajaram, 1981). In the absence of close control of the genes for 
resistance, however, it cannot be guaranteed that this method will result in 
resistance based on multiple genes. This is illustrated by the recent evidence 
that some triticales produced by this method possess resistance to stem rust 
based on the single gene Sr27 (Mcintosh et al., 1983). The CIMMYT breeding 
programmes have been successful in introducing widely adapted, disease
resistant wheats to many areas of the world (Saari and Wilcoxson, 1974). As 
noted above, however, multilocation testing, although an essential part of 
breeding programmes, does not provide a powerful test of the durability of 
individual resistances. Like the other methods described here, it cannot 
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guarantee durable resistance of individual varieties to diseases caused by 
pathogens with the diverse pathogenicity shown by all three rust pathogens. 

Despite the limitations of the methods described, all have been successful in 
the production of commercial wheat varieties. As noted earlier, some 
programmes of mass selection have been conducted for the accumulation of 
resistance which is expected to be race non-specific. Like all of the other 
programmes, they are unable to guarantee the lack of race-specifity and 
potential vulnerability to new pathogen races. It also remains to be 
demonstrated whether mass-selection procedures can compete with traditional 
pedigree systems in producing wheat varieties that are attractive to farmers not 
only for their disease resistance, but also for yield, quality and agronomic 
characters. 

13.8 RESISTANCE TO OTHER BIOTROPHIC PATHOGENS 

13.8.1 Resistance to powdery mildew 

Powdery mildew, caused by Erysiphe graminis DC, was until recently only 
considered to be of economic importance in maritime areas with high rainfall. 
As the use of irrigation and increased use of nitrogenous fertilizers has spread, 
it has moved into areas with hotter and drier climates. Even in areas where 
powdery mildew is considered to be a minor pathogen in field crops, it often 
develops to a damaging level in glasshouses and growth cabinets. Increased 
incidence of the disease has led to an upsurge of interest in breeding for 
resistance and in the variation in the pathogen population. 

Bennett (1984) described llloci, some with multiple alleles or closely linked 
genes, conferring race-specific resistance to powdery mildew. Several of these 
were derived from tetraploid wheats and rye (Table 13.6). The most widely and 
successfully used of these is Pm6, derived from Triticum timopheevi through 
the selections CI12632 and CI12633 (Allard and Shands, 1954), and an 
associated gene Pm2 which was also present in these selections but was shown 
by Mcintosh and Baker (1970) to be located on chromosome 5D and therefore 
was not derived from T. timopheevi. These two genes, either singly or together, 
have been used in commercial varieties in the UK and the USA. Together they 
gave effective resistance for some years, but matching pathogenicity spread 
steadily in both countries so that resistance due to this gene combination 
became ineffective by 1982. 

Genes at four loci were derived from tetraploid wheats and among them the 
most widely used has probably been Pm4b derived from T. carthlicum. This has 
appeared in commercial wheats in Europe, either alone or combined with other 
genes, but matching pathogenicity has spread rapidly. Other genes derived 
from tetraploids have been used less, but in pathogen surveys matching patho
genicity has been found even before commercial release of varieties carrying 
them. 
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TABLE 13.6 Powdery mildew resistance genes (after Bennett, 1984) 

Gene 

Pml 
Pm2 
Pm3 

Pm4 

Pm5 
Pm6 
Pm7 
Pm8 
Pm9 
Mld* 
Mli* 

Chromosomal 
location 

7AL 
5DS 
lAS 

2AL 

7BL 
2B 
4A 
lB 
7AL 
4B 

* Temporary symbols. 

Source 

Triticum aestivum 
Unknown, but probably T. aestivum 
T. aestivum (multiple alleles) 

Pm3aJapan 
Pm3bRussia 
Pm3cMexico 

T. turgidum (multiple alleles) 
Pm4a T. dicoccum 
Pm4b T. carthlicum 

T. dicoccum 
T. timopheevi 
Secale cereale 
S. cereale 
Triticum aestivum 
T. durum 
T. aestivum 

One of the most widely distributed genes for resistance to powdery mildew is 
Pm8, which is carried on a segment of chromosome 1R of rye translocated to 
chromosome 1B of wheat. This wheat-rye translocation has become widely 
distributed in commercial wheats and is present in many breeding programmes. 
It was originally derived from a German line Neuzucht, bred by G. Riebesel 
(Zeller, 1973). Several characters in addition to mildew resistance, including 
resistance to all three rust diseases, have contributed to the spread of this 
translocation. Matching pathogenicity to the Pm8 gene has occurred readily 
wherever commercial varieties with the 1B-1 R translocation have been 
released. Another source of resistance from rye is Pm7, present in a trans
location from chromosome 2R of rye to chromosome 4A of wheat (Driscoll and 
Jensen, 1965). In contrast with Pm8, resistance to powdery mildew due to Pm7 
is not readily detectable in seedlings, but can be detected in adult plants 
(Bennett, 1984). This wheat-rye translocation is associated with reduced yield, 
despite which the line Transec which carries it has been used in wheat breeding 
in Romania (Negulescu, Saulescu and lttu, 1978). 

Five genes for resistance to powdery mildew have been found in T. aestivum, 
but only Pml and Pm2 have been widely used by breeders. The use of Pml in 
Australia was due to its linkage with genes for resistance to brown and black 
rusts ( Lr20 and Sr 15). All five of these genes also have been readily matched by 
the pathogen. 
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Bennett (1984) also described examples of quantitative resistance in varieties 
lacking identified genes or in the presence of races with pathogenicity matching 
known race-specific resistance genes. Some of these resistances have displayed 
considerable durability, particularly in the variety Maris Huntsman in the UK, 
and possibly in Diplomat in Germany, Est Mottin in Italy and Knox in the 
USA. Although work has been done on the mechanisms associated with the 
slow-mildewing character of some of these wheats (e.g. Shaner, 1973), there is 
little information on its genetic basis. As with resistance to rust diseases, 
schemes of diversification of varieties and the use of mixtures or multilines have 
been recommended, but data to show the extent to which these schemes have 
been used are lacking. 

Because of the relatively small numbers of resistance genes available in 
wheat, including those introduced from related species, major projects to 
identify new sources of alien resistance and to introduce it into wheat are under 
way. At the PBI resistances from Aegilops speltoides and Triticum dicoccum 
are being back-crossed into hexaploid wheat (Miller et al., 1986). Most 
probably, successfully introduced resistance from such sources will be simply 
inherited and of large phenotypic effect. Although such genes do not offer a 
very good prospect of providing durable resistance if used on their own, they 
certainly cannot be guaranteed to fail rapidly. In addition, they will provide 
greater diversity in the genes for resistance for use in combinations and for 
schemes for controlled deployment in variety mixtures. 

It is evident that many aspects of breeding for resistance to powdery mildew 
are similar to those of breeding for resistance to rust diseases. One important 
practical difference is that where the pathogen is adapted it seems to occur 
widely and regularly compared with the often sporadic appearance of the rust 
pathogens. This widespread natural occurance of the pathogen makes it 
difficult to work with individual races in the field, owing to the risk of 
contamination. Thus, while in breeding for resistance to rust diseases it is 
common to create local disease epidemics in the field with particular pathogen 
races, in breeding for resistance to powdery mildew natural spread of the 
pathogen is usually relied upon to test resistance of lines. Under these circum
stances it may be necessary to monitor the pathogenicity of the pathogen 
population in order to interpret the reaction of breeding material. Another 
important feature of Erysiphe graminis f. sp. tritici is that it probably undergoes 
sexual reproduction annually in most areas where it occurs. Thus, populations 
of this pathogen tend to be more diverse within small areas than those of 
asexually reproducing rust pathogens. On the other hand, the sexual cycle is 
likely to produce frequent random recombination between pathogenicity genes 
and the population is therefore more suited to the assessment of deviations 
from equilibrium than is usually the case with the rust pathogens. Another 
important practical difference is that the conidia of powdery mildew cannot be 
stored for long periods, whereas several methods are available for long-term 
storage of the urediospores of the rust pathogens. It is therefore necessary to 
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maintain living cultures of the individual pathogen isolates to assess resistance 
of wheat lines in the glasshouse or laboratory. Detached leaf techniques have 
been developed for this purpose, but the long-term maintenance of individual 
isolates is difficult and requires much labour. 

13.8.2 Smut diseases 

The smut diseases are second only to the rusts as a potential cause of yield loss 
in wheat, although actual losses have been greatly reduced by the use of 
chemical seed dressings, at least in economically advanced countries where 
wheat is intensively cultivated. However, the use of such chemicals may be 
impracticable or uneconomic in many developing countries, and inherited 
resistance may be considered more economical than chemicals so that breeding 
for resistance is attempted in some breeding programmes. 

The smut disease considered here are: common bunt (Tilletia caries D. C. 
Tul. and T. foetida (Wallr.) Lira); dwarf bunt (T. controversa Kuhn); loose 
smut (Ustildgo nuda (Jens.) Rostr.) (syn Ustilago tritici (Pers.) Rostr. ); Kamal 
bunt (Tilletia indica Mitra) (syn Neovossia indica (Mitra) Mundkur); and flag 
smut (Urocystis tritici Korn). 

(a) Common Bunt 

Common bunt, also known as stinking smut, occurs throughout the major 
wheat-growing areas of the world, and is much the most serious of the smut 
diseases of wheat. It is caused by two similar fungi, T. caries with reticulate 
spores and T. foetida with smooth spores. Infection occurs on the germinating 
seedling from spores contaminating the surface of the grain or the soil, in which 
the spores can survive for up to 18 months. The fungus invades the floral initials 
and grains subsequently formed are filled with spores and are known as spore 
balls. At threshing the spore balls burst and release spores on to healthy grains 
and into the soil. Hoffman (1982), who reviewed much of the work on bunt 
diseases, points out that although losses from bunt have been greatly reduced in 
recent years by seed dressings and application of fungicides to the soil, these 
methods have not been widely applied in many developing countries. Losses in 
these areas have been increased by the application of modern farming practices 
such as the use of seed drills and mechanical harvesting equipment. 

Breeding for resistance is difficult, due to the rapid appearance of new 
physiological races which may arise even more quickly than in the case of rust 
fungi as a result of genetic recombination during the regular sexual stage of the 
pathogen. The resistance of the varieties Martin (determined by gene Btl) and 
Turkey (Bt4) was, for example, rapidly overcome by races Tl8 ofT. caries and 
L16 of T. foetida. Ten genes for resistance to these diseases and to T. 
controversa (see Dwarf Bunt, below) have been identified, but there is a 
serious need for more sources of resistance, though a number have recently 
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been identified from eastern Turkey, where the bunt species are endemic 
(Hoffman, 1982). 

(b) Dwarf Bunt 

Dwarf bunt (T. controversa) is a disease similar to common bunt, from which 
it was only distinguished in 1935 on the basis of minor morphological and 
physiological characteristics of the pathogen. More important are differences 
in symptoms and epidemiology, as dwarf bunt is almost entirely spread by soil
borne spores which only germinate at low temperatures and may remain viable 
in the soil for up to 10 years. Dwarf bunt differs from common bunt in that it 
causes marked stunting of infected plants which may be reduced to half their 
normal height. As mentioned above, resistance to dwarf bunt is controlled by 
the same genes as those controlling resistance to common bunt, which 
emphasizes the close relationship between these pathogens. However, new 
combinations of virulence factors arise more readily than in common bunt, 
probably because of more outcrossing in the pathogen. Seventeen physio
logical races were known in 1976, and more have been identified subsequently, 
so that races are now known that carry virulence for all the known genes except 
Bt5, a gene present in the agronomically inferior variety Hohenheim. Further 
details of work on breeding for resistance to dwarf bunt are given by Hoffman 
(1982), who also reports that little work has been done on breeding for durable 
resistance to the smut fungi. However, transgression for higher levels of 
resistance from crosses between varieties carrying genes that are not effective 
singly has been observed, and it has been suggested that such resistance might 
be durable. 

(c) Loose Smut 

Loose smut ( Ustilago nuda) is spread by spores which infect the plants through 
the stigmas at flowering time. The fungus invades the developing embryo and 
grows in close contact with growing points in host tissues as the host develops. 
Intense infestation of the inflorescence occurs and the floral parts are replaced 
by large numbers of smut spores which are released as the new crop of un
infected plants are flowering. It is possible to eliminate the fungus from 
infected grain by treatment with systemic fungicides, and these are the main 
method of control in advanced countries. The spread of the disease is limited to 
the short flowering period each year, and epidemics therefore develop over a 
number of seasons. This provides the opportunity to control the disease by the 
provision of uninfected foundation seed stocks from which multiplication can 
be carried out for several seasons before infection levels become sufficiently 
high to cause serious losses. Such a procedure can only be operated with a 
developed seed industry through which the clean seed stocks enter the market. 
Unfortunately, the seed trade is not well developed in many developing 
countries and the combined use of fungicides and controlled seed stocks cannot 
be applied. Thus, breeding for resistance remains an important objective. 
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Oort (1944) reported that certain wheat varieties were hypersensitive to 
loose smut spores and died at the seedling stage in the glasshouse environment. 
His studies of the genetic basis of the hypersensitivity led him to what may be 
the earliest proposal of a gene-for-gene relationship between a host and its 
pathogen (Oort, 1963). 

Many sources of resistance have been reported, although detailed infor
mation is often lacking because tests were frequently carried out using un
identified spores collected from fields. Swaminathan (1977) reported that loose 
smut changed from being an important disease to unimportance where the 
varieties Kalyansona and PV 18 were cultivated in India, but became important 
again when these were replaced by more susceptible varieties, including 
Sonalika. Nielsen (1983) carried out an extensive survey of potential sources 
of resistance using 31 isolates of the pathogen from a wide range of wheat
growing countries. This identified 204 genotypes showing resistance to all the 
isolates used, although many lines previously reported as resistant were found 
to be susceptible to one or more of the isolates. Nielsen (1983) considered that 
an international survey of physiological races of U. nuda would be very 
beneficial. Four genes Utvl to Utv4 controlling resistance to loose smut were 
identified and found in various combinations in some varieties (Nielsen, 1982). 

Selection for resistance to loose smut is difficult because infection for 
screening must be carried out at flowering time and the level of infection 
achieved is affected by the degree of open flowering that occurs, which differs 
between varieties. Various mechanical methods, including the use of vacuum 
systems, have been used to achieve infection. In breeding, selection for 
resistance can only be carried out in the year following infection. These 
practical problems, added to physiological specialization in the pathogen, 
make breeding for resistance to loose smut a difficult challenge. 

(d) Kamal Bunt 
Kamal bunt (Tilletia indica) was first reported from India in 1931, but has 
subsequently spread through the Indian subcontinent and has been reported 
from Lebanon, Syria and Mexico (Joshi, Singh and Srivastava, 1983). It is 
spread from soil-borne spores which germinate as the grain develops, infecting 
each kernel separately and invading the endosperm to produce a foul-smelling 
fungal mass. Individual grains are usually only partly destroyed by the fungus, 
and spores fall on the soil at threshing time and may also be introduced when 
partly infected grains are sown. A small proportion of infected grains may 
render a sample unfit for human consumption. The spread of the disease to the 
Middle East and Mexico was thought to be due to the transport of infected 
grains, and stricter quarantine regulations were introduced in the USA to try to 
prevent it from entering there from Mexico. 

At present the disease is most serious in India, where no fully resistant 
varieties are cultivated, though there are differences in the level of suscepti
bility. Joshi, Singh and Srivastava (1983) reviewed the disease and reported 
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a number of lines of Triticum aestivum, T. durum and triticale showing resis
tance, and also the occurrence of seven physiological races, which may be 
distinguished serologically or using five differential varieties. Although little 
progress has yet been made, these authors suggest that breeding for resistance 
is probably the best method of control. Joshi, Singh and Srivastava (1983) noted 
that when Kalyansona was the predominant variety in India the incidence of 
Kamal bunt was low, but that it increased following the introduction of new 
varieties after 1976. It was postulated that Kalyansona was more resistant than 
the newer varieties such as Arjun and WL 711, thus supporting the possibility of 
breeding for resistance. Methods of infection and selection for resistance have 
been developed in India (Aujla et al., 1982). 

(e) Flag Smut 

Flag smut ( Urocystis tritici) occurs in most wheat-growing areas of the world, 
though it does not occur in Britain or Scandinavia. It is spread by soil-borne 
spores which may remain viable in the soil for at least 4 years. Spores germinate 
at the same time as the wheat seeds and the fungus invades the coleoptile. 
Infected plants develop lines of spore-bearing sari on the leaves, leaf sheaths 
and other vegetative organs. The disease may be controlled by fungicidal seed 
dressings or by the use of resistant varieties, the use of which was reported by 
Purdy (1965) to have eliminated flag smut from some areas. Resistance to flag 
smut is probably controlled by an indefinite number of genes, and no major 
resistance genes have been described. Although earlier workers described 
physiologic races of the pathogen (reviewed by Purdy, 1965), resistance 
introduced by breeding has remained effective and it is now considered that no 
significant changes in specific virulence have occurred in more than 20 years of 
study in North America (R. F. Line, personal communication). In the USA the 
disease occurs mainly in the Pacific Northwest and is controlled by seed 
dressings and the use of resistant varieties. Hard, red, spring wheats are usually 
resistant, but club wheats, popular in the Pacific Northwest, are often very 
susceptible, probably because no selection for resistance was attempted when 
they were bred. In Australia breeding for resistance is limited to selection 
against susceptible segregants in breeding programmes and the disease has 
been of minor significance to commercial wheat-growing for many years (R. A. 
Mcintosh, personal communication). 

13.8.3 Resistance to Barley Yellow Dwarf Virus 

The wheat crop is attacked by a number of virus diseases (see review by 
Slykhuis, 1967), but barley yellow dwarf virus (BYDV) is the most important of 
them and is alone considered here. BYDV has long been known as a disease of 
cereal crops, though its transmission by aphids was not recognized until1951. 
It attacks a wide range of grass species and is widely distributed throughout the 
cereal-growing areas of the world. It belongs to the luteovirus group and 
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interferes with the vascular system of its host by partially blocking the phloem 
vessels, causing severe stunting, inhibition of root formation and delay or 
prevention of heading. External symptoms on wheat consist of leaf yellowing 
or reddening, sometimes associated with serration of the leaf margins. It is 
mainly transmitted by the aphid species Rhopalosiphum padi, Sitobion 
avenae, Schizaphis gramineum and Metapolophium dirhodum. Yield losses 
are difficult to assess because of the uneven occurrence of the disease, even 
within single fields or plots, but Carrigan et al. (1981) reported losses of 27-
58% when artificially infected plots were compared with uninfected plants 
grown in cages. 

No major genes for resistance are known in wheat, though a number of 
varieties show some resistance and attempts are being made to introduce a 
major gene Yd2 from barley into a wheat background (McGuire, 1984). Tala 
and Kronstad (1984) studied a diallel cross involving four resistant and one 
susceptible wheat variety, and found that resistance was dominant in all crosses 
involving the susceptible variety, and that all crosses showed transgressive 
segregation for resistance. This indicated that even the susceptible control 
carried some genes for resistance, and that selections with improved resistance 
could be obtained by intercrossing the more resistant lines from each cross. 

Resistance of wheat to some of the aphids that transmit the virus is 
considered in Chapter 14. 

13.9 RESISTANCE TO NECROTROPHIC PATHOGENS 

13.9.1 Eyespot 

Eyes pot (Pseudocercosporella herpotrichoides Fran.) causes serious losses in 
yield in Western Europe and other areas where wheat is intensively cultivated 
in a maritime climate. The disease is spread by splash-borne spores released 
from infected stubble during the winter months. The fungus invades the base of 
the stem, causing a weakening of the lower internodes, interrupting trans
location and causing lodging or premature ripening and the appearance of 
whiteheads. 

The importance of the disease was not appreciated until Glynne (1936) 
showed that many lodged crops of wheat were infected by the fungus, but that 
losses could be reduced by growing breaks of two or more years of non
susceptible crops in the crop rotation. The variety Cappelle Desprez, released 
early in the 1950s, showed a satisfactory level of resistance to the disease 
(Lupton and Macer, 1955). This was a major factor determining the wide
spread popularity of this variety in much of Western Europe during the 1950s 
and 1960s. 

The resistance of Cappelle Desprez is chiefly determined by a genetic factor 
on chromosome 7 A, supplemented by factors on chromosomes 2B and 50 
(Law et al., 1975). Cappelle Desprez has been very widely used as a parent by 
breeders in Western Europe and, despite difficulties in selecting for resistance 
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in early generations, a large proportion of the varieties derived from these 
crosses show resistance comparable with that of Cappelle Desprez. 

The resistance derived from Cappelle Desprez has remained effective during 
more than 30 years of cultivation, and there is no evidence to suggest that the 
pathogen shows any tendency to become adapted to this type of resistance. 
This suggests that, if adaptation occurs, it confers no selective advantage, or 
that the rate of dissemination of an adapted strain is so slow that adapted forms 
have not been detected (Scott et al., 1976). However, the rapid spread of 
insensitivity to MBC fungicides in recent years (Section 13.2.2) suggests that 
the distribution of adapted strains may change rapidly under appropriate 
circumstances. 

The resistance of Cappelle Desprez is only moderately effective and, in 
recent years, it has often been supplemented by fungicidal sprays when 
successive wheat crops are grown under highly fertile conditions on the same 
land. The spread of insensitivity to fungicides has indicated the potential value 
of improved resistance. Fortunately, a new source of resistance derived from 
Aegilops ventricosa has been identified and transferred to a wheat variety VPM 
(Doussinault et al., 1974). This resistance, which is carried by chromosome 70, 
is more effective than the resistance of Cappelle Desprez (Scott et al., 1976) and 
is being used by a number of breeders (Section 16.6.4; Jahier eta!., (1979)). It is 
likely that varieties combining the resistance of VPM with that of Cappelle 
Desprez, as in the PBI variety Rendezvous, will show an adequate level of 
resistance without fungicidal spray. It was once hoped to identify genotypes 
with the VPM resistance derived from A. ventricosa by electrophoretic 
analysis, using a closely linked a-amylase marker. However, the occurrence of 
recombination between the resistance factor and the marker showed that this is 
not possible (Gale et al., 1984). As indicated, Pseudocercosporella herpo
trichoides varies in pathogenicity towards wheat and related genera. It is 
therefore important to monitor the pathogen population for any change in 
pathogenicity towards the new source of resistance derived from Aegilops. 

13.9.2 Take-all 

Take-all is caused by Gauemannomyces graminis (Sacc.) von Arx and Olivier 
var tritici Walker. The pathogen is a facultative, soil-inhabiting parasite that 
can survive for many years as a saprophyte, but builds up rapidly when 
successive wheat crops are grown on the same land. It attacks the roots, 
developing runner hyphae which grow along the roots and invade them at 
intervals, frequently blocking the phloem so that distal parts of the root system 
become ineffective. Take-all may, however, stimulate the development of 
compensating adventitious roots. It was first recognized in South Australia 
in 1852, and was for many years primarily associated with Australia though 
it was soon recognized in other countries. It causes serious losses in most 
wheat-growing countries apart from those where wheat alternates with 
paddy rice grown in fields which are flooded regularly. It has often been 
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reported that, after the initial build up to high levels in successive wheat crops, 
there is a decline in intensity in subsequent crops. Various explanations, 
including spontaneous loss of pathogenicity, activity of soil antagonists or 
infections with viruses, have been sought to explain this decline. It has been 
noted that the decline does not occur on all types of soil (see Hornby, 1979; 
Rovira and Wildermuth, 1981). Even where a decline does occur the disease 
may remain at a damaging level. 

Take-all attacks all species in the Triticinae, though to different extents, but 
information on this subject is contradictory. It is, however, generally agreed 
that wheat is the most susceptible species, rye is moderately resistant and 
barley intermediate (see review by Scott, 1981). There is no known chemical 
basis for the resistance of wheat and rye to take-all, in contrast with the 
evidence that oats are protected from invasion by G. graminis var tritici by 
production of a phytoalexin, avenacin (Turner, 1961; Chambers and Flentje, 
1967). 

There have been many reports of varietal differences in resistance to take
all, but most of these have not been confirmed by later experiments. These 
were reviewed by Nilsson (1969), who himself carried out extensive tests on a 
wide range of varieties. He found that some Swedish varieties, including the 
widely cultivated Odin and Starke, consistently showed a higher than average 
level of resistance. This appeared to be associated with the more extensive root 
systems of these two varieties, though he also reported differences in growth of 
the runner hyphae along the roots. However, even the results of these carefully 
conducted experiments were not confirmed when repeated in a series of 
experiments at the PBI, and Scott (1981) suggested that although slight varietal 
differences in resistance existed, their expression was strongly affected by 
interactions with environmental variables, and that the level of resistance was 
not sufficient to be readily selected in segregating generations. 

Despite this, many varieties that have been described as possessing 
resistance to take-all have been included in a recurrent selection experiment to 
accumulate resistance by growing the intercrossed populations on infected soil 
(Scott and Hollins, 1980b; Scott, 1981). 

Although there is little prospect of finding useful resistance to take-all 
amongst the bread wheats, triticale shows a level of resistance intermediate 
between that of wheat and rye (Hollins, Scott and Gregory, 1986). They 
reported little difference in take-all resistance between triticale genotypes, 
although octoploid triticales were rather less resistant than hexaploids. 
Analysis of chromosome addition lines showed that none of the individual rye 
chromosomes conferred resistance in the presence of the hexaploid wheat 
genome (Hollins, Scott and Gregory, 1986). This result confirms that of Riley 
and Macer ( 1966), and indicates that the resistance of rye is probably controlled 
by several different chromosomes, making its transfer to wheat difficult or 
impossible with present techniques. Nevertheless, the resistance of triticale 
itself could be of value where the disease is severe. 
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13.9.3 Common root rot and leaf blight 

A widely distributed disease is caused by a pathogen with many names, the 
commonest of which are Cochliobolus sativus (Ito and Kuribay.) Drechs. 
ex Dastur. (syn Ophiobolus sativus Ito and Kuribay), imperfect stage 
Helmintosporium sativum Pamm., King and Bakke, (syn Bipolaris soro
kiniana (Sacc. and Sorok.) Shoem.). Occasionally it is also called Dreschlera 
sorokiniana (Sacc.) Subram. and Jain. In many of the drier temperate areas 
where wheat is cultivated, such as the plains of North America and the USSR, 
this pathogen is capable of causing a severe rot of the sub-crown internode 
which is considered to be one of the most damaging diseases of these regions. 
For example, Tinline and Hunter (1982) estimated average annual losses of 
5.7% in the prairie provinces of Canada. Its role as a root rotting pathogen 
was reviewed by Sallans (1965). In many warmer areas the pathogen spreads 
up the plant, causing severe spotting of the leaf sheaths and culms. This leaf 
blight disease is often reported from areas of central India where wheat is 
cultivated (e.g. Khanna and Shukla, 1981), from Brazil and other warm areas. 
Often, other pathogens such as Septaria and Fusarium are present simul
taneously, with the latter also often being associated with root rot. 

Cochliobolus sativus survives in the soil as conidia, and also on crop debris 
from infected plants. Thus, it can survive cultivation systems involving 
ploughing, but its survival is increased by low tillage systems that leave debris 
on the soil surface (Sallans, 1965). Although it is classed here with nectrotrophic 
pathogens, it is said to be rather a weak saprophyte and does not spread much 
in the soil in the absence of host plants. Germination of conidia is stimulated by 
the presence of germinating seedlings. Sallans and Tinline (1965) reported 
physiological specialisation of the pathogen with respect to different cereal 
hosts, some pathogen isolates possessing a wider host range than others. They 
concluded that there was no evidence of differential pathogenicity towards 
different wheat varieties. Thus, this pathogen shows a similar type of variation 
to that found with the eyespot pathogen. There are differences in resistance to 
both the root rot and the leaf blight among wheat varieties. Genetic investi
gations of resistance have indicated simple genetic control of resistance in some 
varieties. Larson and Atkinson (1982) reported that a single recessive gene for 
resistance to root rot was carried on the short arm of chromosome 5B. They 
also noted that wheats with solid stems, bred for resistance to wheat stem 
sawfly, were highly susceptible. Adlakha, Wilcoxson and Raychaudhuri (1984) 
reported simple inheritance of resistance to the leaf-spot disease. Other reports 
indicated more complex inheritance and there are some reports of trans
gressive levels of resistance from crosses of varieties with moderate resistance 
(e.g. dePauw et al., 1984). 

Although these root rot and leaf blight disease are widespread and can be 
severe, progress in breeding resistant varieties has not been rapid, probably 
because resistance to other diseases such as the rusts has taken priority. 
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However, the important variety Neepawa in Canada is considered to be 
relatively resistant to root rot. There is considerable recent interest in the 
disease and in the production of more resistant varieties. The data available at 
present indicate that resistance breeding should be successful and that perhaps 
incorporated resistance would not be rapidly eroded by new pathogen strains. 

13.9.4 Fusarium diseases 

Several species of Fusarium cause diseases ranging from damping off of 
seedlings, to root rots, crown rot, stem and ear infections. Among the more 
common species in Britain is Fusarium nivale Ces ex Sacc. which is associated 
with damp conditions and is often the cause of damping off and seedling rots as 
well as of the so-called snow mould, where infection spreads rapidly under 
snow cover. Other common species, associated with drier conditions, include 
Fusarium culmorum (W. G. Smith) Sacc., Fusarium avenaceum (Fr.) Sacc., 
and, less common in Britain, Fusarium graminearum Schwabe. 

The related species F. graminearum and F. culmorum cause two sets of 
symptoms in wheat, the first comprises a seedling blight associated later with 
infection of the root, crown and lower internodes; the second produces 
infection of the ear and grain, sometimes associated with the occurrence of 
whiteheads. There is some confusion regarding the distinction of the causal 
organisms, which were combined by Snyder, Hansen and Oswald (1957) as 
forms of F. roseum. Both cause similar symptoms and are considered together 
here. 

Seedling and root rot symptoms are normally caused by seed-borne infection 
or by infection spreading from infected stubble. Infection may then spread 
upwards through several internodes as the stem elongates, without causing 
externally visible symptoms, but causing whiteheads and then producing 
conidia that spread to the ears and grain. The disease is most frequently seen in 
countries where wheat is subject to water deficit during its development, and is 
most common in Australia, the Mediterranean region, the mid-west of the 
USA and in parts of China. In wetter climates, such as northern England and 
the Toluca valley in Mexico, ascospores may be produced on the lower leaves in 
spring, leading to infection of the ears, where a pink mould develops. 

Fusarium nivale causes seedling blight and crown rot symptoms similar to 
those caused by F. graminearum and F. culmorum. It spreads from 
contaminated soil debris, particularly when young plants are exposed to 
temperatures of 0-0.5 oc. The disease, known as snow mould, rarely spreads to 
more than two or three leaves except under snow, where it spreads rapidly, 
killing first the leaves and then the crown and the rest of the plant. The 
symptoms and distribution of these Fusarium diseases are fully reviewed by 
Nelson, Tousson and Cook (1981). 

There is some evidence of varietal differences in susceptibility to F. gramin
earum and F. culmorum, and losses may be somewhat reduced by growing 
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varieties that flower early or cleistogamously (Cook, 1970). Varietal differ
ences in susceptibility to crown rot have been reported by Dodman et al. (1985) 
and by Wildermuth and Purss (1971), who carried out a diallel analysis, 
showing that resistance was recessive and that at least two genes were involved. 
Resistance to snow mould has been found in varieties that can store more 
carbohydrate in the crown over winter and can therefore produce roots in the 
spring when the foliage has been destroyed (Kiyomoto and Bruehl, 1977). 
Differences in susceptibility to the ear blight are also known and selection for 
resistance is practised in special disease nurseries in the PBI wheat-breeding 
programmes. 

13.9.5 Cephalosporium leaf stripe 

The pathogen Cephalosporium graminearum Nisikado and !kate is a vascular 
disease that causes brownish stripes on the leaves. In susceptible varieties 
chlorosis of leaves and whiteheads may develop. It has a limited distribution, 
attacking winter wheat in North America, Japan and the UK, and is favoured 
by the winter environment. Infection takes place through wounds or following 
insect damage to the roots, and is spread through the plant by conidia in the 
zylem causing vascular occlusion. The disease may be associated with the 
production of a phytotoxin. The pathogen has a wide host range and isolates 
from grasses have been shown to be pathogenic to wheat (Bruehl, 1956). 
However, large differences in resistance among wheat varieties have been 
reported in Japan and the USA, some varieties showing as little as 2% yield loss 
where susceptible varieties lose 40%. Although the disease may be partly 
controlled by crop hygiene and rotation, the use of resistant varieties is recom
mended as the best method of control (Mathre, Johnston and McGuire, 1977). 
Further information is available in a review by Wilhelm (1981). 

13.9.6 Septoria diseases 

The two diseases caused by Septaria nodorum Berk. and S. tritici Rob. and 
Desm. cause serious yield loss in wheat by reducing the photosynthetic capacity 
of the leaves and ears. There is also some evidence for the production of a 
phytotoxin, septorin, increasing the effect on yield beyond that caused by loss 
of photosynthetic capacity (Bousquet et al., 1980), though its importance under 
field conditions has not been unequivocally demonstrated. 

The literature on Septaria diseases has been extensively reviewed by Shipton 
et al. (1971) and by King, Cook and Melville (1983). Septaria nodorum is 
usually the more important cause of yield loss in the UK and other maritime 
countries, where it may cause losses of up to 40% in high-rainfall areas, though 
losses of more than 10% are rare in the main wheat growing regions. Septaria 
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tritici is normally more important in hotter and drier countries, and causes 
serious damage in Australia, North Africa, Turkey and, in particular, in Brazil, 
where losses may reach 50% or more. It does not usually cause serious losses in 
the UK, but conditions favouring its development occasionally arise, as in 
1981, when serious losses were caused (Scott et al., 1982b ). 

Both diseases can be controlled by prophylactic sprays, though in the case of 
S. tritici the timing is critical as the disease may develop and spread very rapidly 
(King, Cook and Melville, 1983). 

There are considerable varietal differences in resistance to both diseases, 
and possibly also differences in yield losses following similar levels of infection, 
i.e. tolerance. Varietal differences in resistance are correlated with differences 
in stem height, probably at least partly due to the favourable conditions and 
shorter distances for spore dispersal by rain splash under a short-strawed 
canopy. The effects of canopy structure on levels of infection were investigated 
by Scott et al. (1985), who showed that more dew was deposited on the leaves of 
shorter-strawed varieties, which also tended to dry out more slowly in the 
mornings. 

Despite some earlier evidence that resistance to S. tritici was not correlated 
with stem height (Scott et al. 1982a), it has now been established that resistance 
to both diseases is correlated with height so that shorter stemmed varieties are 
more susceptible to both (Scott and Benedikz, 1985). The association of 
resistance with stem height is unfortunate, because of the high yielding capacity 
and agronomic advantages of many short-strawed varieties, particularly those 
with Rht genes. There are, however, obvious differences in level of resistance 
to both diseases amongst the shorter-strawed varieties and no evidence of 
linkage between the resistance and the Rht genes. 

Bronnimann (1975) reported that when effects of height were discounted, 
resistance to S. nodorum was additive and polygenic, with a high level of 
heritability. In contrast, Frecha (1973) reported that resistance in one variety 
was due to a single gene. Scott and Benedikz (1985) found that resistance to 
S. nodorum was increased in wheat varieties to which the short arm of 
chromosome 1R of rye was added, and suggested that this chromosome, all or 
part of which is present in many wheat varieties, may contribute to resistance. 

Wilson (1979) reported that resistance of three varieties to S. tritici was 
determined by single, independently inherited, dominant genes, but Rosielle 
and Brown (1979) found that at least three recessive genes were involved in the 
varieties they examined. Ziv, Sarks and Eyal (1981) suggested that plants 
resistant to S. tritici might be found by selecting for 1 000-grain weight amongst 
plants exposed to a high level of infection. Shearer (1978) suggested that levels 
of resistance were correlated with the latent period between infection and the 
appearance of disease symptoms, though he also stressed the probable 
interaction between latent period and inoculum density. Scott and Benedikz 
(1984) found a correlation between the levels of infection by both S. nodorum 
and S. tritici in the field and that on detached leaf segments sprayed with spore 
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suspensions. However, although this technique is useful in making preliminary 
selection, some varieties behaved atypically, so the results obtained must be 
interpreted with care. 

Despite the greater susceptibility of the shorter-strawed varieties to both 
Septaria diseases, there appears to be a reasonable prospect of exploiting the 
genetic variability amongst them to achieve an adequate level of resistance. 

13.9. 7 Tan spot or yellow leaf spot 

This disease is caused by an ascomycete pathogen that is referred to by several 
different names. The perfect stage is Pyrenophora trichostoma (Fr.) Fckl. ( syn. 
P. tritici-repentis (Died.) Drechs.) and the asexual stage is Dreschlera tritici
repentis (Died.) Shoem. (synonyms Helminthosporium tritici-repentis Died. 
and H. tritici-vulgaris Nisikada). 

The disease is widely distributed on bread and durum wheats, and on many 
grass hosts. Among areas in which the disease has been reported at damaging 
levels are North America, Brazil, Kenya, Nepal and parts of Australia. It is 
thought to have become more severe in recent years in some areas such as the 
central plains of North America (Watkins et al., 1978) and the northern part of 
the New South Wales and Queensland wheat belt in Australia (Rees and Platz, 
1979). This is attributed to the use of more-susceptible varieties and to changed 
cultural practices, particularly low-tillage systems that leave leaf trash on the 
soil surface. Severe infections can cause serious yield losses, shrivelled grain 
(Rees, Mayer and Platz, 1981) and also pink and black discoloration of grain. 
Spread of the disease is favoured by damp conditions, and prolonged leaf 
wetness can increase the severity markedly (Luz and Hosford, 1980). 

Although the pathogen is facultative and can be cultured on standard agar 
media, there is evidence that isolates differ in specific pathogenicity and can 
be classified into different physiologic races on groups of wheat varieties (Luz 
and Hosford, 1980; Misra and Singh, 1972). The data of Luz and Hosford 
(1980) also indicate that there may be specialization in the range of genera that 
particular isolates of the pathogen can attack, but no formae speciales have 
been named. Preliminary studies on the genetic control of resistance have 
indicated inheritance due to single genes (Lee and Gough, 1984) or to 
indefinite numbers of genes (Nagle, Frohberg and Hosford, 1982). Because of 
the evidence for pathogen races, Lee and Gough (1984) considered that the 
single gene they detected in the variety Carifen 12 would be unlikely to provide 
durable resistance to any widely grown variety. Rees (1982) suggested that the 
stability of resistance in new varieties had yet to be tested, and he was optimistic 
for the prospect of disease control by the breeding of resistant varieties. 

The evidence that this facultative pathogen shows specific pathogenicity 
towards individual wheat varieties emphasises the diversity of types of inter
action between wheat and its pathogens. 
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13.10 CONCLUSIONS 

Diseases of wheat are among the most intensively studied of all plant diseases. 
In this chapter an attempt has been made to consider aspects of disease 
resistance relevant to attempts to control wheat diseases by the use of resistant 
varieties. The evidence indicates important differences in the potential control 
of disease through plant breeding for different pathogens, both in the varying 
degrees of resistance available and in the generally greater specificity of 
resistance to biotrophic than to necrotrophic pathogens. Although only a small 
selection of the potential diseases is described, it is sufficient to illustrate the 
various levels of knowledge about the genetic basis of resistance. A distinction 
is drawn between the increasing precision that can be achieved in the genetic 
analysis of resistance, including the use of cytogenetic and molecular tech
niques, and the much more difficult application of the information in the 
synthetic process of plant breeding. Although the new techniques of molecular 
genetics can increase the resolving power of genetic analysis, and perhaps offer 
the possibility of introduction of new characters into wheat, they cannot 
replace in the forseeable future the methods of breeding that are used to re
assort whole genomes and the wide scale of testing required before new 
varieties are acceptable in agriculture. For all of the diseases referred to, it is 
necessary to use living cultures of the pathogens to screen plants for resistance. 
It is therefore essential to have appropriate isolates of the pathogens for this 
purpose. There is no alternative, for the provision of these isolates, to careful 
monitoring of the relevant pathogen populations. Where no monitoring of 
variation in pathogen populations is done, there is a much greater chance of 
producing varieties with inadequate resistance to disease, with the possible 
attendant risk that varieties can only be grown with the help of heavy appli
cations of chemicals. Clearly, there are challenges in breeding for resistance to 
any single disease, and usually there is the greater complication of achieving 
resistance to several diseases simultaneously. Nevertheless, inherited disease 
resistance is a valuable natural resource and, if exploited to the best of our 
ability, can protect most wheat crops from disease in an environmentally 
acceptable way. There is much scope for the future application of established 
scientific principles and of refinement of the techniques for their application to 
the improvement of disease resistance in the wheat crop. 
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CHAPTER 14 

Breeding for resistance to insects 

H.]. B. Lowe 

14.1 INTRODUCTION 

The development of crop varieties resistant to insect pests has lagged behind 
the use of resistance to fungal pathogens as a control method. This can be 
related to the appearance of highly effective insecticides in the 1940s, and the 
consequent emphasis on chemical control over the subsequent 25 years, a 
period when fungicides of comparable efficiency were not available. However, 
in many environments chemical control of wheat pests has been inappropriate 
and, notably in North America, varieties with pest resistance have been 
developed. In this chapter past successes and current progress with wheat 
exemplify general problems and principles in the field of breeding for 
resistance to insect pests, and provide a foundation for consideration of the 
future. 

Painter (1951) included wheat as one of five crops treated individually in his 
book where he described the production of varieties resistant to Hessian fly 
(Mayetiola destructor) and to wheat stem sawfly (Cephus cinctus), and 
reviewed work on resistance to a number of other insects. Further work on 
wheat was reviewed by Maxwell, Jenkins and Parrott (1972) and Gallun, Starks 
and Guthrie (1975). Recently, Maxwell and Jennings (1980) included a chapter 
on wheat (Everson and Gallun, 1980) with much other relevant material, and in 
Europe, De Ponti (1979) noted breeding programmes concerned with five 
pests of wheat. 

14.2 TERMINOLOGY 

The terms defined and discussed by Painter (1951) and reviewed by Harber 
(1980) are those generally used in connection with resistance to insects. 
Phytophagous insects present a vast range offeeding habits, but in most species 
the relationship is sufficiently intimate to merit description as parasitism of the 
plant by the insect. The antithesis is seen in those insects which typically utilize 
a wide range of food plants and feed by biting off and chewing large amounts of 
plant tissue. The relationship between these insects and the plant may be 
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likened more to the feeding behaviour of herbivorous mammals, and such 
species are referred to below as grazers. 

Increased knowledge of the effects of host resistance on host-parasite 
interactions has shown much common ground between resistance to insects and 
resistance to fungal and bacterial pathogens. The gene-for-gene theory (Flor, 
1971) and the concepts of vertical and horizontal resistance (Vander Plank, 
1963) have been useful in describing insect-plant interactions (Gallun and 
Khush, 1980). However, much evidence has accumulated of quantitative 
variation in specific host-parasite interactions which cannot easily be fitted into 
the dichotomous concept of vertical and horizontal patterns of resistance, and 
therefore the descriptive terminology of Scott et al. (1980) is used here. 

14.2.1 Specificity 

Specificity, considered in detail by Scott et al. (1980), occurs in the relationship 
between insects and their host plants at both inter- and intraspecific levels. 
Pathogenicity, although a term unfamiliar to many entomologists, has been 
defined simply as 'parasitic ability' (Gallun and Khush, 1980) and, whilst 
avoiding the specific connotations of 'virulence', matches the term resistance 
that describes the ability of the host to hinder a parasite, a restricted sense used 
by Beck (1965). 

Host specificity or host-specific pathogenicity occurs when related 
subpopulations of insects are able each to live on their own specific range of 
plants within a range of potential, often related host plants, and when 
resistance characters in those plants affect the insect subpopulations 
differentially so as to define their specific host ranges. Host specificity is used 
here to describe the interrelationships between insects and plants when 
considering resistance to insects, and not simply the narrowness of the insects' 
range of food species which is described by the terms monophagous, 
oligophagous and polyphagous (Beck and Schoonhoven, 1980). 

Biotype-specific resistance and species-specific resistance are the matching 
terms for the resistance of plants at the intra- and interspecific levels, 
respectively. To conform with general usage, in this chapter biotype is used 
instead of 'race' to denote an intraspecific population of insects characterized 
by a relevant inherited trait, usually a particular pathogenicity. A biotype may, 
therefore, comprise one morph where there is genetic polymorphism, or be 
some other subdivision of the pest population. A fuller discussion of the 
biotype concept (Claridge and Den Hollander, 1983), illustrates the problems 
arising from habitual usages that differ between entomologists and plant 
pathologists. 

Other, non-specific characters of resistance or pathogenicity are considered 
as only apparently non-specific, in that whilst no matching specificity may have 
been recognized or appear likely in a host-parasite relationship, the future 
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appearance of specific adaptation by the parasite cannot be ruled out 
absolutely. 

14.2.2 Mechanisms of resistance 

The three classes of 'mechanism of resistance' defined by Painter (1951), non
preference, antibiosis and tolerance, have remained valuable although these 
terms do not classify the cause of resistance. The term antixenosis, proposed by 
Kogan and Ortman (1978) to replace 'non-preference', has merit in avoiding 
the conceptual difficulties discussed by Van Marrewijk and De Ponti (1975). 
The success of Painter's terms may be ascribed to their practical value for the 
plant breeder, in that they relate directly to the method used to identify 
resistance. Thus, observation of colonizing insects on plant populations will 
estimate antixenosis. This may be of particular significance when oviposition 
by gravid females entering a crop is a major factor determining pest damage. If 
insects are confined on test plants, antibiosis may be observed as a restriction of 
population increase or in a reduction in the survival, growth or reproduction of 
individuals. Where observations are more conveniently made on the plants 
than on the insects, tolerance may be particularly evident if susceptible plants 
are killed or severely damaged. Modern knowledge and techniques potentially 
allow penetrating analysis of the causes of the resistance in the majority of 
insect-plant relationships through studying the biological relationships 
between insect and plant, a large field of work summarized by Beck and 
Schoonoven (1980) and Bernays (1982). A single type of resistance may appear 
as both antibiosis and antixenosis, while the resistant plants also seem tolerant 
of attack. Nevertheless, as full analysis of resistance is rarely practical even for 
a single plant-pest association, Painter's categories retain value for the plant 
breeder despite their apparent imprecision. 

Interactions between pest populations and plant characters for resistance are 
likely to indicate durability of resistance in agriculture. Resistance sensu Beck 
(1965) includes antixenosis (non-preference) and antibiosis, and by reducing 
pest attack through a direct inimical effect on pest populations, inevitably 
exerts selection pressure favouring pest variants capable of overcoming 
resistance. Tolerance, the ability to yield well despite supporting a level of 
attack that causes damage to susceptible plants, is neutral or may even favour 
pest populations and should therefore be durable since it is unlikely that there 
will be selection to favour resistance-breaking pest populations. Evasion of 
attack, described as 'pseudo-resistance' by Painter (1951), may be of 
considerable significance in the development of integrated control. New 
varieties with genes modifying the pattern of crop development may permit the 
use of new cultural controls; for example, early maturity allows crops to be 
cleared before late pest build-up (Knipling, 1979), or an annual habit might 
permit crop rotation. Although such characteristics may have no direct effect 
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on the potential of a pest to cause damage, if managed successfully they are 
inimical to pest populations and could possibly force the evolution of change in 
pest biology. 

14.3 EXAMPLES OF BREEDING FOR RESISTANCE TO 
INSECT PESTS OF WHEAT 

A detailed consideration of five pests of wheat (Table 14.1) provides 
contrasting examples of: 

(a) Resistance involving biotype-specificity, and apparently non-specific 
resistance; 

(b) Resistance that causes the death of insects on resistant plants, and 
resistance seen as quantitative differences in insect performance on the 
crop; 

(c) Resistance detectable only by bioassay, and resistance that can be assessed 
from plant morphology in the absence of the pest; 

(d) Resistance with clearly defined inheritance, and resistance whose genetic 
control is not yet understood; and 

(e) Resistances controlled by few or many genes. 

TABLE 14.1 Wheat pests exemplifying different aspects of breeding for resistance 

Pest species Type of resistance Assessment Inheritance of 
techniques resistance 

Hessian fly (a) Biotype specific Bioassay, plant Oligogenic 
Mayetiola destructor responses 

(b) Apparently biotype Bioassay, plant Polygenic 
non-specific responses 

Stem saw flies Apparently biotype Plant morphology Polygenic 
Cephus spp., esp. non-specific 
C. cinctus 
Cereal leaf beetle Apparently biotype Plant morphology Polygenic 
Oulema melanoplus non-specific 
Green bug Biotype-specific Bioassay, plant Oligogenic 
Schizaphis graminum responses 
Grain aphid Apparently biotype Bioassay, insect Not known 
Sitobion a venae non-specific responses 

14.3.1 Biotype-specific resistance: Hessian Fly 

The Hessian fly (Mayetiola destructor) is a gall midge whose larvae develop 
within the leaf sheath at the bases of young wheat plants or at the nodes of older 
plants, causing yield loss from stunting of the plant, poor grain development 
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and lodging following late infestations. Widely distributed in the Old World, 
Hessian fly entered North America in the 18th century and has there provided 
classic examples of successful pest control through the use of resistant varieties 
(Painter, 1951; Gallun and Reitz, 1971). 

The co-evolution of wheat varieties and Hessian fly biotypes in the central 
states of North America, reviewed by Gallun and Khush (1980) and Gallun and 
Patterson (1980), provides a close analogy among insects with the gene-for
gene relationships recognized between various higher plants and their fungal 
parasites. Most Hessian fly resistant wheat varieties for this region carry one or 
two known dominant genes conferring biotype-specific resistance whilst 
genetic studies on Hessian fly biotypes have demonstrated recessive genes 
conferring host-specific pathogenicity (virulence). Gallun (1977) reviewed the 
occurrence and evolution of six Hessian fly biotypes in the field in central North 
America, and designated 16 possible biotypes in relation to the four resistance 
genes then available. Subsequently, two of the additional biotypes predicted 
were observed in the field (Sosa, 1981). Five additional resistance genes have 
been identified (Table 14.2), and further unnamed genes located. 

Female Hessian flies exhibit no preference for variety when laying eggs, and 
resistance or susceptibility in the host may be scored easily by looking for the 
effect that the larvae produce on susceptible wheat seedlings. Resistant plants 
are entered by the larvae on hatching, but the latter usually fail to establish 
themselves and the plant develops normally. The fly biotypes are recognized 
solely on the ability of the larvae to stunt wheats with known resistance genes. 
Thus, Hatchett and Gallun (1968) surveyed the field occurrence of five 
Hessian fly biotypes (GP, A, B, C and D) over five States by allowing females, 
reared on susceptible wheat from field-collected parent flies, to oviposit 
separately on pots sown with four differential wheat varieties and observing the 
varying success of individual progenies. The survey showed that in Indiana 
where resistant varieties, mainly with the H 3 gene, occupied about 80% of the 
acreage, biotype B had replaced biotype A and with it occurred biotype D, 
virulent toward varieties having H 3 , H 6 or H 7 + H 8 genes. Biotype A pre
dominated in eastern areas where varieties with resistance genes H 7 + H 8 were 
grown, but in the hard wheat region of Kansas, where the environment is 
harsher and the Kawvale and Marquillo sources of resistance were used, over 
90% of the flies were of the avirulent GP biotype. These results demonstrate 
clearly the development and predominance in the field of Hessian fly biotypes 
in response to the deployment of resistance genes. 

Although the risks to continued control of Hessian fly by host-plant 
resistance in this situation are obvious, especially to those with experience of 
similar situations involving fungal parasites, it is necessary to emphasize two 
points. First, there are other forms of resistance, notably those derived from 
the varieties Kawvale and Marquillo (Painter, 1951), whose inheritance has not 
been fully determined but is not simple. Kawvale, released in 1931 had a 
relatively low level of resistance that was not transferred in full to its derivative, 
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Pawnee; yet, when Pawnee which possessed many good qualities was grown 
very widely, Hessian fly infestations in the hard wheat area of the Great Plains 
declined to insignificant levels. Second, the widespread use in North America 
of varieties with biotype-specific resistance to Hessian fly has provided over the 
past 30 years a high degree of control of a pest that was previously very 
damaging (Gallun and Reitz, 1971). Most notably, in California, where the 
local Hessian fly population is isolated by desert climates, resistant wheats 
achieved such success in reducing infestation that further work was not possible 
due to the scarcity of the flies (Suneson and Noble, 1950). The resistance, 
conferred by the genes H 1 and Hb has proved durable in California, possibly 
due to the limited genetic variability of the Hessian fly in that area (for 
discussion, see Caldwell, Gallun and Compton, 1966). Further east in the soft
wheat region, varieties with resistance gene H 3 were grown on most wheat land 
and, although virulent Hessian fly biotypes (B and D) appeared locally, 
average infestations were below 10% in Illinois, Indiana, Michigan and Ohio 
(Gallun and Reitz, 1971). Since then surveys showed that when about 80% of 
the acreage in this region was under resistant wheats with genes H3 or H5 , only 
about 2% of stems were infested with Hessian fly larvae. 

In the USA effective control of the Hessian fly has been achieved because the 
fly has not been able to evolve new host-specific biotypes sufficiently rapidly in 
response to the deployment of biotype-specific resistance. Also, the durability 
of resistance conferred by the genes H1 and H2 in California suggests that the 
ability of Hessian fly to evolve new biotypes may be heavily dependent upon 
the existing genetic resources of the population rather than on mutation. As 
a result this continues to be one of the best examples of the use and benefit 
of pest-resistant crops (Adkisson and Dyck, 1980). Where areas of high 
infestation have occured in recent years, these have been associated with 
increased use of susceptible varieties and other factors such as extensions of 
the wheat acreage and cultural changes favouring carry-over of fly populations. 
There is every prospect that control will remain practicable in the future, as 
new genes for resistance are available (Table 14.2). Also, pubescence 
(considered in detail below) has been found to reduce oviposition and larval 
survival (Roberts et al., 1979) and is likely to provide a non-specific resistance. 

Other methods of exploiting biotype-specific resistance are possible. Since 
avirulence is dominant to virulence, inundative releases of flies of the GP 
biotype in fields of resistant wheat could be used to reduce or eliminate field 
populations of virulent biotypes; in field tests, infestations were reduced in this 
way to 800 ha-1 from 170 000 ha- 1 on protected control plots (Foster, 1977). 
Alternatively, since the ovipositing female lays its eggs irrespective of host 
resistance genes and the larvae do not move to other plants, this insect could 
very probably be controlled by using variety mixtures (Chapter 13). 

In the Old World, studies on resistance of wheat to Hessian fly are less 
advanced than in North America. In many areas, especially northern Europe, 
fly populations very rarely present a pest problem as they are normally 
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controlled by adverse climates and cultural practices, notably crop rotation and 
late sowing, which prevent large populations developing. Hessian fly is more 
important as a pest in countries bordering the Mediterranean and Black Seas, 
where field trials have revealed varietal differences in resistance (e. g. 
Grishaev, 1976). Winter sowings in Morocco compared Triticum aestivum 
varieties resistant in America, T. durum CI 94587, the source of the H6 and H11 

resistance genes, and local varieties of T. durum and T. aestivum (Durand, 
1967). None of the T. aestivum varieties proved resistant, but two local 
T. durum varieties, BD 0287 and BD 1154, were by far the least attacked; 
CI 94587 was the next-most-resistant variety. These results demonstrated the 
existence of virulence genes in the Moroccan Hessian flies that were additional 
to those identified in the immigrant North American Hessian fly populations, 
and also that locally adapted wheat had additional resistance genes. 

In general, late sowing, after the flight period for adults of the summer 
generation, provides the simplest and most widely recommended control, not 
only against Hessian fly but also against the other shoot-attacking flies, e.g. 
Oscinella frit and Phorbia spp. which infest wheat at similar times. The 
presence of these other species is also a major difficulty in assessing resistance 
levels of different varieties in the field. However, it is clear that considerable 
resources of genetic resistance to Hessian fly are available, and that good 
breeding methods have been developed in the USA. The development of 
resistant varieties should be possible for those areas where cultural controls 
are inadequate or impose undesirable restrictions on the crop. 

14.3.2 Physical resistance: Stem sawflies and Cereal leaf beetle 

Resistant varieties of wheat have been developed in North America to counter 
two other important pests, the stem sawflies (Cephus spp.) and the cereal leaf 
beetle ( Oulema melanoplus). Instead of depending on biotype-specific 
resistance genes, with an as yet poorly understood interaction between 
parasitic larvae and their hosts, resistance to these two insects occurs in 
morphological variants of wheat that interfere with key stages in the insects' life 
cycles. Specificity in the relationship between the insect and the host plant 
appears most unlikely in these examples. 

The European stem sawfly (Cephus pygmaeus (L.)) is native to all but the 
most northern parts of Europe and can be a serious pest in the South and 
Balkan regions. Cephus pygmaeus has been introduced to North America and 
occurs in the eastern Great Lakes area, but a native species, C. cinctus Norton, 
which also lives on grasses west of the Mississippi and north of latitude 36° is 
more important. Wallace and McNeal (1966) reviewed the biology of the 
sawflies, together with methods of control, the identification and inheritance of 
resistance in wheat and breeding methods. Resistance is associated with 'solid' 
stems in which the lumen of the stem, open in most Triticum aestivum varieties, 
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is filled with pith. Female Cephus normally lay their eggs singly, each in the 
lumen of a stem and the larva develops there, moving up and down the cavity 
feeding from the wall of the stem. When the plant begins to ripen the larva 
migrates downwards in response to increased illumination (Holmes, 1975) and, 
before forming an overwintering cocoon in the base of the stem, eats away a 
ring of tissue from inside the stem wall, such that the upper stem with the grain 
is either cut down or falls off very easily. In solid stems the majority of larvae 
fail to complete this course of development; hatching and early larval 
development are hindered, as well as the later movements of larvae. The 
mortality of larvae in infested stems of resistant wheat averaged 67% over 
25 years compared with 28% in susceptible varieties (Holmes, 1982). Painter 
(1951) described the identification of solid stem wheats as resistant to C. cinctus 
and the development and release of the first sawfly-resistant variety, Rescue, in 
Canada in 1947. Studies by several workers, notably Larson (see Wallace and 
McNeal, 1966) demonstrated several genes controlling stem morphology, 
whose expression is affected significantly by the environment (De Pauw and 
Read, 1982). Because resistance to sawfly is conferred by an easily assessed 
morphological characteristic of the wheat, breeders are able to select for 
resistance without the complications of bioassays. Wallace, McNeal and Berg 
(1973) described a 'solidness index' based on cuts of four internodes that 
ranged from 4 for fully hollow to 20 for fully solid stems, and suggested a 
minimum stem solidness index of 15 to be used for selection of potential sawfly
resistant lines. Lebsack and Koch (1968) recommended that early stages of 
selection be conducted away from the sawfly infestation in an environment not 
conducive to maximum expression of stem solidness so as to aid detection of 
minor gene effects. 

A disadvantage was that resistant varieties yielded less than susceptible 
hollow-stemmed varieties. Wallace and McNeal (1966) reported that Rescue 
yielded between 3 and 5 bushels acre- 1 (200--336 kg ha- 1) less than the 
susceptible variety Thatcher, and their suggestion that this might be an implicit 
penalty of resistance has been widely quoted (e.g. Maxwell, Jenkins and 
Parrott, 1972; Knipling, 1979). However, in derivatives of two crosses, one 
involving Rescue, stem solidness was independent of other traits including 
yield (Lebsack and Koch, 1968). Rescue, widely used in breeding programmes 
as a source of stem solidness, showed poor combining ability for yield 
characteristics. Also solid-stem F4 composites from 17 crosses yielded above 
or equally to hollow-stem composites in Montana in 1975 (McNeal and Berg, 
1979). Similarly, Ford et al. (1979) working with lines taken randomly apart 
from selection for solid or hollow stems, concluded that in 10 crosses amongst 
Triticum aestivum varieties unrelated to those used in Canada, stem solidness 
was independent of yield. It is therefore not surprising to find that yields of 
more recent sawfly-resistant varieties are much closer to those of comparable 
susceptible varieties than was that of Rescue (McKenzie, 1976). It seems likely 
that the low yield of the resistant variety Rescue was merely an example of 
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negative association between desirable traits, often experienced when a new 
character is introduced to an agronomically adapted gene pool. 

The cereal leaf beetle Oulema melanoplus, a chrysomelid, is native 
throughout Europe but, although more abundant in the Balkan region and the 
Ukraine, generally causes significant damage to wheat and other cereals only in 
sporadic local outbreaks. Cereal crops are attacked by both adults and larvae, 
but most damage is caused by larvae, which consume longitudinal strips of the 
green tissue of the leaves (Gallun, Everly and Yamazaki, 1967). Oulema 
melanoplus entered North America relatively recently, the first damage by 
established populations occurring in 1959. Haynes and Gage (1981) reviewed 
the spread of the beetle in North America and the various programmes aimed 
at restricting and controlling it, and Webster (1977) considered the possibilities 
of host-plant resistance. Downy, the first wheat variety expressly developed for 
resistance to 0. melanoplus, was released in 1976 in the USA (Roberts et al., 
1981, 1983). 

Varieties showing resistance in early screening tests with field populations in 
America had abundant leaf hairs (Webster, 1977), confirming an earlier 
observation by Vavilov (1935); pubescence has since been developed as the 
basis of resistance in wheat (Table 14.3). Most wheat varieties have essentially 
glabrous leaves with few small, unicellular trichomes, but the size and density 

TABLE 14.3 Pubescence characteristics of stocks registered in the USA as resistant to 
Oulema melanoplus 

Designation Type Hair Hair Reference 
density length 
(mm- 2) (mm) 

Downy Soft red winter 100 Roberts eta!. (1981) 
wheat (flag leaf) 

CI 17454 Red winter wheat 49 0.23 
CI 17455 Red winter wheat 36 0.25 Smith, Webster and 
CI 15458 Red winter wheat 87 0.36 Everson (1978) 
CI 17459 Red winter wheat 95 0.28 
CI 17832 Hard red spring 36 0.24 

wheat 
CI 17833 Hard red spring 15 0.23 Smith, Webster and 

wheat Everson (1980) 
CI 17837 Hard red spring 17 0.28 

wheat 
CI 15890 Fuzz Soft red winter 105 

wheat (flag leaf) Roberts eta!. (1983) 
CI 17412 Vel Soft red winter 105 

wheat (flag leaf) 
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of these trichomes can vary widely. Pubescent wheat leaves deter oviposition 
by 0. melanoplus, and eggs that are laid on resistant plants cannot be ad
pressed to the leaf surface and are more liable to suffer desiccation or other 
damage than eggs on a susceptible plant. Subsequently, the presence of abun
dant large hairs interferes with the feeding of the beetle larvae, especially that 
of newly-hatched larvae which starve if they fail to reach the main tissue of the 
leaf. Survival of 0. melanoplus is related to both the density and the length of 
the trichomes, a high density of very short trichomes have relatively little 
effect (Hoxie, Wellso and Webster, 1975), whereas the highly resistant 
varieties have over 20 trichomes mm- 2 exceeding 0.20mm in length. Length 
and density of trichomes are inherited in a quantitative manner (see Webster, 
1977), and several genes are involved whose expression is also affected by the 
environment, for example drought stress increases the density of trichomes 
(Quarrie and Jones, 1977); assessments of varietal resistance may differ 
between environments. Variation in the infestation of the variety Downy has 
been associated with varying expression of trichome production in successive 
seasons and on different leaves during plant development (Wellso and Hoxie, 
1982). The techniques of screening for resistance that were developed in the 
USA have been detailed by Webster and Smith (1983). 

The deterrent effect on oviposition is a major component of resistance to 
0. melanoplus. A field experiment was conducted in Michigan from 1975 to 
1980 to determine the effects of resistant crops on beetle populations and 
whether fields of pubescent wheat would affect beetle damage in neighbouring 
fields (Haynes and Gage, 1981). There was no evidence of increased attack 
on the (highly susceptible) spring oat crop as a result of growing resistant 
wheat in the same neighbourhood. 

Although populations of 0. melanoplus in the central part of North America 
have generally declined following the outbreaks when the insect first became 
established, the affected area has increased and 0. melanoplus is now a serious 
pest in Virginia (McPherson, 1983a, b). The availability of pubescent stocks in 
a range of wheat types (Table 14.3) gives promise for the development of 
resistant varieties for the different parts of the insect's range. 

14.3.3 Aphids: Greenbug and Grain aphid 

Several species of aphids attack wheat, but most work on resistance has been 
done with the greenbug, Schizaphis graminum (Rondani) and the grain aphid, 
Sitobion avenae (Fabr. ). Both were originally palaearctic species but have 
become established in the wheat-growing areas of the Americas and the 
Southern hemisphere. These two species present a contrast in respect of the 
characteristics of resistance in wheat used by or available to plant breeders. The 
greenbug has long been recognized as an important pest in America. First 
recorded in Virginia in 1882 and in Texas in 1890, widespread outbreaks 
occurred sporadically in the USA through the first half of the 20th century 



436 Breeding for resistance to insects 

(Chada et al., 1961), and it remains a major pest of wheat in Oklahoma 
(Coppock and Burton, 1979) and neighbouring states. In Argentina the 
greenbug was first reported in 1914 and, although it did not appear as a serious 
pest until1957, it is now an endemic pest of wheat, sorghum, barley and forage 
grasses, causing serious damage particularly in dry years (H.O. Arriaga, 
personal communication). The greenbug is also a pest in the Balkans and 
eastern Europe where it attacks not only wheat but other cereals including 
sorghum in Romania, though some stocks show resistance (Barbulescu, 
1970, 1972). 

Characteristically the greenbug causes damage at all stages of plant growth 
through phytotoxic effects following the injection of its saliva into the host 
plant. The most severe damage occurs when greenbug populations multiply 
extensively in autumn or spring on recently planted crops, which are the most 
favourable for this aphid. The young plants may be killed, or if they appear to 
recover, their root systems are damaged reducing yielding ability (Ortman and 
Painter, 1960). The prime character sought for resistance is therefore tolerance 
of the toxic saliva, and resistance to green bug is normally detected by screening 
seedlings under relatively severe aphid attack to emphasize differences in 
tolerance of toxin, rather than variation in aphid responses to the plants. The 
resistant rye variety 'lnsave FA' was developed from plants selected in the field 
(Arriaga, 1956) but selection and screening are normally done in the glasshouse 
or insectary. The techniques, developed by Chada (1959) and Wood (1961a) 
have been fully described by Starks and Burton (1977) with emphasis on the 
practical details and the problems involved. 

Biotype-specific resistance occurs in various crop species attacked by the 
green bug, and part of the extensive host -specific variability of the aphid is seen 
in the populations of North America (Table 14.4). These biotypes do not 
express all aphid variation; for example, two colonies used to test for resistance 
in Kentucky blue grass, Poa pratensis, differed in their ability to colonize barley 
and in the severity of damage on Poa plants (Ratcliffe and Murray, 1983). The 
first work on breeding for green bug resistance in wheat depended upon a single 
recessive gene that conferred tolerance (Curtis, Schlehuber and Wood, 1960). 
This gene occurred in a hexaploid selection (28A) found as a contaminant in a 
Triticum durum population, Dickinson 485 and also in a Russian spring wheat, 
CI 9058. However, although Curtis, Schlehuber and Wood detected resistance 
as tolerance in the host and found no effect on greenbug reproduction in a 
greenhouse, aphid populations were reduced on resistant wheat (Harvey and 
Wilson, 1962; Wood, 1961h; Wood and Curtis, 1967). The resistance was 
overcome by biotype B greenbugs before commercial varieties were released, 
and no further sources of resistance were available for breeding at that time. 
Subsequently, resistance genes (Hollenhorst and Joppa, 1983) were 
transferred into T. aestivum from rye (Sebesta and Wood, 1978) and from 
Aegilops squarrosa (Harvey, Martin and Livers, 1980; Joppa, Timian and 
Williams, 1980). Unfortunately coincident with these advances, greenbug 
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TABLE 14.4 Biotypes of the greenbug Schizaphis graminum, and resistance to 
greenbug-induced toxaemia of cereals in the USA 

Host stock A B c E 
'Original' 1959 1968 1980 

Wheat 
Dickinson Selection 28A R s s s 
Amigo R R R s 
(Source: Rye, Insave FA) 
Largo s R R 
(Source: Aegilops squarrosa) 

Rye 
InsaveFA R R R R 

Barley 
Will R R R s 
Omugi R R s 
Oats 
CI4888 R s s 
CI 1580 s R R 
PI186270 R s R R 

Sorghum 
CK-60 R s 
KS-30 R R s 
Cap bam R R 

From Wood, Chada and Saxena (1969), Porter, Peterson and Vise (1982) and Starks, Burton and 
Merkle (1983). 

biotype E (Porter, Peterson and Vise, 1982) became widely distributed in the 
USA. This biotype, which is virulent on some greenbug-resistant sorghum 
varieties developed since the American sorghum crop was attacked by biotype 
C in 1968, is also virulent on the wheat variety Amigo carrying resistance from 
rye. 

Although the survival of seedlings has been the criterion of resistance in most 
breeding of grain crops for greenbug resistance, there is also variation in the 
effects of the resistance genes of the aphid biotypes. The aphids may settle well 
on a tolerant host (e.g. biotype A on sorghum; Wood, Chada and Saxena 
(1969)) or, as with biotype Eon barley resistant to other biotypes, there may be 
substantial antibiosis although the plants are damaged and therefore are rated 
as susceptible (Starks, Burton and Merkle, 1983). Greenbug populations in 
Argentina differ from those in the USA, since although greenbugs are a serious 
pest of sorghum in Argentina, the resistance of the wheat variety Dickinson 
S28A remains effective. A higher expression of resistance is shown by lines 



438 Breeding for resistance to insects 

carrying additional resistance genes from Agropyron elongatum (Arriaga, 
Chidichimo and Almaraz, 1981). 

The grain aphid Sitobion avenae is generally the dominant species in mixed 
aphid infestations of wheat in Europe; for example, in surveys in Bulgaria it 
was more numerous than the greenbug (Kontev, 1976), The grain aphid is not 
considered an important pest in North America, but both species damage 
cereal crops in South America. Reviews by Vickerman and Wratten (1979), 
Carter, Dixon and Rabbinge (1982) and Carter et al., (1980) provide a full 
account of the biology of Sitobion avenae and of other common aphids on 
cereals in North and West Europe and of their potential for damaging crops. In 
the Far East and Australasia S. avenae is replaced by the related S. miscanthi as 
a pest of wheat (e.g. in New Zealand; Sanderson and Mulholland (1970)). 

In contrast with the green bug, the grain aphid Sitobion avenae does not cause 
rapid tissue necrosis, but causes loss of yield in wheat mainly because the aphids 
feed on the ears during grain development and divert assimilate away from the 
grain at this critical phase. Assimilation can also be reduced due to various 
effects of the honeydew that falls on to the leaves of infested plants (Vereijken, 
1979; Rabbinge et al., 1981). Populations of grain aphid on wheat are often 
controlled effectively by natural enemies in Europe and, with positive 
interactions between natural enemies and host-plant resistance (Wilbert, 
1980), partial resistance could well provide adequate control of this pest with 
only occasional use of insecticides on outbreaks. Varieties that are moder
ately resistant to grain aphid have been recognized recently (Lowe, 1981, 1982, 
1985a) and, although grain-aphid resistant varieties have not yet been 
produced deliberately, such resistance has proved easy to locate among 
breeding lines and varieties of wheat (Lowe, 1984a, d). In addition some stocks 
of Triticum monococcum are highly resistant (Lowe, 1984c). 

Different types of resistance occur, including both antibiosis and antixenosis 
with, for example, at least four distinct sources of resistance evident among five 
resistant wheat stocks (Lowe, 1985b). Non-glaucousness is an easily observed 
character conferring resistance to grain aphid (Lowe, Murphy and Parker, 
1985), similar to aphid resistance due to 'bloomless' in sorghum (Starks and 
Weibel, 1981). Resistance to grain aphid cannot be detected simply by 
identifying seedlings under heavy aphid infestation, as is done for greenbug 
resistance, but resistant and susceptible varieties can be distinguished by 
controlled. infestation of immature plants during the stem-extension and 
booting phases of plant growth (Lowe, 1981, 1984a, d). Attempts to assess 
resistance in the ears, however, gave impractically variable results (Lowe, 
1978, 1980). The high level of intrinsic variability in aphid performance has 
tended to obscure differences in aphid numbers due to genotypic variation in 
the plants (Van Marrewijk and Dieleman, 1980). However, simple glasshouse 
screening methods do give consistent results (Lowe, 1984a), and although field 
assessments based on artificially enhanced grain-aphid infestations (Lowe, 
1984b) have varied in some cases, the results of glasshouse screening generally 
agreed with field observations (Lowe, 1984d, 1985a). 
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The greenbug and the grain aphid therefore differ in that resistance to the 
greenbug can be detected with considerable precision by observing plant 
reactions whereas, for the grain aphid, resistance is seen only as differences in 
number of aphids on infested plants, and may be obscured by irrelevant 
variation. The major sources of resistance to greenbug involve a complex but 
clear-cut set of host-specific relationships but such evidence as is available for 
the grain aphid indicates non-specific variation in both host and parasite with a 
number of different bases for partial resistance. Similar low-level resistance 
occurs with greenbug (Starks and Merkle, 1977), but the differing biologies of 
the two pests and the damage they cause indicate that unlike the case with the 
grain aphid, partial resistance to greenbug would have limited value. These 
differences emphasize that in dealing with resistance, even to related insects, it 
is usually necessary to approach each pest-crop association separately. 

14.4 OTHER PESTS OF WHEAT 

Many species of insect live wholly or in part on wheat, causing damage of 
varying severity so that the annual loss to the growing wheat crop, worldwide 
and allowing for control by insecticides, is about 5% (Walker, 1975). Most of 
these species are economically insignificant or of minor importance, causing 
significant loss only occasionally and in limited areas, for example Empson and 
Gair (1982) mention about 80 species of insect that may attack wheat in Britain 
but only nine are important pests, although several more species that are 
insignificant in Britain are important elsewhere in the world. Everson and 
Gallun (1980) commented on about 60 species of insect that are important pests 
of wheat in at least some part of the world, and a few of these are mentioned 
below in relation to the possibilities of developing resistant varieties to reduce 
the damage they cause. 

14.4.1 Aphids 

Species of aphids other than the greenbug and the grain aphid may cause 
significant damage. In northern parts of the wheat-growing areas of Europe 
and North America and also in New Zealand, Rhopalosiphum padi, the bird
cherry-oat aphid, is important, though more often as a vector of Barley Yellow 
Dwarf Virus (BYDV) than for the direct damage it does. No source of 
resistance was located by bulk screening of seedling wheats for resistance to 
R. padi (e.g. Rautapaa, 1970; Markkula and Roukka, 1972), but vernalization 
can affect resistance, and Chen, Foster and Ohm (1983) found the variety 
Caldwell to be resistant toR. padi. Also the pubescent varieties Vel and Downy 
are more resistant than glabrous varieties (Roberts and Foster, 1983). This 
resistance appears as antixenosis and could reduce spread of BYDV by 
R. padi. Resistance in some lines of Triticum monococcum was reported by 
Spiller and Llewellyn, 1986. 
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Elsewhere Metopolophium dirhodum, the rose-grass aphid, is a pest of 
wheat, more often so in South America where it first caused problems in 1968 
(H. D. Arriaga, personal communication) than in its native range in Europe. 
Glasshouse experiments that identified wheat and barley resistant to the grain 
aphid failed to locate resistance to M. dirhodum (Lowe, 1980), but varietal 
differences in antibiosis were found in laboratory tests (Kay, Wratten and 
Stokes, 1981; Sotherton and Van Emden, 1982). Although levels of natural 
infestation in Europe differ between varieties, the differences were not similar 
in successive years (Kolbe, 1970). However, field screening in South America 
has permitted identification of resistant wheat lines that can provide a basis for 
breeding work. Population growth and survival of the greenbug and of M. 
dirhodum on wheat and rye are inversely correlated with the hydroxamic acid 
content of the plant (Argandona et al., 1980; Argandona, Niemeyer and 
Corcuera, 1981). The survival of M. dirhodum was greater than that of green
bugs on artificial diets containing the hydroxamic acid DIMBOA (2,4-di
hydroxy-7 -methoxy-2H-1 ,4-benzoxazin-3-one), but Rhopalosiphum maidis 
was hardly affected (Corcuera et al., 1982). DIMBOA may, therefore, be 
important in determining resistance and its specificity to both Metopolophium 
dirhodum and Sitobion graminum. 

Like the greenbug, Diuraphis noxia, the Russian wheat aphid, has toxic 
effects that produce characteristic streaking and deformation of the plant. It 
originates in the Black Sea area and Near East but has recently appeared in 
South Africa (Walters eta!., 1980). A search for sources of resistance has begun 
as a first step toward breeding resistant varieties. 

14.4.2 Bugs 

Many species of heteropteran bugs attack wheat, affecting either the growth 
and yield of the plant or grain quality. Outstanding among these are pentatomid 
bugs including the univoltine genus Eurygaster, notably E. integriceps, the 
'Sunn pest', and optionally multivoltine species of Aelia, which are serious 
pests of wheat in the Mediterranean and Black Sea areas and in West Asia 
(Gaffour-Bensebbane, 1981; Gerini, 1968; Lodos 1981a, b). AdultEurygaster 
overwinter away from cultivated land (Brown, 1962) and migrate into the crop 
in spring to reproduce so that the nymphal bugs occur on wheat in summer, but 
Aelia remains on farmland all year. Early immigrant adults feed on the stems 
and may produce 'dead heart' symptoms like those due to shoot-fly larvae, but 
usually more important is the damage due to immature bugs feeding on the 
filling grain in the later stages of their development. Significant damage is done 
at population densities as low as 1 m - 2 or less for spring-sown crops in dry years 
(Walker, 1981) as, even if yield is not reduced, the bugs are highly mobile and 
inject each grain they feed from with enzymes that destroy the bread-making 
properties of dough. The maximum proportion of damaged grain tolerable in 
grists for satisfactory bread ranges from 6% (Gotsova and Kontev, 1981) to as 
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little as 2%. In North America the related genus of Chlorochroa can cause 
similar damage. 

Resistance to damage by Eurygaster integriceps has been associated with 
characteristics of the grain although no variety has been found to be immune. 
In comparisons of the susceptible Besostaya 1 with the resistant Ukrainka, 
there were more small-sized (7 .urn diameter) starch grains in the endosperm of 
the susceptible variety (Sasonov, 1973) and this endosperm was more rapidly 
hydrolysed by salivary enzymes from E. integriceps than that of the Ukrainka 
(Ekman and Vilkova, 1973). In the field there were lower numbers of insects 
and proportions of damaged grains on Ukrainka and the similarly resistant 
variety, Produttore, than on Besostaya 1 (Shapiro and Bartoshko, 1973); but 
earliness is also an important factor as the insects' growth is affected by 
variation in the synchrony between the bugs' life cycle and plant development. 

In 2 years of testing in Yugoslavia, caged hill plots were infested with 
overwintered adults collected from the field and the proportion of damaged 
grains assessed at harvest (S. Stamenkovic, personal communication). The 
varieties Balkan and Mazvanka 1 were resistant with only about 1% only of 
grains attacked whilst the most susceptible varieties had between 9 and 15% 
damaged grains. Varieties with more bugs during vegetative growth had more 
damaged grain than varieties that supported few insects. 

14.4.3 Shoot Flies 

The shoot flies, species of the dipteran families Opomyzidae, Chloropidae and 
Anthomyidae, are an important group of pests, especially in Europe. In their 
larval stages these flies burrow into shoots of wheat and other Gramineae, 
where the maggots feed on or near the growing points and kill or deform the 
developing leaves and ears. The wheat bulb fly, Leptohylemyia coarctata, is the 
most important species in northern Europe (Walker, 1975), where it 
consistently exceeds the economic threshold for control in some areas (Wetzel 
and Lutzel, 1977). It has recently been reported from the eastern seaboard of 
North America (McAlpine and Slight, 1981). Eggs laid on bare soil in summer 
hatch early in spring to give larvae that attack autumn-sown wheat, causing 
death of tillers, or even of whole plants in late-sown crops. Larvae of other 
univoltine species hatch and enter the plants a little later causing similar 
damage. These include Opomyza flo rum and Phorbia genitalis which are more 
important in eastern and southern Europe (Kostic et al., 1980; Dionigi, 1970), 
although the present tendency to sow the crop early in autumn may increase 
their importance in England. Varieties with tightly wrapped leaf sheaths and 
ligules are resistant to P. genitalis, whereas eligulate wheat is susceptible 
(Vavilov, 1935). Meromyza spp. emerge as adults in spring to oviposit on wheat 
stems which are damaged during and after stem extension, when larval feeding 
destroys the developing ear or causes it to abort as a 'whitehead'. Species that 
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are bivoltine over all or part of their range, e.g. Phorbia genitalis, may do 
damage of both types. 

Numerous reports of varietal differences in susceptibility to attack by these 
pests indicate possibilities of breeding for resistance but, again, differences 
between resistant and susceptible varieties are quantitative, unlike resistance 
to Hessian fly. Early observations on Meromyza americana, wheat stem 
maggot, Chlorops pumilionis, gout fly, Oscinella frit, frit fly and Phorbia 
genitalis, late wheat shootfly, were reviewed by Painter (1951). Other examples 
of different levels of infestation under attack by natural populations include 
observations on Atherigona bituberculata in India (Rawat and Sahu, 1973), and 
on Opomyza flo rum and Phorbia genitalis in Yugoslavia (Stamenkovic, 1981 ). 
Between 5 and 40% of tillers were attacked by Opomyza flo rum among wheats 
screened in the field as 1-m rows sown early in autumn in two successive years 
(S. Stamenkovic, personal communication). 

Branson (1971) evaluated 782 varieties of Triticum aestivum and T. durum 
attacked by Meromyza americana and concluded that there were modest 
differences in resistance among varieties, irrespective of wheat species, 
together with a few highly susceptible varieties. Assessment of this resistance 
was considerably affected by varietal differences in tillering, so that differences 
in number of infested tillers were best expressed in proportion to the total 
number of tillers for each variety. Resistance could not be gauged accurately 
from the number of whiteheads per row, as visible symptoms on infested tillers 
varied due to differences in maturity. Raw (1967), in his general account of the 
biology of the wheat bulb fly, showed correlation of larval population with 
tillering capacity over a range of Triticum species and T. aestivum varieties; and 
Lupton and Bingham (1967) found varietal differences in recovery from attack 
by wheat bulb fly in the same material, but they concluded that as no variety 
was sufficiently resistant to overcome a severe attack, it was not practical to 
breed for resistance to bulb fly. 

14.4.4 Gall-Midges 

Species of Cecidomidae that may damage wheat at a later stage of development 
than the Hessian fly include the blossom midges Contarinia tritici and 
Sitodiplosis mosellana, whose larvae feed in the florets, and the saddle gall 
midge Haplodiplosis equestris, that develops on the ear peduncle. Outbreaks of 
these midges occasionally cause concern and can lead to serious losses, but they 
are susceptible to adverse climate and are usually quite local and subside 
spontaneously. Rademacher and Klee (1936) observed natural infestations of 
blossom midge on 49 winter- and 24 spring-wheat varieties in Schleswig
Holstein over a five-year period, but none was highly resistant. Resistance to 
Contarinia tritici in the variety 'Marquardts braunspelziger Dickkopf' was due 
to the mechanical strength of the glumes between or through which this species 
lays its eggs, but this did not affect Sitodiplosis mosellana, which oviposits in 
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open flowers after the glumes separate at anthesis. In general, varietal 
differences in infestation were ascribed to variation in synchronization of the 
critical stages of newly emerged ears and open flowers with the flight period of 
the midges. In more recent tests in the same area, 15 winter wheats (Basedow 
and Schutte, 1974) and 20 spring wheats (Basedow, 1977) were exposed to field 
populations of blossom midges over several years. Both highly susceptible and 
moderately resistant varieties were identified after making allowance for 
annual variation in timing of midge activity and wheat development, although 
varieties were not always similarly resistant to both species. 

14.4.5 Grazers 

Some of the most damaging pests of wheat in all parts of the world do not have 
the parasitic association with the crop that occurs in the cases considered 
above. These pests, which include grasshoppers and locusts, wireworms, false 
wireworms, cutworms and army worms, graze on grain crops and often do 
greater damage to wheat than more-specialized insects. Nevertheless, 
variations in plants do affect the amount of damage done by these grazing pests, 
even though they do not have such intimate associations with their food plants 
as the species described in previous sections. For example, in an outbreak of 
fall armyworm, Spodoptera frugiperda, stems in a maize nursery had differing 
areas of damage (Wiseman, Wassom and Painter, 1967). Such opportunities to 
record differential atttack when pest outbreaks occur can often yield valuable 
information, even from experiments designed for other purposes. 

At least some species of grasshopper are highly sensitive to foodplant quality 
(Mulkern, 1967), and observations on differential feeding of Melanoplus 
species were reviewed by Painter (1951). Bernays and co-workers have 
demonstrated seedling resistance to locusts in several species of Gramineae 
(Bernays et al., 1974), a factor of potential significance to any scheme to screen 
for resistance to grasshoppers. Deliberate tests of advanced breeding material 
to check for unusual susceptibility should be considered where grazing insects 
regularly present a problem. 

14.5 SPECIFICITY AND RESISTANCE 

The durability and scope of the protection given by resistance are intimately 
related to the specific relationships between the crop and its actual or potential 
pests. On the one hand, it is well known that exploitation of forms of resistance 
which have specific interactions with races of a single parasite species can often 
result in the evolution of a race that overcomes resistance, although this has 
occurred less often with insects than with fungal parasites. Conversely, insect 
parasites more commonly have host ranges that include several host species 
than do fungal pathogens, and pest attacks, for example by aphids or blossom 
midges, may often be due to a group of species that share similar feeding habits. 
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Specificity in the relationships between insect parasites and the plants they 
attack is therefore frequently at the interspecific level, and the consequences 
for durability of resistance differ from those arising from the specific 
relationships between races of a fungal parasite and variants of their host 
species. Resistance to one pest is not necessarily effective against other 
similarly parasitic species; but as the genetic transfer of parasitic ability does 
not occur between species, a group of species with differing specific 
pathogenicities cannot evolve new pathogenic abilities by recombination 
within the group. Attacks on varieties resistant to one pest by related species 
with similar habits do not constitute failure of resistance. 

14.5.1 Species-specificity of resistance 

The practicalities of control encourage the breeder to aim for resistance to a 
group of pests, e.g. aphids, yet it is likely that resistance will be species-specific. 
In the absence of contrary evidence, 'group resistance' is most likely to be 
achieved by first identifying resistance to each species of the group separately 
and combining this resistance at a later stage. Eastop (1981) argued that if 
correct identification of closely related aphid species is not obtained, valuable 
sources of resistance may be overlooked. Experience with the aphids Sitobion 
avenae and Metopolophium dirhodum, including both direct assessments of 
varietal resistance (Kay, Wratten and Stokes, 1981; Lowe, 1980, 1981) and 
comparisons of feeding behaviour (Ajayi and Dewar, 1982), indicates that a 
generalized 'resistance to aphids' is not likely to occur in wheat. Similarly, the 
shoot-fly species mentioned about should be considered separately since, 
although the plants show similar symptoms, different insect species may have 
very different ways of feeding. 

It is also possible that characters conferring resistance to one pest can 
increase susceptibility to others. Pubescent wheats selected for resistance to 
leaf beetle, Oulema melanoplus, are highly susceptible to the mite Aceria 
tulipae, vector of wheat streak mosaic virus (Harvey and Martin, 1980). The 
mite is dispersed aerially and the hairy leaves of the beetle-resistant wheat trap 
and retain dispering mites more effectively than glabrous leaves. Hairy leaves 
also confer susceptibility to Phorbia genitalis (Vavilov, 1935). Bergman and 
Tingey (1979) have reviewed some possibilities of resistance in crop plants 
interacting with other pest-controlling agents. 

14.5.2 Host specificity and durability of resistance 

Host-specific insect biotypes usually occur in species, notably aphids, which 
have well-developed parasitic associations with their host plants (Wilbert, 
1980). Aphid biotypes are most clearly defined in isolated populations, which 
may be wholly parthenogenetic, and host specificities are less easily quantified 
in fully holocyclic species where genetic recombination occurs annually 
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(Blackman, 1981). A gene-for-gene relationship occurs between the aphid 
Amphorophora idaei, and the raspberry, Rubus idaeus (Briggs, 1965), but in 
most cases the genetics of specificity in aphids are not known. Although well
defined resistance genes have been located in wheat, barley and sorghum, the 
biotypes of the greenbug differ in more than host response. It is likely that 
biotype C was a new introduction to North America (Blackman, 1981), and 
it is unclear whether other biotypes were mutants within parthogenetic 
populations, recombinants or immigrant genotypes. The highly developed 
gene-for-gene relationships between some resistant wheats and Hessian fly 
biotypes may be common amongst the intimately parasitic Cecidomyidae, but 
there is insufficient information as to sources and mechanisms of resistance to 
detect host-specific biotypes amongst the other species attacking wheat. 

Specificity is not always dependent on a gene-for-gene relationship. Failure 
of single genes giving resistance to Nilaparvata lugens, the brown planthopper 
of rice, was at first thought to be due to biotypes differentiated on a gene-for
gene basis. However, pathogenicity in N. lugens is under complex genetic 
control, and the defined biotypes do not represent distinct entities (Den 
Hollander and Pathak, 1981). About 10 generations of selection, achieved by 
forcing cultured populations to live on a different rice variety, is sufficient to 
change a leaf-hopper stock from one 'biotype' to another (Claridge and Den 
Hollander, 1983). This type of specificity is more flexible than the gene-for
gene situation, and if common in insects could lead to difficulties in developing 
insect-resistant varieties for agriculture. 

However, present experience with insect-resistant crop varieties does not 
support a pessimistic view. There are several examples of long-standing 
successful pest control based on breeding for resistance to insects (Adkisson 
and Dyck, 1980). The case of the Hessian fly demonstrates that where 
populations are relatively immobile, the spread of genes conferring specific 
pathogenicity can be slow enough for useful control to be maintained despite 
the existence of pathogenicity genes. Aphids, which resemble many important 
fungal pathogens in that they have both sexual and asexual reproduction, with 
the latter linked to widespread aerial dispersal, present greater problems as this 
pattern of life permits especially rapid evolution and spread of new biotypes. 
Nevertheless, it seems safe to generalize that the appearance and dissemination 
of resistance-breaking forms will generally be slower in insects than in fungi 
because of the much smaller numerical size of insect populations (e.g. number 
of winged aphids compared with rust spores). 

Much has been made of the advantages of 'horizontal resistance' which, from 
its definition, is stated to be permanent, yet it should be recognized that this is 
an elusive goal. As mentioned above, non-specific resistance can be described 
as such only so long as no specific adaptation to it is recognized. For example, 
adults of Oulema melanoplus, collected from the field in North America and 
confined in cages, included about 7% of individuals that adapted to pubescent 
leaves of resistant wheat and achieved a long period of oviposition (Wellso, 
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1979). It is not known if the ability is heritable. Conversely, there is evidence 
that examples of 'vertical resistance' are not always as simple as the gene-for
gene theory implies as in many cases there are additional subsidiary genes for 
resistance or susceptibility (Scott et al., 1980). Vertical and horizontal 
resistance remain as theoretical concepts applying to opposite ends of a con
tinuum of cases involving quantitative differences in the relationship between 
parasite or herbivore and host plants. 

Success in breeding for insect resistance in wheat has so far been obtained 
using resistance characters of large or easily recognized effect and these, 
especially if controlled by one or a few genes, are relatively easy to handle in a 
breeding programme. Although it is much more difficult to work with 
resistance that is expressed as quantitative variation, the plant breeder 
developing insect resistant varieties should aim to make maximum use of all 
sources of resistance in the likelihood that resistance to insects will in general 
prove more durable than resistance to fungal pathogens. 

14.6 PRACTICAL ASPECTS OF SELECTION FOR PEST 
RESISTANCE 

At a practical level, the methods used in breeding pest resistant varieties are 
constrained from two aspects. First there is the need for efficient selection of 
resistant plants; and, secondly, possibly of greater importance although less 
often considered, it is necessary to investigate how selection for pest resistance 
may be integrated into breeding routines that are designed to maintain and 
improve other agronomic characters. Techniques for the culture and 
management of pest populations are in most cases a prerequisite for effective 
and predictable screening or investigation of resistance. 

14.6.1 Screening and selection 

The examples described in detail above demonstrate the very varied methods 
that may be used to screen for resistance. Factors which must be taken into 
consideration when establishing screening methods include the following: 

Any association of pest attack with well-defined plant growth stages, e.g. 
wheat blossom midges; 
The biological characteristics of the pest's life cycle, growth and behaviour; 
The apparent cause of resistance (if evident) and the range of variation in any 
observable plant characters associated with it; 
The effects of resistance on the pest (i.e. resistance mechanisms); 
The effects of environmental variation and different plant growth stages on 
the expression of resistance, e.g. variations in stem solidness and 
pubescence, seedling resistance; 
The pattern of inheritance of resistance. 
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However, although thorough knowledge of all these aspects of the pest-host 
plant interaction is relevant to designing efficient screening, an understanding 
of the salient features of the particular insect-plant relationship is normally 
sufficient for useful progress. Bioassay of resistance is inevitably relatively 
complex and may sometimes be substantially simplified either by using 
resistance-associated characters as a basis for selection as for stem sawfly or, 
where the patterns of inheritance are well-defined, by establishing the presence 
of known resistance genes in breeding material at an early stage. Simple 
systems of scoring insect attacks are needed to enable large numbers of plants 
to be assessed for plant breeding work, and some have been described above. 

Possibly the most important decisions from the practical point of view are 
whether to screen for resistance in the field, or under glass or other controlled 
conditions; whether to use seedlings or older plants; and whether to select 
between single plants or only between progeny lines. Selection in the field has 
the great advantage that it can often be practised in parallel with selection for 
other desirable characteristics on a single set of plant material. Unless selection 
can be practised directly on plant characters, field selection requires a 
seasonally regular and spatially uniform pest attack either by natural 
populations or by an artificially promoted outbreak, and such a predictable 
attack may not be possible except under controlled conditions. Tests of 
resistance conducted in glasshouses or insectaries allow elimination of much 
irrelevant and confusing variation in the assessments, but it is rarely desirable 
to concentrate on selection for resistance without maintaining selection for 
high agronomic worth. Glasshouse testing may also be integrated more simply 
with the general selection procedures in the field if the inheritance of resistance 
is well known and only a few genes are involved. In suitable cases - for 
example, when selecting for resistance to Hessian fly and greenbug -
considerable savings in effort and resources in the glasshouse can be made by 
testing seedlings rather than older plants and by making assessments with single 
plants. Use of a suitable growth stage may be critical for success, as in the case 
of the grain aphid where the susceptibility of the emerged ear varies greatly 
with its stage of development (Watt, 1979). Tests of adult plants with Sitobion 
avenae gave highly variable results because variation in resistance was 
confounded with variation in the timing of ear development. Plants tested 
before ear emergence provided repeatable assessments of resistance (Lowe, 
1984a, d). Antibiosis detected on leaves can be found on ears when variation in 
plant development is excluded (Lowe, 1985b). In all cases field testing is 
necessary to confirm the results of glasshouse or insectary assessments that 
have been made in an unnatural environment and possibly at a growth stage 
other than that normally damaged in the field. 

14.6.2 Insect culture 

Plant culture is generally well understood, but maintenance of insect pests 
presents more problems, particularly with univoltine species whose life cycles 
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include hibernation and aestivation. For example, Eurygaster integriceps can 
be reared on moistened wheat grains (Daftari, 1974), but oviposition is 
enhanced if young adults experience a period at low temperature. In 
Yugoslavia, E. integriceps requires at least 2 months of winter diapause before 
normal reproduction, even though behaviour and feeding are normal after 
shorter periods (S. Stamenkovic, private communication). Although large
scale culture techniques were developed for wheat bulb fly (Jones and Moore, 
1978), relatively little is known concerning culture of many of the Diptera that 
attack wheat and other small-grain cereals. Breeding for resistance to shoot 
flies, for example, would most probably depend upon cultures being available 
to sustain effective progress. Much work has been done on handling grazing 
pests such as noctuid larvae (Lepidoptera) including development of artificial 
diets for pests of crops other than wheat. Aphids commonly occur as 
parthenogenetically reproducing forms that are relatively easy to handle, and 
many experimental techniques for these insects have been described (Van 
Emden, 1972) although most are more appropriate for detailed work than for 
screening for resistance. 

Some wild insect populations have been large enough to provide for natural 
screening in the field, but once resistant varieties are in use, as with the Hessian 
fly in California, these populations may not be sufficiently reliable for breeding 
programmes to continue. In other cases field occurrence of the pest is always 
too sporadic to be useful, or a complex of pest species may inhibit sustained 
selection for separate specific resistances. It is necessary to establish the 
optimum level of pest population to maximize the differentiation of resistant 
from susceptible plants. Deliberate provision of susceptible host plants at key 
times of year, or of appropriate shelter and other environmental modifications 
may assist in maintaining pest populations in trial fields. Alternatively, pests 
may be multiplied artificially and released in the field to increase natural 
populations. This technique has been used with the grain aphid, and more 
predictable infestations occur if a contact insecticide, such as carbaryl, is used 
to suppress the natural insect predators of the aphids (Lowe and Benevicius, 
1981; Lowe, 1984b). 

14.7 RESISTANCE AND PEST CONTROL 

The range of pest-resistance phenomena seen in wheat is as varied as in most 
major crops of the world, and the effectiveness of resistance, for example to 
Hessian fly, has been established over many years of practical experience. In 
general, resistant varieties can contribute to pest control in two ways. First, 
they may be sufficiently resistant to suppress pest populations without recourse 
to additional control measures. Alternatively, resistance can provide one 
element of integrated control schemes where other measures can exert greater 
control on varieties that do not favour the pest than they can on susceptible 
varieties (Van Emden, 1983). Wilde (1981) reviewed pest resistance as one 
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component of integrated control of wheat pests in North America. Other 
recent reviews or discussions of the observed and potential effectiveness of 
varietal resistance in pest control have been presented by Adkisson and Dyck 
(1980), Bergman and Tingey (1979), Knipling (1979), De Ponti (1979, 1982), 
Tingey (1981) and Wilbert (1980). These make clear the many possibilities and 
advantages of varietal resistance in developing pest control schemes that can 
be more economic, more effective and less ecologically damaging than present 
practices. Where resistant varieties alone provide control, this does not always 
require the highest level of resistance to achieve success. However, as 
standards of varietal performance are raised in other aspects, continued 
consideration of resistance is needed in plant breeding programmes to ensure 
that resistance remains available to growers in commercially competitive 
varieties. 

14.8 CONCLUSION 

Pest control with insecticides has achieved many successes, but the costs and 
problems associated with chemical control are now widely recognized. Varietal 
resistance to insect pests provides an approach to crop protection that is 
relatively underexplored, even in the case of wheat where several pests have 
received considerable research effort. 

Resistance to insects differs from resistance to fungal pathogens, in that 
host-parasite interactions are often much less closely circumscribed with 
insects. Very rarely are resistant plants effectively immune to an insect pest 
when other plants of the same species are susceptible hosts, unlike the effects of 
host-specific major gene resistance to fungal pathogens. The quantitative 
differences in colonizing behaviour or insect growth that are the product of 
much plant resistance to insects can be found in very many cases by appropriate 
techniques, but screening on the scale needed for plant breeding may be 
difficult. Nevertheless, there can be little doubt of the existence of substantial 
reserves of heritable resistance to many pests, although often there are only 
modest direct effects of the pest. 

These reserves are a source for a key input, namely resistant varieties, for the 
development of more-sophisticated pest-control systems with greater 
durability and lower environmental impact than current methods. This can be 
achieved through exploitation of the beneficial interactions that occur between 
resistance and other control agents notably, but not only, predators and 
parasites. Failure to identify and exploit the heritable resistance of crops such 
as wheat can only impoverish the development of integrated pest management. 
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CHAPTER 15 

Grain quality 

]. A. Blackman and P. I. Payne 

15.1 INTRODUCTION 

Wheat is processed into many different manufactured products, such as 
leavened bread, chapatis, cakes, biscuits and breakfast cereals, many of which 
require different attributes. It is also an important component of many animal 
feeds. It therefore follows that there are many different kinds of quality. In this 
chapter the quality characters of wheat will be defined first. The qualities 
necessary to manufacture the different food products are then discussed, 
followed by a description of modern methods by which wheat breeders select 
for these characters in their breeding programmes. 

15.2 THE QUALITY CHARACTERS OF WHEAT 

15.2.1 Endosperm texture 

The texture of the endosperm influences the ease with which it is separated 
from the bran during the milling process, and also governs the properties of the 
flour produced. In hard-textured types the endosperm is readily separated 
from the bran giving high recoveries (usually called extraction rates) of white 
flour; few bran particles enter the flour and so a better colour grade and lower 
ash content is produced. In contrast soft wheats tend to give much lower 
extraction rates of white flour and greater contamination from bran. 

The structure of the endosperm in hard and soft wheats is shown to be 
different when sheared surfaces of dry grains are examined by scanning 
electron microscopy. In hard wheat the large starch grains are just discernible, 
embedded in thick sheaths of matrix protein, as in Maris Freeman (Fig. 
15.1(a)). When the latter is removed by the enzyme protease, the large and 
small starch grains are easily seen (Fig. 15.2). The matrix protein is much less 
apparent in untreated, cut surfaces of grain of soft-textured wheat (e.g. Maris 
Ranger; Fig. 15.1(b)). Because the adhesion between starch and protein is 
much less in this type of wheat, craters of matrix protein are seen (Fig. 15.1(b ), 
arrows) where large and even small starch grains have been released. 



(a) 

(b) 

Figure 15.1 Scanning electron micrograph of the fracture plane of (a) ; a hard-milling 
grain and (b) a soft-milling grain . LSG , large starch grain ; SSG, small starch grain ; MP, 
matrix protein. 
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Figure 15.2 Scanning electron micrograph of the fracture plane of a hard-milling grain 
after digestion with protease. 

These differences in the ultrastructure of hard- and soft-textured endo
sperms cause large differences in their milling properties. In the milling of soft
textured wheat fractures occur across the dehydrated endosperm protoplasm. 
Fine, irregularly shaped particles are produced which flow poorly, are difficult 
to sieve and often cause blockages at the mill. On milling a hard-textured wheat 
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the endosperm protoplasm resists fracture because of a strong adhesion 
between starch and protein, and a much greater mechanical force is required 
for breakage to occur. Cleavage occurs mainly along the lines of the cell walls of 
the endosperm. A coarse flour consisting of large regular-shaped particles is 
produced, which flows easily in bulk. 

The flours of hard- and soft-textured endosperms also have different water
absorption properties. Those starch grains which are firmly embedded in 
matrix protein have a greater chance of becoming flattened and damaged 
during milling. Thus, the gritty flours of hard wheats have greater proportions 
of damaged starch grains than the fine flours of soft wheats. Damaged starch 
grains can absorb twice their weight of water when a dough is formed from 
flour, much more than can be absorbed by undamaged grains, and this has an 
overriding effect on the water absorption properties of a flour. The extent of 
starch damage is critically important in the manufacture of several wheat 
products (see Section 15.3), and so governs which type of wheat is used. 

Differences in milling texture appear to be controlled by genes at a single 
locus (Symes, 1965; Doekes and Belderok, 1976; Law et al., 1978) and 
consequently are simply inherited. 

15.2.2 Dough strength 

'Strong' and 'weak' flours produce doughs which have very different mixing 
properties. A strong dough requires a high energy input to mix it to a 
consistency which is optimal for bread-making, whereas a weak dough requires 
little mixing. The cause of this difference is due mainly to the quality and 
quantity of protein. The stronger doughs have an abundance of good-quality 
glutenin (see Section 15.4.5(b)), the protein complex which imparts elasticity, 
whereas a weak dough is deficient in glutenin. Many weak doughs exhibit 
extensibility imparted by the gliadin proteins. Unlike grain hardness, the 
inheritance of strong and weak doughs is complex, due to the multiplicity of the 
proteins which comprise glutenin and gliadin (see Section 15.4.5). Different 
foods prepared from wheat require very different flour strengths for their 
manufacture. 

15.2.3 a-Amylase activity 

The enzyme a-amylase, which degrades starch to a mixture of glucose and 
maltose, occurs in varying amounts in different flours. For some manufactured 
products, a-amylase activity is of little consequence. Thus, dry flours used for 
thickeners (destined, for example, for soups) are heated before use, so 
destroying the enzyme before it can become active when water is added to the 
flour. However, for many products a-amylase activity has an adverse effect on 
manufacture. The free sugars liberated by this enzyme during the early stages 
of baking cause products such as bread, cakes and pastries to become 
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undesirably sticky and prevent bread from being sliced mechanically. The 
sugars also combine with certain amino acids by the Maillard Reaction (Kent, 
1983, p. 136) during cooking or baking, turning the product brown and 
reducing its nutritional quality by sequestrating the essential amino acid lysine. 

All grain lots contain a certain amount of endogenous a-amylase, but this 
level may be greatly increased if wet weather prevails at the later stages of grain 
maturation and premature germination (sprouting) occurs in the wheat ear. 
There is genetic variation for both endogenous a-amylase activity and that due 
to sprouting. Furthermore, the two characters are inherited independently. In 
the UK the variety Professeur Marchal has been used as a parent in many high
yielding wheats. It has a high endogenous a-amylase activity (Bingham and 
Whitmore, 1966) and several varieties have inherited this character, including 
Maris Huntsman. Some varieties show low a-amylase activity, even when 
favourable sprouting conditions occur, because the grains have greater 
dormancy and germinate less readily in the ear. 

15.3 FOOD PRODUCTS 

The basic requirements for a range of wheat products are given in Table 15 .1. 
The classification is based upon characters which are determined both by 
variety and by growing conditions. Factors such as heat and pest damage, 
contamination with weeds, debris or harmful substances (e.g. ergot) are likely 
to render grain unsuitable for processing, but are not usually dependent upon 
the variety. The main countries of origin of wheats used for various products 
manufactured in the UK are also given. 

15.3.1 Bread 

Many types of bread are made commercially, but they can only be produced 
from a limited range of flours. Basically, 'strong' flours must be used which 
develop an extensive viscoelastic matrix during dough formation, to retain the 
gas produced by fermentation. The dough expands and, after baking, a large, 
well-aerated loaf is formed. If weak flours are used, loaves of small volume are 
produced which have a poor crumb structure, being too firm and lacking 
resilience. Additionally, hard wheats are preferred to soft wheats because their 
high water-absorption properties increase bread yields and resistance to staling 
(Maga, 1975). 

The protein content of wheat used for bread-making may vary from 11% to 
15%, depending upon the product or baking method. Higher-protein flours 
with very good protein quality are required for long-fermentation baking 
methods and for the production of crusty and wholemeal breads and high
quality rolls, but lower protein levels are tolerated for mechanically developed 
bread processes such as the Chorleywood Baking Process (CBP) 
(Chamberlain, Collins and Elton, 1962). The CBP method shortens the initial 
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TABLE 15.1 Characteristics of wheat required for different food products 

Crusty bread, wholemeals, hamburger rolls, 
incl. patent flours for morning goods 
General-purpose bread and low-ratio fruit cakes 
CBPbread 
Puff/flaky pastry 
Crackers (fermented) 
Household (incl. self-raising) 
Short pastry 

Cake (incl. high ratio), sponges 

Wafers/ice-cream cones 
Biscuits/confectionery 

Chapa tis 
Thickening- high-moisture products, 
e.g. canned soups 
Low-moisture products; gravy powder/ 
packet soup 
Brewing adjunct 
Noodles (non-durum wheat) 
Pasta- spaghetti, macaroni noodles- from durum 

• H, hard; S, soft; NI, not important. 
t Not comparable with flour strength in bread wheat. 
Flour strength as related to export grades: 

Very strong CWRS, HRS, AustralanPrime Hard; 
Strong HRW; 

Preferred 
endosperm 
texture 

H 

H 
H 
MainlyH 
MainlyS 
MixedH/S 
s 

s 

s 
s 

H 
NI 

NI 

s 
s 

Flour 
strength 

Very strong 

Strong 
Medium strong 
Medium strong 
Medium 
Medium 
Weak-medium 

Very weak 

Weak-medium 
Weak 

Medium strong 
NI 

NI 

Weak 
Weak-medium 

Medium strong Argentinian, French High Protein; UK bread-making varieties 11% protein; 
Weak-medium Australian Standard White; 
Very weak US Western White, Canadian Eastern White, French low protein, US Soft Red 

Winter, UK biscuit and feed varieties< 11% protein. 
Patent flours Low extraction with low colour grades. 
High-ratio cakes High levels of sugar and liquor relative to flour. 
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?rote in Falling Origin 
;ontent(%) number 
)4% moisture (minimum) 
Jasis) 

14 300 Predominantly North American 

13 300 30-35% UK 
11.5-12.5 300 60%UK 
12-13 220 40%UK Need moderate starch damage 
L0.3-11.3 200 100% UK Need low water absorption 
LO-ll 250 100% European Moderate starch damage 
}-11.5 200 100% UK Low starch damage, but slightly 

tougher than biscuit 
~10 150-200 100% UKlow May be air classified with various 

flour colour levels of chlorination, but same 
60% <32ftmoll- 1 basic wheat type 

Up to 10.5 250 100% UK 
~10.5 NI 100% UK Extensibility increased by 

NaHS03 addition 
10-11 NI 100% UK Wide variations tolerated 
NI NI Heat treated 

NI NI 

Low NI Helps head retention used as 5-10% in keg beers 
~10 250-300 
t3-14 250-300 Durumonly 

fermentation from 2-3 h to about 10 min by high-speed mechanical mixing, the 
use of oxidizing improvers, special fats and higher levels of yeast. Subsequent 
processing is similar to more traditional methods with panning, a second 
fermentation and baking. Not only does this method almost halve the duration 
of the bread-making cycle but, equally important, flour protein content can be 
reduced from 12% to 11% without loss of loaf quality. In the UK this has led to 
an increase in the use of home-grown wheats which are weaker and lower in 
protein than those imported from North America. Flours for mass-produced 
white bread can now consist almost entirely of UK wheat, provided they are 
supplemented with gluten and their a-amylase activity is not high. The quality 
of loaves made from single British varieties is shown in Fig. 15.3. However, 
general-purpose bread flours usually contain only 30-40% UK wheat, the 
strongest flours being made almost entirely from North American grain. 
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Figure 15.3 Cut loaves of bread made from single varieties of British winter wheats. 
From left to right, Brigand, a biscuit-quality wheat and Avalon, Brimstone, Moulin and 
Mercia, all bread-quality wheats. 

15.3.2 Biscuits, cakes and pastries 

Soft-milling weak wheats are generally preferred for most foods in these 
categories. The most important characteristics of biscuit flour are good 
extensibility and very low elasticity; that is, the reverse of the requirements for 
bread. Extensibility ensures that the biscuit-shapes cut from dough sheets do 
not change in thickness and area after cutting. This is essential as most biscuits 
are wrapped in packs of standard weight; changes in stack height make the 
maintenance of weight and the wrapping process very difficult. 

In the UK biscuits are generally of two types, those which are made from 
'hard doughs' with little added fat and sugar producing a hard, semi-sweet 
product and more commonly, those made from soft doughs with a much higher 
proportion of added sugar and fat. The processing conditions for hard doughs 
are favourable for dough formation, so a flour with good extensibility and low 
resistance to stretching is preferred. However, a reducing agent such as sodium 
metabisulphite is routinely added to doughs in many countries to reduce 
elasticity, so choice of wheat type is not so critical. Soft doughs generally 
contain too little water for gluten development, so the dough strength is even 
less important. Wheats with protein contents below 10% are preferred, not 
only to lessen the adverse effects of gluten, but also to reduce the hard texture 
imparted by higher protein levels. The low starch damage and low water 
absorption of soft wheats reduce baking time and cost, and lessen the risk of 
cracking during cooling after baking. A wide range of a-amylase activities can 
be tolerated in flours for biscuit production. 

Most cakes are high in fat and sugar, their structure and stability depending 
upon the presence of uniformly swollen starch granules which are undamaged, 
free from adherent protein and free from attack by amylotic enzymes. Only soft 
wheats of less than 10% protein and low a-amylase activity give flours with 
these characteristics. Cake flours are often produced by air classification, 
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which gives low-protein flours that are finer and whiter than could be achieved 
by sieving. Thus, starch quality is far more important in the production of high
ratio cakes than protein content is. 

Fruit cakes and other low-ratio cakes with a low proportion of sugar and fat 
compared with flour require, in contrast, a bread-making flour, as do flaky and 
puff pastry. In fruit cakes, the strong gluten helps to prevent the fruit from 
sinking to the bottom of the cake before cooking. 

15.3.3 Household flour 

Household flour is generally produced from hard-milling, weak wheats with a 
low protein content, though a blend of hard and soft types may be used. The 
presence of hard wheat in the grist improves flour properties and raises water 
absorption. A low a-amylase activity is required to prevent stickiness and 
darkening of baked products. 

Raising agents may be added to household flour to produce self-raising flour. 
Addition of water to flour releases carbon dioxide. The raising agents 
commonly used in the UK are sodium bicarbonate and acid calcium phosphate. 

15.3.4 Breakfast cereals 

There are many types of breakfast cereals on the market. These include 
wholewheat cereals, or wheat cereals fortified with bran, germ or gluten. 
Alternatively, some wheat cereals are mixed with other cereal or non-cereal 
products. Whole grains can be puffed, flaked or shredded. For puffing, either 
hard, strong bread wheat high in protein, or durums, are cooked under high 
pressure. Sudden release of pressure causes the grain to expand rapidly to 
about three times its original size. Only hard and strong wheats have sufficient 
cohesion to prevent disintegration and sufficient elasticity to allow controlled 
expansion during puffing. 

Flaked and shredded products are made from soft, weak wheats similar to 
those used to make biscuits. Though white-grained wheats give a lighter
coloured, shredded product, red-grained varieties are used in countries such as 
the UK where white wheats are not readily available. Wheat grains are cooked 
by steaming with other ingredients, and are then fed through smooth rolls for 
flakes or through a smooth and fluted combination for the shredded product. 
This is followed by baking and drying. 

15.3.5 Chapatis 

Chapatis, a type of unleavened bread, are the major form in which wheat is 
consumed in India, Pakistan, and parts of Tibet and China. They are made 
from dough which is worked, rested, flattened into thin sheets and cooked on a 
hot plate (Chaudhri and Muller, 1970). 
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Light-coloured grain is preferred for the wholemeal product, but in the UK a 
wheatmeal of 85-90% extraction from red grain is usually used. High water 
absorption is required, so a hard wheat is used. As yeast is not used during 
chapati-making, expansion or puffing of the dough results entirely from steam 
produced during cooking. A strong wheat is not therefore required, and the 
wheat used is usually intermediate in protein content and quality between 
bread and biscuit types. 

15.3.6 Pasta products 

A variety of products such as spaghetti, macaroni, lasagne and certain types of 
noodles are made from pasta, a product of durum wheat. Hard bread wheat 
may be partly substituted for durums, but this usually results in inferior 
products. 

Durum wheat is typically very vitreous and much harder than bread wheat, 
with usually a higher protein content of up to 14%. The extreme hardness is 
required to give a coarse, granular, regular-sized particle flour called semolina 
which is free from bran and fine flour particles. Semolina is mixed with water to 
form a stiff dough which is extruded at high pressure to ensure a translucent 
product with no air bubbles. A long drying process of up to 3 days follows. 
Temperature and humidity are controlled carefully to avoid growth of moulds 
and the cracking and curling which may occur at high temperature. Other 
characteristics required by durum wheat include low a-amylase activity and a 
high content of /3-carotine, which gives pasta its characteristic yellow colour. A 
strong gluten maintains the stiffness of the dough preventing its disintegration 
and, after cooking, aids retention of the shape and firmness of the product. 

In several North African countries, hard milling wheat, usually durum, is 
used to make couscous. Extreme hardness is required to make a very granular 
flour whose particle size is usually greater than that of pasta flour. The product 
is cooked by steaming. 

15.3. 7 Noodles 

Noodles are manufactured predominantly in the Far East, in countries such as 
Japan and China. They may be similar in form to pasta products, but are made 
by a quite different technological process, from white wheats mainly grown in 
Australia and the western USA. A stiff dough is first produced and then, to 
complete gluten development, this is passed through a series of rollers which 
are set to have decreasing clearances. The thin sheets formed are then rested, 
cut into strips, boiled and dried. Noodles should retain their shape and firmness 
during subsequent cooking. For this a soft wheat is required which is stronger 
than those used for biscuit manufacture but much weaker than bread wheats. 
Protein content is usually 8-10% and a low a-amylase activity is necessary. 
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15.3.8 Starch and gluten production 

Starch and gluten may be separated from wheat flour by washing processes, the 
gluten forming a cohesive mass (Sarki, 1980). The starch is used in foods for 
thickening, gelling and the production of glucose syrups. Industrial uses of 
starch are numerous and varied, and include manufacture of paper and board, 
adhesives, glazes and inert carriers for chemicals. 

The main use of gluten is in bread-making. In Europe it is being increasingly 
used to improve flour strength in low-protein wheats and to produce specialist 
high-protein flours, thereby decreasing the need to import high-protein, strong 
wheats. Gluten is also used in some breakfast cereals, as a meat extender, as 
film coatings for confectionery, for medical pills and in pet food as a binder. 

15.3.9 Animal feed 

In the developed countries whole wheat, or its by-products (such as bran), are 
a major constituent of animal feeds, and in the UK amount to about 50% of 
the total wheat usage. Wheat has tended to replace barley and maize in feeds in 
recent years, as it is low in fibre, has a higher energy content than barley and is 
usually higher in protein than either barley or maize. At present compounders 
do not distinguish between different classes of wheat, though they may require 
a minimum content of protein. There is no selection by breeders for feeding 
quality. 

15.3.10 Miscellaneous uses 

Wheat flour is often used for thickening food products. In canned foods which 
have a high moisture content, such as soups, heat treatment is used to inactivate 
hydrolytic enzymes such as a-amylase. Wheats used for thickening are often 
the cheapest available. The brewing industry uses wheat flour in certain 
pasteurized beers to aid head-retention. A low-protein flour from a soft wheat, 
often air-classified to reduce protein content, is used. 

15.4 BREEDING FOR THE QUALITY CHARACTERS 

15.4.1 Milling properties 
In previous sections it has been shown that different wheat products require 
wheat grains with different milling properties. The character is complex and 
may be split up, in relation to breeding objectives, into percentage extraction of 
white flour, endosperm texture and water absorption. 

The production of a high proportion of white flour is usually required by 
millers, and is an important selection criterion in breeding programmes. In the 
main, plant breeders rely on grain configuration in early generations of 
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selection, where grain samples are very small. Large, plump grains with a thin 
outer coat may be expected to produce the most flour, but unfortunately there 
are exceptions. For example, North American spring wheats give high 
extraction rates although they have small grains by European standards. 

Judging milling texture by the appearance of the grain is often misleading, 
because grains appearing flinty may actually be soft textured. Fortunately, 
texture appears to be simply inherited (Section 15.2.1) and there are a number 
of tests to measure this character. Perhaps the simplest is a subjective 
classification according to the amount of endosperm adhering to the bran after 
removal of the flour from a crushed or ground sample. In soft wheats 
considerable endosperm remains attached to the bran after milling, but with 
hard wheats there is very little. 

In later generations quantitative milling tests can be used, but it should be 
remembered that even the more sophisticated laboratory mills, such as the 
Buhler mill, give restricted information because they cannot be expected to 
mimic exactly the large commercial mills, which have many more stages of 
extraction. Hard wheats generally give higher extraction rates and produce 
flour with good flow properties, and so are more easily and rapidly milled than 
soft wheats. 

The production of varieties which produce flours having appropriate water
absorption properties for particular products is a necessary breeding objective. 
As discussed in Section 15 .2.1, water absorption is principally governed by the 
amount of starch damage which occurs during milling, soft-textured wheats 
showing low starch damage and hard-textured wheats showing higher damage. 
For this reason endosperm texture and water absorption are often estimated 
from the same test in early-generation analyses. Farrand's method (Farrand, 
1964) determines starch damage directly in flour, relying on a-amylase from 
malt flour to convert damaged starch to reducing sugars, but it is very time
consuming. The Stenvert and Pearling Index tests (Stenvert, 1974) have been 
developed to classify wheat according to texture class, but they can also predict 
potential starch damage and water absorption. Both tests measure either the 
time taken to grind a standard quantity or the yield of flour on milling for a 
standard time. 

Near-infrared Reflectance Analysis (NIR), initially used to measure protein 
and moisture contents, can also be used to measure grain texture and to give a 
reasonable measure of potential starch damage (Starr et al., 1983). Ground 
samples of grain are exposed to light at wavelengths in the near-infrared region. 
The reflectance energies of the different wavelengths are related to the physical 
and chemical nature of each sample. Multiple regression analysis is used to 
determine the relationship between reflectance energies of a test sample with 
known standards. Once calibrated, test samples can be analysed for several 
characters simultaneously within a 20-s period. This method requires samples 
of 10 g, so is very suitable for screening large numbers of breeding lines. 

Water absorption, like several other characters, is influenced by environ-
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mental effects as well as being genetically determined, and this makes breeding 
more difficult. Grain protein content affects the extent to which starch is 
damaged during milling (Section 15.2.1) and is principally determined by 
growing conditions. The Farinograph and Simon Extrusion Meter are widely 
used commercially for measurement of water absorption. Though precise, both 
are time-consuming and require relatively large samples. Their use in breeding 
programmes is usually restricted to a small number of advanced generation 
lines for which accurate water absorption measurements are required for 
bread-making or rheological tests. 

Flour colour and ash content provide a measure of the contamination of 
white flour with fine particles of bran, and are influenced by grain texture. They 
impose a limit on extraction rates, as colour increases with high extraction rates 
and usually is greater in soft wheats. Flour colour is measured by reflectance 
using the Kent-Jones and Martin colour grader, by measuring ash or by using 
NIR. For products where whiteness is important, as in certain breads and 
cakes, contamination with bran should be as low as possible. 

15.4.2 Protein content 

The protein content of wheat grains can vary from 6% up to as much as 25%, 
depending upon the growing conditions. Genetic variation for protein content 
is much less than that due to differences in growing environments, making this 
a difficult character for improvement by plant breeders. 

The availability of nitrogen is the major factor determining the protein 
content of the grain. In the major wheat-exporting countries, such as Canada, 
the USA and Australia, protein contents from 12% to 15% are normal, and 
nitrogen supply is not usually limiting. This is because other factors such as 
water availability or the length of the growing season restrict carbohydrate 
production, so there is a high concentration of nitrogen available relative to 
carbohydrate. Conversely, in a high-yielding environment, even when high 
levels of nitrogen are supplied to the crop, relatively low protein contents may 
still be obtained. Thus, a crop of 2 tha- 1 at 14% protein is typical of many 
areas in the USA or Canada, compared with a typical UK crop of 7tha-1 

at 10% protein. The nitrogen yield in the grain of these crops is 49 and 
123 kg ha- \ respectively. Higher protein contents in the higher yielding crop 
can only be achieved by applying larger amounts of nitrogen. 

There is a strong negative relationship between grain protein percentage and 
grain yield. Plant breeders can attempt to offset this relationship in breeding 
programmes by selecting for the rare combination of higher-than-average 
protein content with high grain yield, as discussed in Chapter 16. The rare 
varieties which have high grain protein without a yield penalty may achieve this 
by a more efficient relocation of nitrogen from senescing tissues to grains, or by 
a more efficient uptake of nitrate and ammonia from the soil. Alternative 
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strategies, such as the transfer of the high-protein trait from some diploid and 
tetraploid species related to bread wheat, have been reviewed in Chapter 6. 

Very extensive studies on breeding for protein content in wheat were 
undertaken by Johnson and Mattern and co-workers in a 13-year project at the 
University of Nebraska, USA, (Anon., 1980). Initially, they examined over 
20 000 entries of the world wheat collection maintained by the US Department 
of Agriculture (Vogel, Johnson and Mattern, 1973). The protein content 
varied from 7% to 25%, and of this variation 5% was at the genetical level. Two 
of the high-protein varieties, Atlas 66 and Nap Hal, have been used extensively 
in breeding programmes to transfer the high-protein trait into agronomically 
acceptable lines. In the most successful studies, Atlas 66, which is a soft-milling 
winter wheat, was crossed with the good bread-making, hard wheat Comanche 
and the F1 progeny crossed with another good-quality wheat, Lancer. The 
variety Lancota was selected from this cross, combining a high grain-protein 
content, good milling and bread-making properties with good yield, disease 
resistance and winter hardiness. In field trials over 3 years it had similar or 
slightly higher yields than the popular variety Centurk, but contained about 
1.5% more protein. The extra protein was in the starchy endosperm, so was 
also present in white flour milled from the grains. 

When tested under disease-free conditions in Western Europe, Lancota gave 
a lower grain yield and a higher grain protein content than locally adapted 
varieties, but a similar nitrogen yield (Table 15.2). Thus, under maritime 
climatic conditions, Lancota did not appear to be superior to local varieties in 
terms of nitrogen yield in the grain. When crossed with several high-yielding, 
semi-dwarf, local varieties in a breeding programme at the Plant Breeding 
Institute, Cambridge (PBI), all of the high-protein progeny were shown to be 
low yielding, and derivatives of Lancota are being used as parents more for 
their good protein quality in bread-making (see Section 15.4.3) than for their 
high protein content. 

TABLE 15.2 Grain yields, protein contents and nitrogen yields of Lancota and several 
English winter-wheat varieties grown at Cambridge in 1977 

Hobbit Bilbo Maris 

(}rain-yield 7.7 
(t ha-1 at 14% moisture) 
CJrain protein content* 10.1 
(%at 14% moisture) 
CJrain nitrogen yield 136 
(kgha-1) 

s.e.d., standard error of difference. 
• 15.7 x nitrogen content. 

Ranger 

6.7 6.2 

10.9 12.0 

128 130 

Maris Lancota s.e.d. 
Widgeon 

5.9 5.2 0.48 

12.6 14.4 0.55 

130 131 
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TABLE 15.3 Mean yields and protein contents of three varieties grown 
in 1981 at different levels of nitrogen and at different times of nitrogen 
application 

Avalon 
Maris Huntsman 
Norman 
s.e.d. 

9.0 
8.2 
8.8 
0.96 

s.e.d., standard error of difference. 

Grain protein 
content(%) 

10.9 
10.7 
10.2 
0.061 

Grain protein 
yield (tha- 1) 

0.98 
0.88 
0.90 
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In contrast with this work, the variety Avalon has been successfully 
developed at the PBI (see Chapter 16); its grain has between 0.5% and 1.0% 
more protein than would be expected from its yield. It was selected from a cross 
between Maris Bilbo and the breeding line TJB 30/148, both of which have 
normal yield, protein content relationships. In the field trial summarized in 
Table 15.3, it out-yielded two commercial high-yielding varieties from the PBI, 
Maris Huntsman and Norman, yet had a higher grain-protein content. 

15.4.3 Lysine content 

Where wheat is the major source of protein for people of developing countries, 
the nutritional quality of grain protein becomes of importance. As with all the 
common cereals, the first limiting essential amino acid is lysine, so in relevant 
breeding programmes a major aim is to increase the amount of this amino acid. 

There is a negative relationship between lysine content and the protein 
content of a grain (Anon., 1980). As the protein increases from 7% to 15% of 
the total dry matter, the lysine content, expressed as a percentage of total 
protein, falls from 4% to 3%. This is because increasing the protein 
concentration up to 15% significantly increases the ratio of storage protein to 
metabolic and structural proteins in the grain, the former being lysine deficient 
and the latter two relatively lysine rich. However, Eggum (1982) has argued 
that storage proteins are more digestible than structural proteins, so for 
practical purposes it may be better to opt simply for increased protein content 
when seeking an improvement in lysine. 

From a survey of a world wheat collection, Vogel, Johnson and Mattern 
(1973) calculated that the genetic component of total lysine varied by only 
0.5%. This is only one-third of the amount required to bring lysine into 
reasonable balance with the other essential amino acids in wheat proteins 
(Johnson and Mattern, 1978). Thus, the large genetic variation in lysine 
content, as occurs for instance with the opaque-2 gene of maize, was not found, 
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partly perhaps because of the hexaploid status of bread wheat. Nevertheless, 
the two most promising lines, Nap Hal (also high in protein) and CI 13559 were 
crossed and progeny found which were higher in lysine than either parent. In 
some lines the high protein content of Nap Hal was combined with high grain 
yield. Currently, however, agronomically acceptable lines with lysine content 
significantly higher than that of commercial varieties have not been produced. 

In the developed countries wheat protein makes only a minor contribution to 
the overall protein needs of an individual, even though wheat may form a 
significant proportion of the diet. Breeding of high-lysine varieties for human 
consumption is not therefore necessary. However, if lysine content could be 
raised without reducing yield or causing other disadvantages, it would be 
important as a feed in the rearing of monogastric farm animals which require 
much greater amounts of good-quality protein than humans. Improved lysine 
content in wheat and other home-grown cereals would effectively reduce the 
dependence of the UK and other Western European countries on vast 
quantities of imported high-protein feeds, such as soya and fish-meal. 

Currently, because of the problems involved, breeding for high lysine has a 
low priority in most programmes in the developed world. 

15.4.4 Low a-amylase activity 

Screening for a-amylase activity has a high priority in most wheat-breeding 
programmes, because the great majority of wheat products are adversely 
affected by this enzyme. As discussed in Section 15.2.3, high levels of a

amylase activity in the grain may be due to naturally high endogenous levels of 
the enzyme, or to premature germination causing a-amylase to be synthesized 
de novo. 

Selection in a breeding programme for offspring with genetically-controlled 
low levels of resistance to premature germination is difficult because of the very 
great environmental component in sprouting and a-amylase production. 
Selection for visible sprouting in the field is rarely possible except in very high 
rainfall areas, but levels of expression may be increased by artificial irrigation 
or by delaying harvest beyond the normal season. It may also be possible to 
carry out tests in controlled environments, though the results obtained may be 
difficult to extrapolate to field conditions. 

It is known that most genotypes exhibit high dormancy before maturity, and 
cannot therefore be satisfactorily compared unless harvested at an equivalent 
stage of physiological maturity. For the assessment of a large number of lines 
this is very difficult. A further complication of harvesting at various times is the 
influence of varied weather conditions before harvesting on subsequent 
dormancy (Belderok, 1968; Belderok and Habekotte, 1980). Cool weather 
during the grain-ripening phase can induce high dormancy, whereas hot 
weather has the reverse effect, making varietal comparison from different 
harvest dates difficult. 
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Figure 15.4 Screening test for precocious germination. Wheat ears are grown in a humid 
environment and sprayed with water periodically. The grains are inspected after several 
days; ears 2, 4 and 7 from the left are relatively dormant. 

A technique in which ears are attached to a revolving reel subjected to high 
humidity or artificial rain is now widely used (McMaster and Derera, 1976). 
After exposure to suitable conditions sprouting can be assessed visually (Fig. 
15.4) or by using a standard method of a-amylase assessment. Provided tests 
are repeated over several years and coupled with assessments of a-amylase 
levels from field samples, selection is reasonably reliable. 

Several methods of measuring a-amylase activity are available, including 
those of Farrand (1964) and Phadebas (Pharmacia, Upssala) or by deter
mination of the Hagberg Falling Number. The last of these is a measure of 
the change in viscosity of a hot flour paste, a high level of a-amylase resulting 
in more rapid liquefaction . The Falling Number Method is widely used 
commercially and , though not precisely reflecting more directly measured 
enzyme levels, it is sufficiently accurate for most purposes. Unfortunately from 
the breeding viewpoint , rapid screening by NIR cannot be used to measure 
a-amylase activity. 

The association of varietal differences in dormancy and sprouting resistance 
with seed coat colour has long been recognized. Gfeller and Svejola (1960) 
demonstrated the strong association between red grain and resistance to 
sprouting compared with white grain. There are three alleles at different 
unlinked loci which confer red grain colour, and they are all associated with 
dormancy. They probably act in an additive manner (Heyne and Livers, 1953), 
and this may explain much of the variation for sprouting resistance which 
occurs in red-grained wheats. Dcrera , Bhatt and McMaster (1977) have also 
demonstrated considerable variation for dormancy in white wheats , some of 
which show greater dormancy than many red wheats , though never at the level 
of the most sprouting-resistant reds. The mechanisms involved in dormancy are 
still unclear (Mares, 1983). Some workers suggest that sprouting-inhibitors 
are present in the chaff or grain itself. The morphology of the glumes, whether 
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the grain is exposed or enclosed, and the attitude of the ear, erect or pendulous, 
may have considerable effect in the field. However, it is clear that the character 
is heritable and so can be manipulated by breeding. 

Very low levels of a-amylase production have been demonstrated in extreme 
dwarf types carrying the gene Rht3 , such as the variety Tom Thumb. Attempts 
have been made to transfer this characteristic into wheat of normal height 
(Flintham and Gale, 1983), but so far it has proved impossible to break the 
linkage between very short straw, low yield and resistance to a-amylase 
production. 

In contrast with Rht3 types, some varieties possess high levels of a-amylase 
activity during the post-maturity dormant phase. The characteristic can be 
associated with a high level of sprouting resistance. It appears to be simply 
inherited, and in the UK has been transferred from Professeur Marchal to 
Maris Huntsman and some of its derivatives. Unlike resistance to sprouting, it 
can be readily identified by screening for a-amylase activity. 

15.4.5 Protein quality for bread-making 

The bread-making quality of flour is influenced both by protein content and 
protein type. As discussed in Section 15.4.2, protein content is primarily 
determined by the climate and by the rate of nitrogen fertilizer application. In 
contrast, protein quality is much less affected and is mainly genetically 
controlled. Currently, several screening tests are available to assess protein 
quality. For such a test to be successful it must satisfy the following 
requirements: 

(a) It is easy and simple to perform so that many different progeny can be 
analysed in one day; 

(b) It only requires a very small quantity of wholemeal flour, optimally a 
maximum of 10-12g, so that the progeny of a single plant can be tested; 
and 

(c) It is independent of other factors such as protein content and a-amylase 
activity, which affect bread-making quality and which can vary greatly 
according to the growing conditions. 

(a) Small-scale tests for measuring protein quality 

THE UREA-DISPERSIBLE PROTEIN (UDP) TEST. In this method, devised by 
Pomeranz (1965), 0.2-g samples of wholemeal flour are mixed with 20 ml of 
3 mole urea buffered to pH7.0 with dilute phosphate buffer and shaken for 
2 h at 4 °C. The suspensions are centrifuged at slow speed, approx. 5000 X g 
for 1 h at 4 oc, the supernatants are decanted and their absorbance at 280 nm 
measured after allowing them to equilibrate to room temperature. The value 
obtained is divided by the nitrogen content of the original flour, determined by 
the micro-Kjeldahl method, to obtain the specific absorbance. An inverse 
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relationship was demonstrated (Pomeranz, 1965) between specific absorbance 
and loaf volume. 

PELSHENKE TEST. There are several variants of this test. In the version 
described by Pushman and Bingham (1975), 3 g of wholemeal flour are mixed 
with 1.8 ml of a 6.4% (w/v) suspension of fresh yeast in distilled water to form a 
cohesive mass. The dough is kneaded by hand for 60s and then rolled into a 
ball. This is then placed in 75 ml of distilled water at 30 oc and the time for the 
ball to disintegrate is measured. This, the Pelshenke time, ranged from 20min 
for poor-quality flours to more than 2 h for good-quality wheats. 

ZELENY TEST. In the original version of this test (Zeleny, 1947), 4.0 g of flour 
at 14% moisture content are placed in a 100-ml measuring cylinder, 50 ml 
distilled water is added and the mixture is shaken for 30 s. After standing for 
5 min, 25 ml of 34% (v/v) lactic acid is added and the cylinder is inverted gently 
10 times. After exactly 5 min of resting the volume of the sediment (the sedi
mentation value) is noted. These values typically range from 20 (weak) to 
50 (strong). 

Several variants of the test have since been published. For instance, 
Kitterman and Barmore (1969) reduced the amount of flour from 4 g to 0.4 g 
and Wise, Sneed and Pope (1965) supplemented the lactic acid with 
isopropanol. 

RESIDUE PROTEIN TEST (Orth and O'Brien, 1976). One gram of flour is 
extracted with 250 ml of 0.05 moll-1 acetic acid in a 50-ml centrifuge tube. 
After mixing on a reciprocating shaker at 100 oscillations min-1 for 30min 
(equivalent to 150 000 x g min.). The nitrogen contents of the supernatant and 
the pellet are determined by the Kjeldahl procedure. The protein content of 
the pellet (the residue) is calculated and expressed as a percentage of total flour 
protein. 

SDS-SEDIMENTATION TEST (Axford, McDermott and Redman, 1978, 1979). 
The experimental procedure is similar to the Zeleny test, the principal 
difference being that the liquid added to the flour suspension is a mixture of 
sodium dodecyl sulphate and lactic acid. Shaking and inversion procedures are 
also somewhat different. Usually 6 g of wholemeal flour is used (Fig. 15.5). 
Modifications to the test at the PBI enable 10 samples to be analysed simul
taneously (Fig. 15.6). 

Axford, McDermott and Redman (1978, 1979) compared several new small
scale tests for bread-making quality. The standard test was loaf volume, using 
mechanically-developed doughs from white flour and additionally, in the 
second paper, long fermentation procedures. It was concluded that the SDS 
sedimentation test was the best small-scale test of bread-making quality. 
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Flgu;~ is.s The SDS sedimentation test . The iine giving the iargest voiume of sect"i'ment 
(74 ml) is third from the left and that giving the smallest volume ( 49 ml) is third from the 
right. 

Blackman and Gill (1980) also compared the residue protein, SDS
sedimentation, UDP, Pelshenke and modified extensometer tests for use in 
screening small samples in a breeding programme. Twenty-five varieties and 
breeder's lines of winter wheat , including hard and soft texture and good and 
poor bread- and biscuit-making types, were grown in yield trials at two con
trasting locations. The modified extensometer test and the SDS- sedimentation 
test gave the closest correlation with volume and score of loaves produced by a 
mechanical development procedure . The reproducibility of each test was 
compared using wheats grown at the two sites , to obtain a measure ofthe extent 
to which the tests were measuring genetic differences between lines and how 
much they were influenced by differences in the environment. Again the SDS
sedimentation test showed the best agreement between sites, followed by the 
extensometer readings , but loaf volume and loaf score were much less closely 
correlated. The authors concluded that the SDS-sedimentation test, with its 
small sample size, a requirement for wholemeal flour, and its high throughput 
is likely to be the most useful screening test for protein quality in wheat
breeding programmes. 

Currently the SDS-sedimentation test is used extensively as an early
generation screen for breeding bread-quality wheat at the PBI, and has 
replaced the Pelshenke test. At later generations, where there are fewer but 
larger samples, extensometer readings and loaf volumes and scores supplement 
the SDS-sedimentation test. 

The SDS-sedimentation test , like all of the other procedures described, gives 
a simple, overall assessment of protein quality. It cannot distinguish between 



Breeding for the quality characters 475 

Figure 15.6 Modification of the SDS-sedimentation test which enables 10 samples to be 
analysed simultaneously. Operation of the plunger (right) dispenses equal volumes of 
the SDS-lactic acid solution to the samples under test. The stand is supplied with 
handles which enable the 10 samples to be shaken and inverted. 

different types of protein quality (assuming these exist), so the test has no value 
in predicting which parents would be likely to produce progeny which have 
protein quality superior to either parent (transgressive segregation). 

(b) Identification of proteins which confer bread-making quality 

The introduction of improved protein fractionation procedures, particularly 
those which separate in two dimensions, has made possible the identification of 
the proteins determining good bread-making quality. 

Wheat gluten consists of two major protein types: gliadin, which confers 
extensibility to a dough, and glutenin, which confers elasticity. Gliadin is 
readily soluble in aqueous ethanol and consists of a complex mixture of 
polypeptides whose molecular weights range from about 30 000 to 70 000 as 
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determined by sodium dodecyl sulphate, polyacrylamide-gel electrophoresis 
(SDS-PAGE) (Bietz and Wall, 1972). When fractionated according to charge 
by acid-polyacrylamide-gel electrophoresis (APAGE) they subgroup into a-, 
{3-, y- and w-gliadins (Woychik et al. 1961). Each variety of hexaploid wheat 
contains about 25 major gliadin polypeptides and as many minor components 

1 2 3 4 5 6 7 8 9 10 11 12 
Figure 15.7 SDS-P AGE of European varieties with different technological properties. 
Varieties separated in slots 1--4 are British feed or biscuit wheats, those in slots 5-8 are 
British bread-quality wheats, and those in slots 9-12 are high bread-quality European 
wheats. Slot 1, Mardler; slot 2, Brigand; slot 3, Norman; slot 4, Maris Huntsman; slot 5, 
Holdfast; slot 6, Maris Widgeon; slot 7, Bounty; slot 8, Avalon; slot 9, Adam (Austria); 
slot 10, Partizanka (Jugoslavia); slot 11, Monopol (Germany); slot 12, Sappo (Sweden). 
The high-molecular weight glutenin subunit quality scores (see Table 15.5) are 4, 4, 4, 4, 
8, 6, 6, 6, 6, 9, 9 and 8, respectively. 
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(Wrigley and Shepherd, 1973), and there is considerable variation in gliadin
banding patterns between varieties. Indeed, APAGE of gliadins is currently 
used to identify varieties and varietal mixtures of grains (Ellis and Beminster, 
1977) and it is likely that APAGE and SDS-PAGE will become of increasing 
importance in checking the genetical homogeneity of wheat varieties. 

Glutenin has a much lower solubility than gliadin; it is virtually insoluble in 
70% ethanol at room temperature and only a proportion of it dissolves in dilute 
acid solutions. It also differs from gliadin in being built up from subunits into 
protein aggregates of high molecular weight, between 200000 and 20 million. 
When glutenin is treated with reagents which dissociate disulphide bonds the 
subunits are released and fractionate by SDS-Page into two major groups, the 
high-molecular weight (HMW) subunits and the low-molecular weight (LMW) 
subunits (Payne and Corfield, 1979). As with the gliadins, there is wide 
variation amongst varieties in the electrophoretic patterns of both HMW 
subunits (Payne, Holt and Law, 1981; and Fig. 15.7) and LMW subunits 
(E. A. Jackson, L. M. Holt and P. I. Payne, unpublished). 

The chromosome location of genes which control the synthesis of gliadins 
and glutenin subunits has been determined by the analysis, in several 
laboratories, of aneuploid lines, intervarietal chromosome substitution lines 
and ditelosomics. Results of detailed genetic linkage studies suggest that there 
are nine major and independently segregating loci for the gluten proteins. 
These are sited on the long and short arms of chromosomes of group 1 and the 
short arms of chromosomes of group 6 (Payne et al., 1984). The genes at each 
of these nine loci have many allelic forms, and the gluten proteins for which 
they code are shown in Table 15.4. The total possible number of protein 
combinations which can occur in a single variety is of the order of 3 x 107 , 

which is far more than the number of varieties registered in world collections of 
wheat. It has been proposed that this allelic variation in protein type accounts 
for varietal differences in the quality of protein for bread-making (Payne 
eta/., 1984). 

Most of the small-scale tests for bread-making quality measure the relative 
insolubility of glutenin, either directly, as in the UDP and residue protein tests, 
or indirectly, as a result of the gel formation which affects the volume of the 
sediment in the Zeleny and SDS-sedimentation test. The flour-reconstitution 
studies of MacRitchie (1980) also demonstrate the importance of glutenin 
quality. There were large differences in reconstituted loaf volumes when the 
insoluble glutenin proteins from good- and poor-quality varieties were 
interchanged. However, Booth and Melvin (1979) showed quality differences 
in both lactic acid-soluble and insoluble proteins from two flours of contrasting 
bread-making qualities. 

From the work carried out at the PBI, it has been concluded that differences 
between varieties in protein quality for bread-making are caused by different 
combinations of storage protein variants that are present in the grain. To 
determine which storage protein loci show significant variation for protein 
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quality, and which alleles are associated with good quality, the progenies of 
many crosses between parents with contrasting bread-making qualities and 
storage protein variants were analysed. For each cross, between 100 and 150 F2 

progeny were bulked at the F3 generation and tested for protein type by SDS
p AGE and for protein quality by the SDS-sedimentation test. As described 
previously (Payne, Corfield and Blackman, 1979; Payne, Holt and Law, 1981) 
significant associations were found for certain HMW subunits of glutenin, and 
a summary of our current knowledge is shown in Fig. 15.8. Some of these 
findings have been independently confirmed by Moonen, Scheepstra and 
Graveland (1982, 1983). In a further study, segregating progeny have also been 
analysed by AP AGE to study gliadin variants in relation to protein quality. For 
certain alleles, particularly those coded at the Gli-1 loci, associations with 
quality were again detected, although not generally as close as those detected 
for the HMW subunits of glutenin. As Gli-1 is a complex locus (Table 15.4), 
it cannot be determined from these experiments whether the causal proteins 
are w-gliadins, y-gliadins, LMW subunits of glutenin, or a combination of 
some or all of these groups. As the SDS-sedimentation measures glutenin 
strength, the most likely group are the LMW subunits. 

Our work on the association between specific Gli-1 alleles and protein 
quality for bread-making is complementary to the earlier and far more 
extensive work of Sozinov and co-workers in the USSR. Using random lines 
of numerous crosses they analysed gliadin composition by starch-gel 
electrophoresis and assessed quality by the Zeleny test (Sozinov and 
Poperelya, 1980). Not only were they able to rank the gliadin alleles coded on 
chromosomes 1A, 1B and 1D in relation to protein quality, but they also 
ranked the group 6-encoded a- and /3-gliadins. Unfortunately, our work cannot 
be compared with theirs directly, because different electrophoretic procedures 
were used. However, Sozinov's group have recently changed to using APAGE 
(Metakovsky et a!., 1984), and it is hoped that the findings of the two 
laboratories can be pooled. 

There are several disadvantages to the random-line approach in relating 
individual proteins to bread-making quality. The major one is that crossing two 
parents generates considerable genetic variation. To reduce the affects of this 
in studies using random lines, many progeny need to be analysed. This means 
effectively that only simple, and probably less-exacting, quality tests such as the 
SDS-sedimentation test can be performed. The random-line approach has 
been modified to reduce the severity of background genetic variation by using 
Chinese Spring (CS) as a parent and crossing it with several intervarietal 
chromosome substitution lines of this variety. Thus, an example, CS was 
crossed with CS (Hope 1A) and the progeny were brought through the 
generations by single-seed descent to F5 . Since the parents only differ from 
each other with respect to chromosome 1A, the progeny will be genetically 
identical apart from having unique combinations of chromosome 1A. These 
two parents were chosen because they have contrasting alleles of Glu-A1 and 
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Gli-Al, so giving to the progeny four possible storage-protein compositions. 
All progeny were tested for quality by the SDS-sedimentation test, and 
selected individuals were bulked to supply enough white flour for baking and 
rheological tests. The results from this cross and several others are giving very 
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Figure 15.8 Allelic variation in the high molecular weight subunits of glutenin and its 
relationship to bread-making quality. (Top) Chromosome !A-encoded variants; 
(middle) lB-encoded variants; (bottom) lD-encoded variants. The lower-case letters 
refer to the allele designations of Payne and Lawrence (1983). 
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TABLE 15.5 Quality scores assigned to individual or pairs 
of HMW subunits of glutein 

Score 

4 
3 
2 
1 

1A 

1; 2* 

Null 

Chromosome 

1B 1D 

5+ 10 
17+18;7+8 
7+9 2 + 12;3 + 12 
7;6+8 4+ 12 
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clear-cut results. So far they agree with the ranking order of alleles at the Gli-1 
loci by Payne et al. (1984) and the ranking of alleles at Gli-Jloci, determined by 
Sozinov and Poperelya (1980). The SDS-sedimentation data were also 
generally consistent with the volumes of baked loaves, although there were a 
few exceptions. 

This research is still continuing, but the relationship between individual 
HMW subunits of glutenin and sedimentation volume is considered sufficiently 
advanced to estimate the contribution of this group of proteins to the bread
making qualities of varieties. Individual HMW subunits were each assigned a 
score as shown in Table 15.5, on the basis of the results summarized in Fig. 15.8 
and from other, unpublished, data. The overall quality scores of HMW 
glutenin subunits for a variety can then be calculated by simply adding together 
the scores of the individual subunits. The majority of the winter wheats 
recommended for growing in West Germany and the UK have been analysed 
by SDS-PAGE to determine their HMW glutenin subunit composition. Their 
HMW quality scores were then calculated and compared with the official 
bread-making qualities of the varieties (German: Anon., 1983; UK: Stevens, 
Stewart and Lindley, 1984). Correlation coefficients (r) for the two sets of 
varieties were similar, 0.561 and 0.621, respectively, even though only five 
varieties were common to both countries. Values of r 2 indicate that a little over 
one-third of the variation in the bread-making quality of both German- and 
UK-grown varieties can be accounted for by the variation in composition of 
HMW glutenin subunits. Some of the remaining variation in bread quality is 
undoubtedly due to variation in the composition of other proteins of the 
endosperm, and presumably some to components other than proteins. 
However, the major component affecting quality is likely to be variation in 
grain protein content, caused by differences in the yield potential between 
varieties. 

In the bread-quality breeding programme at the PBI good-quality HMW 
glutenin subunits coded at different gene loci (Fig. 15.9) are being brought 
together by crossing parents with contrasting HMW subunits and selecting 
progeny using both the SDS-sedimentation test and SDS-PAGE. A general, 
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(Mercia x Moulin) x Avalon 

Figure 15.9 Selection of progeny with good potential bread-making quality in the cross 
(Mercia x Moulin) x Avalon by SDS-PAGE. Tests were carried out on the distal 
parts of grains and those containing sub-units 1, 17 + 18 and 5 + 10 (i .e. giving grain 
quality scores of 10, Table 15.5) were selected. The basal halves of these grains were 
germinated in the glasshouse and the seedlings transplanted to the field for further 
assessment. 

progressive improvement in protein quality is being achieved. Indeed, the 
spring wheat Solitaire , which contains an optimal combination of HMW 
glutenin subunits (1, 17 + 18, 5 + 10), appears to be overstrong, possibly 
because its dough is optimally elastic but insufficiently extensible. Thus, 
eliminating the limiting factor to bread-making quality, poor strength in the 
case of Western European wheats, may well reveal another limiting factor, 
suboptimal extensibility in the above genotype. 
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15.4.6 Conclusions 

Breeding new varieties for processing is complicated by the diversity of uses of 
wheat. However, breeding for bread-making quality is likely to remain a major 
objective throughout the world for several decades at least, as is breeding soft 
wheats with weaker dough properties. Breeding for small-scale specialist uses 
outside the two main categories is unrealistic unless such types exist in 
advanced lines selected primarily for other characters. Individual varieties may 
not be ideal for all purposes within their basic classes, but the desired standards 
are often achieved by blending with other wheats. 

Breeders often encounter resistance from end-users when introducing new 
varieties because they inevitably differ in some processing characters from the 
varieties that they are intended to replace. This is can be remedied by adjusting 
the processing system. One of the major complicating factors in variety testing 
is that higher-yielding varieties usually have lower grain protein contents than 
the standards with which they are compared, and so appear inferior, 
particularly for bread-making (Section 15.4.2). However, in commerce the 
application of more nitrogen fertilizer to a higher-yielding variety will usually 
compensate for this difference. 

Breeding progress has been most rapid in those regions where breeders have 
been able to exploit a very diverse range of material and introduce new wheat 
types. The imposition of very rigid quality standards severely restricts the 
parental material available to the breeder and limits progress on other 
important characters, such as yield and disease resistance. 
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CHAPTER 16 

Production of new varieties: 
an integrated research 
approach to plant breeding 

]. Bingham and F. G. H. Lupton 

16.1 INTRODUCTION 

In drawing up the outline of this chapter we decided that it would be better to 
give a case history of the wheat-breeding programme at the Plant Breeding 
Institute, Cambridge (PBI), than to give a more generalized account of wheat 
breeding on the world scale. This is because the problems differ widely between 
environments, and varieties of wheat are more narrowly adapted than those of 
some other crops to latitude and to temperature. However, we hope that most 
of the conclusions will be generally applicable. 

In particular we intend to consider the integration of the breeding 
programme with the strategic and fundamental research investigations in 
cytology, biochemistry, pathology, physiology and statistics, which are dealt 
with in other chapters. The prime function of the breeding programme is to 
produce new varieties, but it also has two functions in relation to breeding 
research. The first is to help to guide and assist the research investigations by 
pin-pointing limiting factors in breeding techniques and in sources of genetic 
variation, and by providing material for experiments in these fields. The second 
is to provide test-bed facilities for potential advances in breeding methods and 
newly available genes. This combination of practical breeding with research is 
unique among Institutes in Western Europe, and has the result that the 
breeding programmes gain in genetic resources and techniques while the 
research work has the benefit of assessment in a commercially orientated 
breeding programme. 

In the course of· the chapter we will summarize the development of the 
breeding programme over the past 30 years. However, our main intention is to 
draw some conclusions as to the breeding objectives which will be relevant to 
the next 20 years, and to consider the breeding procedures which will be best 
able to meet them. 
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16.2 DETERMINATION OF BREEDING OBJECTIVES 

Planning a breeding programme must proceed in three steps if the work is to be 
successful in providing the varieties needed for the well-being of agriculture 
and the food, animal feed and other industries which are dependent upon its 
products. The first is to identify, as far as possible, all of the requirements of the 
grower and of the consumer or processor, and to rate these requirements 
according to their economic value. These ratings must take into account 
strengths and weaknesses in the methods of agronomy and processing of the 
crop, which may be alternative or complementary, to advance by breeding new 
varieties. The second is to survey the possible parents of a breeding programme 
for the characters they possess, where appropriately supported by a genetic 
interpretation, in order to assess the feasibility of meeting any particular 
objective or combination of objectives by breeding. The assessment must also 
include an economic factor, in terms of the breeding inputs of personnel and of 
the field, glasshouse and laboratory facilities which will be needed. The third is 
to decide on a course of action, which will have to take account ofthe inevitable 
need to establish priorities as well as the genetic potential of the crop. Thus, the 
balance of objectives which breeders seek to meet is always a compromise, 
and their judgement in choosing these objectives is undoubtedly the most 
critical factor in the whole breeding programme. 

16.2.1 UK Production and yields 

In the early-1950s wheat was grown on about 0.8 million ha in the UK, giving 
average yields of about 2.5 t ha-\ an overall production of about 2 million 
tonnes, and a need to import some 6 million tonnes for flour milling and animal 
feeds (Figs 16.1-16.3). Over the following 10 years yields increased steadily, 
largely because of the introduction of the French variety Cappelle Desprez, 
which dominated the UK wheat area from 1958 to 1968, benefitting also from 
increased use of mineral fertilizers and herbicides. The rate of increase of yield 
in the 1960s fell markedly, so by the end of that decade the opinion was widely 
held that yielding ability was reaching a plateau, and that the most breeders 
might hope to achieve was to improve disease resistance and grain quality. 

Yield increases then accelerated in the 1970s as the EEC support measures of 
import levies and intervention prices gave wheat growing in the UK and other 
EEC countries a more profitable base. A succession of new varieties with 
higher yield potential, greater resistance to lodging and improved disease 
resistance enabled farmers to use inputs, particularly nitrogen fertilizers, more 
effectively. It is also interesting to note, however, that the total dry matter of 
modern varieties differs little from that of the older varieties when both are 
grown under the same conditions. This was demonstrated by Austin et al. 
(1980), who compared a range of modern wheats with varieties released during 
the previous 70 years, in a trial in which the effects oflodging and disease attack 
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UK 

USA 

Canada 
Australia 

489 

Figure 16.1 Average yields of wheat in the UK, USA, Canada and Australia, 1971-84. 

were avoided by supporting netting and prophylactic sprays. Their results 
(Table 16.1) showed a 44% yield increase during 50 years of breeding, mainly 
due to an increase of harvest index from 0.35 to 0.50, as a result of selection of 
varieties with shorter straw. There had been no consistent pattern of selection 
for ear number, grains per ear or thousand-grain weight. 

By 1984 wheat was grown on 1.97 million ha in the UK, giving an average 
yield of 7.6 t ha- 1 and a total production of almost 15 million tonnes. Although 
this average yield was about 1.3 t ha- 1 greater than the previous heaviest yields 
that were achieved in 1982 and 1983, it is abundantly clear that UK farmers now 
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have the ability regularly to produce more wheat than the national require
ment, at present some 10 million tonnes for all purposes. This is a remarkable 
achievement considering that the average annual production in the years 
1971-5 was only 5.04 million tonnes. The increased production, together with 
the cultivation of suitable varieties and improvements in baking technology, 
has made it possible for millers to use home-grown wheat much more exten
sively in bread-making grists. The content of home-grown wheat in bread 
increased from less than 20% in 1950 to an average of 75% in 1984 over all 
classes of bread, and frequently well over 90% for white bread (Fig. 16.4). 

Against this background it is interesting to reflect that the two most widely 
grown varieties in 1985 were selected from crosses made in 1969 (Avalon) and 
in 1972 (Norman). Thus, the breeding of these varieties took place over a 
period of major change in agronomic practice. In particular, fungicide use has 
greatly increased from practically nothing in 1972, when appropriate chemicals 
were not available, to the two or three applications commonly made in 1985. 
Over the same period nitrogen fertilizer applications rose from an average of 80 
to 180kgNha-1 or more. 

For the future it is unreasonable to expect that surplus production in the EEC 
should be financed by the consumer or taxpayer. It follows that wheat prices in 
the UK should be competitive with those in world markets and that EEC 
support measures should be no greater than those for wheat in the major 
exporting countries such as the USA and Canada. Account must also be taken 
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Figure 16.4 Composition of UK bread-making grist, 1973-83. 
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of the increasing public concern with environmental issues, particularly the 
fears of higher nitrate content in ground water and the secondary effects of 
herbicides, fungicides and insecticides on wild life. For these reasons it is timely 
to review wheat-breeding objectives and consider what changes in direction of 
the work might now be considered desirable and also feasible. 

16.2.2 Comparison with other wheat-producing countries 

Wheat production in the UK will be economically viable only if growers are 
able to take full advantage of its climate, which is far more favourable for 
producing high yields than that of any of the major exporting countries. This 
potential is evident in the trends of yield per hectare for the UK, the USA, 
Canada and Australia (Fig. 16.1). For example, over the years 1971-85 the 
amount by which average yields in the UK exceeded those in the USA 
increased from approximately 2 to 4 t ha - 1 . This differential increased despite 
the expansion of wheat cultivation on to less favourable soil type and the 
tightening of rotations in the UK. Moreover, in the USA the crop was con
centrated in the later years on the more productive soils in response to the 'set 
aside' scheme of qualification for deficiency payments. 

The UK advantage in climate and its effect on the period available for 
effective development and growth is especially evident in comparison with 
regions which have continental climates. For example, Cambridge may be 
contrasted with Lincoln, Nebraska, as representative of the main winter-wheat 
belt in the USA (Fig. 16.5). Crops are sown at the end of September at both 
centres, but in Lincoln the longer and much colder winter greatly restricts the 
opportunities for vegetative growth and ear development. Subsequently, in 
Lincoln, a rapid rise to high temperatures hastens ear emergence and harvest 
ripeness. In contrast, summer temperatures in the UK are much lower and it 
is well established there that cool weather during grain filling is linked with 
high yield. 

Exploitation of the UK climate has enabled growers to reduce costs of pro
duction per tonne of grain, and so to become competitive with the major 
exporting countries in supplying the home market and in world trade. Between 
1971 and 1985 nitrogen fertilizer applications in the UK rose from an average of 
80-180kgha-1 or more. Fungicide applications have also increased from 
practically nil in 1971, when suitable fungicides were not available, to the two 
or three applications commonly made in 1986. The development of varieties 
capable of responding to the changes which have taken place in inputs should 
enable the grower to obtain a yield advantage which the larger exporting 
countries cannot attain because of their continental climates. 

Plant breeding can also help to alleviate the problems of winter leaching, by 
developing varieties which are adapted to earlier autumn sowing and at the 
same time gain by use of the nitrogen saved. The suitability of such varieties 
depends especially upon high vernalization requirement, straw strength and 
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Figure 16.5 (a) Maximum and (b) minimum temperatures for Cambridge, UK (52 °N) 
and Lincoln, Nebraska, USA (41 °N). 

disease resistance. The last of these characters may also be important if crops 
are to be sown on land into which chopped straw has been ploughed in order to 
immobilize soil nitrate and increase humus content. 

16.3 BREEDING PURE LINE VARIETIES 

16.3.1 Character analysis and the choice of parents 

In considering the future prospects for crop improvement, Engledow and 
Wadham (1923) suggested the need for plant breeders to identify a 'touch 
stone' upon which the yielding capacity of a crop depended. They were, of 
course, many years ahead of their time, and it was not until Watson (1952) 
applied the concepts of relative growth rate and net assimilation rate to crop 
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growth that the components of yield could be put on a quantitative basis, 
enabling breeders to identify their problems and thus to see how best their 
solution should be undertaken. 

In planning a programme, it is clearly necessary for the breeder to eliminate 
the defects of existing varieties, but the progress which can be achieved from 
such a programme is necessarily limited, and if real advances are to be made, 
the breeder must go further, and consider how best to alter the structure of the 
crop so as to adapt it to make better use of its environment. The breeder 
should, in effect, define a plant model or ideotype and then seek how best to 
attain this, using the genetic material available. Certain aspects of such a model 
are easy to define but the expression of most characters requires a compromise 
between opposing considerations such that it is impossible to postulate a single 
ideotype, even for use in a closely defined environment. In constructing an 
ideotype it is essential first that a variety should have stems which are strong 
enough to support the ears without lodging. This is most readily achieved by 
selection for shorter straw, though it is necessary to consider the environment 
in which the variety is to be grown, as short-strawed varieties are best adapted 
to cultivation under highly fertile conditions. Secondly, there is general 
agreement that a variety should have a high leaf area index and erect leaves, 
so as to make the best use of incident solar energy (Fig. 16.6). This is most 

Figure 16.6 Contrasting ideotypes of wheat. 
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important during the period of rapid ear growth shortly before an thesis, when 
the leaf area is greatest, though it is necessarily accompanied by greater 
transpirationalloss, which may limit productivity when water supply is limiting. 
It is also desirable that varieties should have a high level of photosynethetic 
efficiency, but genetic variation in this character is associated with small leaves 
and shorter leaf longevity; it can, however, be achieved without water loss 
penalty (Austin, 1982, 1983). 

The development of non-productive tillers should be reduced to a minimum. 
Donald (1968) advocated the breeding of a non-tillering 'uniculm' crop, 
suggesting that the production of tillers reflected the tendency of a naturally 
annual crop to produce perennating organs, and that this was wasteful of 
yielding potential. This is undoubtedly true when considered in relation to 
tillers which die without forming ears, but tillering gives a crop a very desirable 
elasticity, enabling it to respond to environmental hazards. Selection for 
tillering economy and for a high survival of tillers to form ears is therefore 
recommended. 

Although rarely considered as a selection character, varietal differences in 
root development may be of great importance in determining crop pro
ductivity, especially when yield is limited by water supply. The root system of a 
variety adapted to the maritime climate of Western Europe should develop 
quickly in order to exploit the soil environment to the fullest capacity, and to 
compete most effectively with other species, but is unlikely to limit productivity 
at later stages of crop development. Different considerations may, however, 
obtain when selecting for dry climates, where it may be necessary to select for 
slow root development so that the limited water supplies are not exhausted too 
early in the growing season. 

As most of the carbohydrate required for grain filling is obtained from 
photosynthesis taking place after anthesis, a long grain-filling period and a high 
leaf area at anthesis are clearly important in determining yield. It may also be 
possible to select for varieties with low levels of maintenance respiration during 
the grain-filling period (Austin, 1982; Morgan and Austin, 1983). There is 
some controversy concerning the value of awns, which appear to be essential 
for maximum yielding capacity in hot, dry climates where the leaves may die 
early while the ears continue to photosynthesize, perhaps because of their high 
surface area-to-volume ratio. It appears, however, that awns have little or no 
value in the maritime climate of Western Europe (Olugbemi, Austin and 
Bingham, 1976). 

Consideration of physiological characters has enabled breeders to identify 
the weaknesses of existing varieties, but it is necessary to maintain an objective 
perspective in exploiting the variation available. Detailed physiological 
analyses may give much useful information regarding the choice of parents for 
a breeding programme, and may on occasion lead to the identification of 
characters for which selection may be made in the field. In practical terms, 
however, having chosen the most appropriate parental varieties, the breeder 
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normally selects for yield, and thereby identifies the better combinations of its 
physiological components. We do not therefore recommend intensive selection 
for physiological characters, but winter wheat should be selected for winter 
hardiness, winter habit and, where appropriate, suitability for early sowing, 
and spring wheat for rapid establishment and early vigour. Both spring and 
winter wheats should be selected for economy of tillering and for erect leaf 
habit during the period of rapid ear growth. 

Selection after anthesis must be for a suitable balance of the main yield 
components as physiological analysis has not revealed any clear-cut pattern of 
these components in the higher-yielding varieties. This may be combined with 
selection for leaf longevity, but leaf erectness after an thesis has little effect on 
yield if the leaf area index at an thesis exceeds 9.5 (Austin, 1982). It is, however, 
difficult to make specific recommendations regarding selection for physio
logical characters at this highly critical stage of crop development, when much 
depends upon the intuitive skills and experience of the breeder. 

16.3.2 Use of biometrical methods in the choice of parents 

Much progress has been made in recent years in the development of procedures 
for the biometrical analysis of quantitative characters. These methods, 
reviewed in Chapter 5, may be of great value in choosing the parents for a 
breeding programme, but the breeder must remember that the selection 
process is a compromise designed to make the best use of limited resources of 
time, land and labour. To be most effective these resources must be kept in 
balance at successive stages of the programme. 

(a) Diallel sets of crosses 

Biometrical techniques for cross prediction are based on the principles defined 
by Mather and Jinks (1982). One of its earlier applications to cereal breeding 
involved the analysis of diallel sets of crosses in which potential parents were 
hybridized in all combinations and trials grown of the hybrids in F1 , F2 and 
other early generations (section 5.3.4). These trials can be used to identify non
allelic interactions between varieties, which can be located to specific parental 
combinations, indicating crosses which might exhibit transgressive segre
gation. However, the transgression would not necessarily be in the desired 
direction and the interaction found might be due to genic dispersion rather than 
to non-allelic interaction. In the absence of non-allelic interaction it is possible 
to see whether a character is determined by predominantly dominant or 
recessive genes, and to estimate the prospects of selecting for improved 
genotypes within each of the crosses comprising the diallel series. 

The usefulness of the diallel analysis in the selection of parents for a practical 
breeding programme is limited by the very large number of crosses which must 
be handled if the potential of a wide range of possible parents is to be assessed. 
This difficulty may be overcome, though necessarily with some loss of 
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precision, by the use of incomplete diallels in which separate arrays of varieties 
are used as male and female parents. Lupton (1965) describes the analysis of a 
series of incomplete diallels in which five varieties of contrasting genotype, but 
well-adapted to the environment in which he was working, were crossed each 
year with successive groups of varieties of varied origin which might have been 
useful in his breeding programme. The results obtained showed very wide 
variability in the dominance relationships when the same crosses were tested at 
different sites, indicating the marked effect of environment on the dominance 
of the genes determining yield and emphasizing the importance of carrying out 
experiments on cross prediction over a range of environments similar to those 
for which the breeding programme is designed. However, the predictions made 
on the basis of the diallel analysis showed reasonable agreement with the 
performance in subsequent generations of selections from the crosses studied. 
Very considerable time and resources were required to obtain these 
predictions, and the precision with which they were obtained was not sufficient 
to justify the experimentation which would be necessary in a programme of the 
size handled by most successful wheat breeders. Similar limitations may also 
apply in assessing the value of cross prediction based on canonical analysis or 
on triple-test crosses. 

(b) Canonical analysis 

Canonical analysis provides a means of choosing the most suitable parents for a 
breeding programme without making crosses between them. The method, 
which is an extension of vector analysis (Grafius, 1965) can also be used to 
assess the performance of the crosses selected. Essentially, the procedure 
requires the breeder to define a model variety in terms of a range of characters 
which can be selected for on a quantitative basis. Measurements of each 
character are then made on a number of plants from each of the potential 
parents, and are used to define positions in multidimensional space appropriate 
to each variety. The co-ordinates are calculated relative to axes which give the 
maximum discrimination between the varieties being compared, and estimate 
the total varietal discrimination due to each of the axes. Such information is 
much more easy to comprehend than that of multidimensional space. White
house (1970) describes the use of the method in a barley-breeding programme. 

(c) Triple-test cross analysis 

Work by Jinks, Perkins and their co-workers have made possible much more 
precise analyses of the actions and interactions of genes determining yield and 
other quantitative characters, and hence the accurate prediction of the 
outcome of breeding and selection programmes (Jinks, 1981). Such analyses 
can be made by measuring the performance of the parents, the F1 and F2 , and 
back-crosses ofthe F1 to each ofthe two parents. More-precise estimates can be 
obtained if the triple-test cross procedure is used (Section 5.3.3). However, this 
procedure involves at least 60 F2 back-crosses and cannot therefore be used as 
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a routine procedure in a practical breeding programme, though the precision of 
the analysis may be of great value to plant breeders in planning an overall 
strategy for their work. In particular, its use has demonstrated that over
dominance rarely, if ever, occurs in self-pollinated crops, and that when it is 
seen it is usually caused by linkage disequilibrium. This leads to the general 
conclusion that heterosis, when observed, is due to dispersal of dominant 
genes. Homozygous recombinants superior to the F1 should therefore be 
extractable if an opportunity is provided for chromosomal recombinations to 
be obtained and repulsion linkages broken. 

16.3.3 Cambridge selection procedures 

(a) Pedigree selection 

Wheat breeders have many selection techniques available, and the use to which 
they put each of them will depend on their end-requirements and experience. 
Most breeders do not rigidly adopt one system to the exclusion of all others, but 
incorporate many techniques within their programmes. 

The pedigree-selection technique predominates, though few breeders follow 
it strictly. The system involves selection on a single-plant basis in each 
generation until a nearly homozygous progeny is obtained. This is then 
multiplied to provide sufficient seed for estimation of yield and other 
quantitative characters. The system necessarily requires large amounts of 
record keeping, which is a major disadvantage. 

At the PBI selection is based on the 'pedigree-trial system', a modification of 
the pedigree system (Fig. 16.7). About 1200 crosses are made each year in the 
winter-wheat breeding programme. Three-quarters of these are two-parent 
hybridizations, and most of the remainder are crosses of an F1 with a third 
parent or a single back-cross, particularly when one of the parents of the 
original F1 is a variety poorly adapted to the UK environment, but with some 
desirable feature. Four-way crosses between F1s have given disappointing 
results and have been discontinued. 

Little selection is exercised in the F1 generation of two-parent crosses, other 
than discarding whole crosses on the basis of new information about the 
parents. It is, however, often useful to select between the F1 plants of three
parent crosses and single back-crosses for characters determined by major 
genes such as those for height, disease resistance or sub-units of the glutenin 
proteins. To exploit this variation, breeders aim to produce 100-300 F1 grains 
of such crosses. 

About 2000 plants are grown from each cross in F2 , giving a total of about 2 
million plants in this generation. From these, about 60 000 plants are selected 
by eye on the basis of superior disease resistance or agronomic type. For crosses 
intended mainly to improve disease resistance, yield or agronomic characters, 
one ear is harvested from each selected F2 plant. Whole plants are harvested 
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from material aimed at improvement in bread-making quality (see Section 
16.3.3(c)). About 15000 plants in this category are tested each year by near
infra-red (NIR) analysis for milling texture, grinding resistance and protein 
content. The flours milled for this purpose are also used for the sodium dodecyl 
sulphate (SDS) test for baking quality and are analysed chemically for a

amylase activity. 
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Figure 16.7 Pedigree- trial selection and seed multiplication system. 
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Figure 16.8 Plot Spider seed drill , used for sowing single plant cultures of wheat and 
barley. 

In the following (F3 ) year a small amount of seed from each harvested ear or 
plant is sown as a 1-m row for more-intensive selection (Fig. 16.8) . By 
convention the selection row sown from a single ear is usually known as an ear 
or head row, and that from a plant as a single plant culture. In the case of winter 
wheat the single plant cultures have to be sown before quality tests on the seed 
from the F2 plants have been carried out. 

Selection in the F3 is considered to be the most critical in a breeding 
programme; about 6000 rows are harvested, each of which is then represented 
in F4 by six or 12 ear rows. This process of plant-to-row selection is repeated 
until uniformity is achieved. It is usually possible to base the pure stock of a new 
variety on a single F6 or F7 plant. Yield trials start at F5 and are followed by 
more-extensive trials in F6 and F7 . The seed for each line in these trials is 
obtained as a bulk of the pedigree family . Thus, it is not necessary to grow 
separate plots to produce seed for trial purposes and, as the trial stocks are 
renewed each year they become progressively closer to the retained pedigree 
lines in genetic constitution . In each generation of pedigree selection the size of 
the ear row or single plant culture grown is adjusted to give the amount of seed 
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Figure 16.9 Selection and multiplication programme used in breeding the winter wheat 
cv. Avalon. N.L.T., National List trials. 

required for trial in the following year. For example, a single ear row in F 4 gives 
enough seed for a single yield-trial plot in F5 , and in F6 a single plant culture of 
length 12 rn gives about 4kg ofseed for a series of trials in F7 • An example of the 
application of this system in the breeding of the variety Avalon is shown in 
Fig. 16.9. 
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(b) Use of field trials 

Field trials are designed to simplify management and minimize seed handling 
without compromising the reliability of performance data or the availability of 
grain for quality tests. When the seed bed has been prepared, the whole trial 
site is marked out by tractor with tramlines at 6 m centres. The plots are then 
drilled at right angles to the tramlines to give a standard plot length of 4.5 m 
with a 1.5 m path. The plots are drilled continuously so that they meet at the 
centre of the tramline. This area can be used for testing for disease resistance or 
herbicide tolerance, and is discarded before the plots are harvested (Fig. 
16.10). This layout reduces error and is convenient for the use of standard 12-m 
fertilizer spreaders and sprayers across the plots. 

For the first yield trials in F 5 the single plots of each line are sown in accession 
order, with a control variety after every five plots. Yield is assessed by 
reference to the grid of controls. The F6 trials are shown at one site using a 
balanced lattice layout with two replicates with, and two without, blanket 
fungicide treatment. In this generation a very early sown plot, drilled in the first 
week in September, is introduced to obtain information on suitability for early 
sowing and to improve selection for resistance to diseases, especially eyespot 
and Septaria tritici, which are favoured by early sowing. The trials system is 

Figure 16.10 Wintersteiger plot combine harvesting a winter-wheat yield trial. 
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extended to three sites in F7 and to six or seven in F8 and F9. In the final year of 
trials before submission to National List testing, about half of the sites are 
grown with and without fungicide and the others in farmers' fields using 
standard farm treatments. 

(c) Selection for grain quality 

Aspects of breeding for improved milling and bread baking quality are con
sidered in Chapter 15. The efficiency of this work has been greatly improved in 
recent years as a result of three procedures for testing and for the genetic 
analysis of bread-making quality which have become available to breeders. 
These are the NIR reflectance analysis, the SDS-sedimentation test and the 
development of techniques for the electrophoretic analysis of storage proteins. 

Near infrared analysis gives rapid and accurate measurements of protein 
content, milling texture and grinding resistance (Starr et al., 1983). It is a non
destructive test, using wholemeal samples which can be used again for SDS
sedimentation tests and a-amylase determination, but there is no indication 
that NIR analysis can provide direct predictions of SDS value, a-amylase 
activity or loaf volume. The SDS-sedimentation test (Axford, McDermott and 
Redman, 1979) gives a prediction of loaf volume which we prefer to those 
provided by the Pelshenke or Zeleny tests. It gives a better indication of protein 
quality than the Zeleny test, and is less affected by protein content; it has the 
additional advantage that a simply prepared wholemeal flour is used, so the test 
can be employed on a wide scale on early generation breeding material. 

High-molecular weight (HMW) sub-units of glutenin play a central role in 
determining the structural properties of glutenin, and hence of dough 
elasticity and loaf volume. It has been shown by SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) that all varieties of wheat contain between three 
and five HMW sub-units whose structural genes are located on the long arm of 
homoeologous group one chomosomes (Chapter 15). SDS tests of random 
lines of crosses segregating for these genes have shown that HMW sub-units 
differ in their effect on protein quality, and that varieties of good baking quality 
may differ in the good sub-units which they possess. All varieties with good 
baking quality marketed from the Plant Breeding Institute programme before 
1984 were dependent upon sub-unit 1, derived from Red Fife. However, more
recent varieties are dependent upon other HMW sub-units, notably units 17-18 
from a Mexican line in Moulin and unit 5 from the French variety Flanders in 
Mercia. High priority is now being given to combining sub-units of good effect, 
with the objective of obtaining very high expressions of protein quality which 
may offset deficiencies in protein quantity. It is also planned to exploit new 
genes for HMW sub-units from the Japanese variety Danchi, from land races 
from the Middle East and elsewhere, and to investigate the considerable 
number of sub-units known to occur in related species of Aegilops. 

Only about half of the variation in bread-making quality in segregating 
populations can be accounted for by the HMW sub-units of glutenin, and a few 



... 
~ ro 
E 
> c 

Breeding pure line varieties 505 

varieties have moderately good quality although they possess none of the 
recognized good sub-units. Breeders therefore look forward to further resol
ution of the lower molecular weight glutenins and gliadins. Interpretation of 
this work is likely to be complicated by close genetic linkage with the HMW 
sub-units. 

The major limitations to breeding for bread-making quality are in grain 
protein content and, at least in Western Europe, in resistance to sprouting in 
the ear when harvest is delayed by wet weather. There is a very strong negative 
correlation between varietal differences in protein content and yielding ability 
(Fig. 16.11). This problem cannot readily be overcome by breeding, because 
wheat protein contains approximately 17.5% nitrogen, and there is little 
residual nitrogen in the straw which might be exploited. There are, however, 
small differences between varieties in uptake of nitrogen from the soil per unit 
area of land, indicating that it should be possible to offset in part the decline in 
protein content of higher-yielding varieties. However, the variation in protein 
content due to growing conditions is at least four times as great as the difference 
between varieties, so that the responsibility for this character will remain 
largely in the hands of the grower. 

Varieties differ considerably in resistance to sprouting in the ear. It has long 
been known that the resistance of red-grained varieties is considerably greater 
than that of those with white grain, but variation occurs within both groups, and 
even the best are likely to show unacceptable levels of a-amylase activity during 
wet harvests. The situation is further complicated as some varieties have high 
levels of endogenous a-amylase even in the absence of sprouting, though this 
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Figure 16.11 Relatio~ship between grain protein content and yield at 60 (N1) and 180 
(N2) kg nitrogen ha- . 
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Figure 16.12 Use of moisture-controlled cabinet to identify varietal differences in 
susceptibility to germination in the ear. 

character is simply inherited and can readily be avoided by breeding. The 
inheritance of sprouting resistance is less clear-cut, and selection for resistance 
under field conditions is unreliable as sprouting is initiated by a critical 
combination of temperature and humidity during the final days of grain 
ripening, but these may be simulated using a misting cabinet during the final 
years of trial (Fig. 16.12; Bingham and Whitmore, 1966; Gale, 1983). 
Although there is some prospect of further improvement, it is to be expected 
that the hazard of sprouting will remain one of the most difficult and least
predictable factors to be overcome in the breeding and production of wheat for 
bread-making. 

(d) Selection for disease resistance 

Progress in the development of fungicides for use on cereals has led some 
agronomists and farmers to consider disease resistance to be a relatively 
unimportant character in determining the choice of varieties. In our opinion 
this view is short-sighted, even in areas of intensive cereal cultivation where the 
cost of the necessary agrochemicals may be low in relation to the yield 
advantage gained. This is because of the very real danger that strains of 
pathogen may arise which are tolerant of the fungicides used to control them, 
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as has already occurred in the case of carbendazim-tolerant strains of eyespot. 
Furthermore, disease resistance is clearly of very great importance in 
developing countries and in areas of extensive cereal cultivation at relatively 
low yields. 

At the PBI, epiphytotics of all the diseases prevalent in the UK are generated 
in the pedigree-selection ear rows and single plant cultures, or in specially 
grown disease nurseries. When practicable, it is most efficient to do this in the 
pedigree beds, because this applies selection pressure directly to the breeding 
material, thus minimizing duplication of sowing and the possibility of error. 
Rows of a variety that is highly susceptible to leaf and stripe rust are sown at 
frequent intervals throughout the F2 selection beds, and plants infected with 
the prevalent races of these rusts are planted at intervals along them in early 
summer. The F2 plants are thus exposed to a high inoculum pressure, so 
effective selection for resistance can be made. This procedure is repeated in F3 

and subsequent generations of selection and is supplemented from F3 by 
inoculation of the end plants of each row with Septaria spp. and Fusarium. 
Inoculation with eyespot, using infected oat grains spread along the ends of 
all rows in late-autumn, starts in F4 as it has been found that inoculation in 
F3 makes selection difficult because of lodging of adjacent susceptible plants. 
Case histories showing the application of these techniques are given in Section 
16.6. 

16.3.4 Other breeding methods 

(a) Bulk selection 

Bulk selection methods are preferred by some breeders as an alternative to the 
pedigree method. In the simplest of these systems F2 plants are harvested as a 
bulk population without selection. The population is then grown on as a bulk 
for a further three or four generations, after which single plants are selected, 
multiplied and tested in yield trials. It is assumed that during the early 
generations natural selection acts on the population to increase the proportion 
of desirable individuals, but this may be reinforced, for example by establishing 
disease ephiphytotics. The bulk plots are easy to sow, but the system has the 
disadvantage that large populations have to be sown to ensure that desirable 
recombinant lines are not lost accidentally through genetic drift or because of 
undesirable natural selection, perhaps for taller plants or for those with large 
numbers of very small grains. There is also the danger that competitive ability 
may be poorly correlated with monoculture yield. This possibility was analysed 
by Spitters (1979), who compared predictions using a mathematical model with 
observations on synthesized populations of mixed barley genotypes. He found 
that intergenotypic variance was greater in mixtures than in monoculture, and 
suggested that selection delayed until later generations was unlikely to be 
handicapped by intergenotypic competition. This surprising view is supported 
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by Busch and Luizi (1979), who compared selections made in F2 and F5 from 
six crosses between tall and semi-dwarf wheats. 

The bulk method has been used successfully by some breeders. Derera and 
Bhatt (1973), for example, describe work in Australia in which the bulk method 
was supplemented by selection for earliness of maturity by adjusting the time of 
harvest; for height, by adjusting the height of the combine; and for grain 
weight, density and shape, by the use of mechanical grain sorting equipment. 

Many breeders use procedures intermediate between the pedigree- and 
bulk-selection systems. In the F2 progeny method, for example, single plants 
are selected by eye judgement in F2 and their progenies grown as small plots in 
F3 . These plots are again assessed by eye, and the more promising harvested for 
yield trials which are grown without further selection in F4 , F5 and F6 , after 
which single plant selections are made within the more promising families. 
Selections from several crosses can be made in these trials and the better 
parental combinations identified (Lupton and Whitehouse, 1957; Rathgen, 
1986). 

(b) Back-crossing 

When it is desired to introduce a simple and easily identified character, such as 
a major gene for disease resistance, the back-crossing technique may be used. 
In the case of disease resistance this involves crossing a donor parent with the 
desired resistance to a susceptible but otherwise desirable variety. The F 1 is 
then crossed back with the susceptible parent; if the gene is dominant, then the 
resulting progeny will segregate equal numbers of heterozygous resistant and 
homozygous susceptible plants. The latter are discarded and the former 
crossed back again with the susceptible parent. The process can be repeated 
until the resistant plants are nearly isogenic with the susceptible parent in all 
characters except disease resistance. For this purpose up to six back-crosses 
may be needed. However, in a practical breeding programme one or two back
crosses are usually considered sufficient, after which the better plants are 
selected. It is frequently found that useful characters have been transferred 
from the donor parent in addition to that for which the programme was 
planned. This occurred, for example, when mildew resistance from the line 
CI 12633 was transferred to Professeur Marchal to give a parent used in 
breeding Maris Huntsman (see Section 16.6.1). 

If the gene being transferred is recessive, or if several genes are involved, 
selection following each back-cross is not possible and back-crossing must be 
accompanied by concurrent tests of the progeny from the previous generation 
of back-crossing. 

(c) Single-seed Descent 

The production of nearly homozygous lines in a breeding programme may be 
accelerated by the use of the single-seed descent (SSD) system, in which early
generation seed is grown in growth rooms at high plant density to produce 
plants with only a few grains in a much-reduced generation time (Fig. 16.13). 
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Figure 16.13 Growth chamber used for accelerated breeding by single-seed descent. 

Only one or two seeds are harvested from each plant, and the process is 
repeated as many times as the breeder may consider advantageous, after which 
the grain is multiplied for field evaluation. With winter wheat this method is 
limited to three generations per year due to the need for vernalization (8 weeks 
at 5 oc and 8 h day length, as practised at the PBI), and allowing a further 
9-10 weeks for growing-on to maturity. The growing-on phase can be kept 
short by using long days (21 h), high temperatures (22-25 oq and by ripening 
prematurely at 30 oc to break dormancy. At the PBI, this system is 
accommodated flexibily in the pedigree system. It is used mainly for the early 
generations of the most promising crosses, which are grown either as un
selected populations from F1 to F4 or as lines maintained separately after 
preliminary selection in F2 or F3 . In some cases useful selection may be possible 
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during the generations of single-seed descent, as when selecting for dwarfing 
genes, spring types in winter x spring crosses and for some disease resistances. 
Selection for particular glutenin proteins can also be carried out very efficiently 
by concurrent SDS-PAGE analysis of apical parts of the grains. 

Many variations of these systems are possible, including combinations with 
back-crossing for readily identified characters. Single-seed descent requires 
extensive controlled environment facilities, but it is not necessarily labour
intensive and, in practice, may prove more efficient in time and cost than other 
methods such as those involving the production of doubled haploids. It has 
been suggested that single-seed descent involves unacceptable gene losses in 
early generations (Sneep, 1977), though his views are not supported by Snape 
and Riggs (1975), who used a computer simulation to demonstrate the 
effectiveness of the single-seed descent system. 

More-recent studies (de Toledo, Pooni and Jinks, 1984; Pooni, Jinks and 
de Toledo, 1985) have shown how the breeding value of crosses derived from 
single-seed descent can be assessed from measurements made on the parents, 
Ft. F2 , and back-crosses to the parents, supported if possible by data from 
triple-test crosses (Section 5.3.3). They have also shown how these measure
ments may be used to determine whether further gains may be expected by 
intercrossing selections derived from the SSD procedures. These studies are 
clearly of importance in studying the theoretical basis of plant-breeding 
methodology. However, the investigations involve resources not normally 
available to the practical breeder, who is more concerned with the advantages 
to be gained from an accelerated breeding programme and would be prepared 
to compensate for any small loss in genetical efficiency by a corresponding 
increase in the number of selections or crosses handled. A practical example of 
the handling of such a programme is described by Cubitt (1983). 

(d) Use of doubled haploids 

Selection of desirable genotypes in the early generations of a breeding 
programme is necessarily complicated by the heterozygosity of the material 
handled. This problem could be avoided if a system were available for 
developing homozygous lines by haploidization followed by chromosome 
doubling of early-generation material. To be useful in the earliest generations 
of a breeding programme, it would be necessary to develop a system for pro
ducing such doubled haploids in sufficient numbers to include, with reasonable 
statistical certainty, selections exhibiting useful genetic advances over the 
parents involved. The size of the populations required can be predicted using 
biometrical analyses described by Jinks (1981). 

The theoretical advantage of using doubled haploids in the breeding of self
pollinating crops are discussed by Snape (1981). He points out that additive 
genetic variation is more readily expressed in doubled haploids than in con
ventional breeding lines, because variation due to dominance has been 
eliminated. This advantage, which applied also to SSD, is constant in 
successive years of assessment because the material is homozygous. This 
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homozygosity also eliminates differences between individuals in breeding 
plots, thus facilitating choice of the better lines in a breeding nursery. 

Two methods are available for the production of doubled-haploid lines in 
wheat; namely, by anther culture (Chuang et al., 1978; de Buyser and Henry, 
1979; Henry and de Buyser, 1980), and by crossing with Hordeum bulbosum 
(Kasha and Kao, 1970; Barclay, 1975). In the former, anthers from post
meiotic spikes are incubated on a potato-extract medium. Embryoids appear in 
20-40 days and are transferred first to an appropriate growth medium and 
subsequently to potting compost. When they reach the three-tiller stage they 
are treated with colchicine solution for chromosome doubling. In the Hordeum 
bulbosum technique, ears of wheat are fertilized with pollen from H. 
bulbosum, the chromosomes of which are subsequently eliminated during 
development, leaving a haploid wheat embryo. This is excised and transferred 
to an agar medium 2-3 weeks after pollination. The plantlets are later trans
ferred to potting soil and treated with colchicine as in the anther culture 
technique. 

Anther culture is now possible with many wheat genotypes, though there are 
wide differences in the numbers of embryoids produced, and many of these 
show cytological abnormalities. However, the H. bulbosum technique can only 
yet be applied to a limited number of wheat genotypes which are cross com
patible with this barley species (Snape et al., 1979). Cross compatibility is 
determined by two genes, Krl and Kr2, on chromosomes 5B and SA, respec
tively, and appropriate alleles of these genes must be introduced before non
compatible genotypes can be hybridized with H. bulbosum. This imposes a 
serious limitation on the use of the technique in practical breeding. 

Snape et al. (1986) found little difference between the two methods in the 
number of hours of work required by one person per doubled haploid produced 
or in the total time, about 13 months, to produce them. However, his com
parison did not include the time and effort required to introduce appropriate 
alleles of the incompatibility locus into the parents. In our opinion, however, 
the scale on which they were produced, approximately one doubled haploid per 
18 florets pollinated or per 31 anthers cultured, each requiring 20 to 30 min to 
produce, prohibits the use of the technique on a sufficient scale to be effective 
in the early generations of a practical breeding programme. However, it might 
be used, as suggested by Snape (1981), to produce doubled-haploid lines from 
a more limited range of genotypes which have survived one or perhaps two 
generations of pedigree selection. Experience in using such procedures in 
wheat breeding' is limited, but we have noted the advantages of selecting 
between completely homozygous F 4 doubled-haploid lines in a comparable 
barley-breeding programme. 

(e) Mutation Breeding 

Most early work on mutation breeding was concerned with mutants causing 
major changes in the phenotype of the plant in terms of gross morphology 
or reaction to disease (Stadler, 1929; Delaunay, 1931; Gustafsson, 1947). 
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Although such changes can be induced in wheat, they occur much less 
frequently than in other species, owing to the polyploid nature of the crop. 
MacKey (1959) attributes this to the buffering effects of ploidy, which enable 
the plant to tolerate chromosomal abnormalities, such as deficiencies, 
deletions and duplications, which would be lethal in a diploid. 

However, major gene mutations of considerable economic importance have 
been induced in wheat. As might be expected, many of these occur in the 
tetraploid durums, where Scarascia Mugnozza, Bagnara and Bozzini (1972) 
have found mutants determining morphological characters such as internode 
number, solidness of the stem and leaf area, and physiological characters such 
as earliness of maturity, male sterility and resistance to Tilletia triticoides. 
However, economically useful mutations have also been reported in bread 
wheat. MacKey (1954) reports mutants causing reduced plant height, 
improved straw stiffness and increased adult-plant resistance to Puccinia 
graminis. Other reported mutants include genetically determined male sterility 
(Driscoll, 1977), improved frost resistance (Surkova and Sokolova, 1977) and 
resistance to sprouting in the ear (Kivi and Hovinen, 1976). Reported 
improvements in disease resistance include resistance to Septaria nodorum 
(Fossati and Bronnimann, 1975), to Puccinia recondita (Borojevic, 1979) and 
to Tilletia caries, Puccinia striiformis and P. recondita (Ismailov, Mamadova 
and Agaeva, 1980). 

Despite the valuable results which have been obtained by a number of 
breeders (see review by Konzac, 1984), the variability available in the wheat 
crop is so great that there seems little need to resort to artificially induced 
mutations in order to extend it. This view is clearly supported by the fact that 
the majority of wheat breeders throughout the world confine their attention to 
selection within intervarietal hybrids. However, the results obtained by some 
workers, notably those in the USSR (see review by Scherbakov, 1977), show 
that useful progress can be obtained by the use of mutagens to supplement 
natural variation, and many high-yielding varieties have mutant varieties in 
their parentage (Micke and Donini, 1981). 

(f) Somaclonal variation 

It is well established in a range of crop species that heritable variation occurs 
when plants are regenerated from protoplast, whole cell or callus cultures. In 
some crops such variation can be a useful supplement to conventional breeding 
procedures. 

No-one has yet succeeded in attempts to develop a whole-plant regeneration 
system for wheat from a single-cell or protoplast origin. However, regeneration 
techniques based upon somatic embryogenesis in callus material, produced 
from immature embryos, are being used at several centres to investigate 
somaclonal variation in wheat (Ozias-Akins and Vasil, 1982). 

Somaclonal variation is most attractive for breeders of crops such as sugar 
cane, potatoes, apples and strawberries, in which the varieties are highly 
heterogeneous and clonally propagated. Breeders of such crops have no 
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crossing method, equivalent to the use of back-crossing in wheat, which would 
enable them to obtain a single gene change while retaining or reconstituting the 
genotype of the parent variety. Somaclonal changes may also uncover useful 
recessive genes. 

These considerations do not apply to wheat, so the somaclonal method, 
within a variety or intraspecific cross, will be of value only if it produces geno
types which cannot be obtained in the normal course of the pedigree of back
crossing system. We have seen no substantial evidence that somaclonal 
variation in wheat differs from other mutation methods. Moreover, much of 
the variation is associated with a high degree of aneuploidy (Karp et al., 1982), 
which may be acceptable to a certain extent in a clonally propagated crop but 
not in wheat. Somaclonal methods may, however, be a useful aid to intro
gression of genes from alien species in interspecific crosses or addition lines. 

(g) Introduction of alien variation 

Chromosome substitution provides breeders with a useful tool for studying the 
effects of individual chromosomes on the expression of any character in which 
they are interested, and for studying the interactions of the genotype with the 
environment in the expression of such characters. It is particularly useful in 
assessing the effects of quantitatively determined characters, especially if these 
are determined by a number of gene differences carried on a single 
chromosome or chromosome arm. It has, for example been used to evaluate 
and compare the effects of the dwarfing genes derived from Norin 10 and other 
varieties, and to determine whether these genes have deleterious or advan
tageous effects on yield, in addition to their obvious effects on plant height 
(Gale eta/., 1982). 

The techniques involved, discussed more fully in Chapter 7, also enable 
breeders to analyse and exploit the effects of chromosomes or segments 
introduced into wheat from related species or genera. The techniques have 
been successfully used to transfer resistance to eyespot from Aegilops 
ventricosa (Section 16.16.2) and to yellow rust from Aegilops comosa (Riley, 
Chapman and Johnson, 1968), and are currently being considered for the 
transfer of new sources of high-quality glutenin from Aegilops umbellulata 
(Law, Snape and Worland, 1983). Such transfers can be effected with great 
precision by use of the gene Ph, which determines the extent of homoeologous 
pairing between chromosomes of related genomes (Riley and Chapman, 
1958), an important objective being to ensure that the desirable genes are not 
accompanied by others of deleterious effect. It also has been suggested by Law, 
Snape and Worland (1983) that it may sometimes be useful to transfer blocks of 
alien chromosome-carrying combinations of useful genes. They suggest that 
the chromosome segment determining yellow rust resistance transferred from 
Aegilops comosa might consist of such a block or 'supergene', as it has been 
found that rust -resistant plants carrying this segment also show a higher level of 
grain protein. 
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16.4 EXPLOITATION OF MALE STERILITY 

16.4.1 Uses of heritable or induced male sterility 

There are three principal uses of male sterility in wheat breeding: to produce 
commercial F1 hybrids, to produce cross-breeding populations for subsequent 
pure line selection, and to evaluate prospective parents in combining ability 
tests. Male sterility can be based on genetic, cytoplasmic-genetic or chemical 
systems, each of which lends itself more to one or other of these applications. 
Although each has one or more limiting steps, they are being used to an 
increasing extent in wheat-breeding programmes. The purpose of this section is 
to highlight the problems which are being investigated so that more efficient 
systems can be developed. 

It has been questioned whether the production of F1 hybrids can add to the 
already proven success achieved by inbreeding. The basis for this doubt is that 
the genetic analysis of yield by diallel, triple-test cross and other biometrical 
studies (e.g. Lupton, 1965; Snape, 1982) has shown that genes for increased 
yield are mainly dominant and behave additively. There is no confirmed 
evidence in wheat of overdominance, dependent upon heterozygosis per se for 
its expression, and unfixable epistasis is usually a small component of the 
variation. Thus, heterosis for yield is mainly due to dispersion of dominant 
genes between the parents, so can be fixed in pure lines. Moreover, the 
breeding system of wheat is very well adapted to the production of inbred lines 
as varieties. 

The biological justification for commercial F1 hybrids must lie in obtaining 
a yield, grain quality or disease-resistance advantage which cannot be exploited 
in an inbred line, or in an ability to breed, test and market a 'variety' in signifi
cantly fewer years. In either case hybrids might be expected to retain a lead 
over inbred varieties which could increase for characters which cannot be fixed, 
such as the accumulation of dominant alleles for disease resistance, but which 
would decrease for yield as a physiological ceiling is approached. This view is 
supported by considerable evidence that many forms of disease resistance are 
strongly dominant (Chapter 13). The position regarding grain quality is less 
well understood because the dominance relationships for many characters have 
not been clarified. Furthermore, segregation has already occurred in the 
development of the grain of the F 1 plant and its quality must be affected by the 
triploid nature of the endosperm. 

For F1 hybrids to be grown as commercial varieties they must have a yield or 
other advantage over the best commercially grown inbred lines sufficient to 
give the farmer extra profit, having taken into account the extra cost of seed 
production and the need to purchase new seed for each crop. The basic step is 
therefore to establish the yield level of F1 hybrids so as to determine how 
frequently combinations arise which outyield the highest-yielding cultivars in 
commercial production. Other factors which might augment the benefit of F1 
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hybrids, such as higher yield stability or better grain quality or disease 
resistance, are likely to be secondary considerations. 

Early reports of heterosis in wheat, surveyed by Briggle (1963), suggested 
that positive heterosis for yield ranged up to well over 100%. However, much 
of the early work was carried out using F 1 seed produced by hand-pollination of 
emasculated ears. The plants were either grown in a glasshouse or in the field as 
rows of F1 plants at wide spacing and with few, if any, replications. Never
theless, the promise of high yield advantage provided the impetus for 
attempting to develop F1 hybrids by exploiting cytoplasmic-, nuclear- and 
chemically induced male sterility. 

16.4.2 Methods for producing hybrids 

(a) Cytoplasmic male sterility 
The first evidence of cytoplasmic male sterility in wheat was provided when the 
Triticum aestivum genome was transferred into the cytoplasm of Aegilops 
caudata (Kihara, 1951) and A. ovata (Fukasawa, 1953). However, both ofthese 
cytoplasms caused undesirable effects making them unsuitable for use in 
developing F1 hybrid wheats. 

Wilson and Ross (1962) reported cytoplasmic male sterility and high female 
fertility when the genome of Triticum aestivum (Bison) was transferred by 
back-crossing into the cytoplasm of T. timopheevi. In general no differences 
appeared to exist between the T. timopheevi male steriles (A lines) and their 
normal (B line) counterparts, although occasionally the A line might be slightly 
later heading than the B line (Wilson, 1968). 

The production of a fertile F1 hybrid requires that an A line is crossed with a 
cultivar which carries one or more nuclear genes (R genes) which restore male 
fertility to the F1 generation. Wilson and Ross (1962) showed that restorer 
genes could be transferred to the genome of T. aestivum from T. timopheevi 
when they recovered male fertile as well as male sterile plants whilst trans
ferring the genome of the variety Marquis into T. timopheevi cytoplasm. How
ever, the inheritance of restoration can be complex; Wilson (1968) concluded 
that at least three genes with cumulative effect were involved, and Sage (1972) 
reported similar results. Genes capable of restoring fertility to male sterility 
induced by the cytoplasm of T. timopheevi have been reported in several 
European cultivars of T. aestivum (Hughes and Bodden, 1978). Monosomic 
analysis showed that a major gene was located on chromosome 1B though 
chromosomes SA and 7 A were also implicated, with a suggestion of a 
suppressor gene on chromosome lA of one of the male sterile lines (W. G. 
Hughes, personal communication). To be most effective, several restorer 
genes should be combined in a single restorer line. To do this lines known to 
have different restorer genes are intercrossed and the F1s are crossed with male 
sterile lines with T. timopheevi cytoplasm. Subsequent generations are then 
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selected and tested for restoration potential by crossing with a range of male 
ster.:Je lines, using lines which are known to be difficult to restore and testing in 
a range of environments. Alternatively, restorer genes may be combined using 
aneuploid techniques, as described in Chapter 4. 

The production of male sterile lines is time-consuming, taking on average 
five back-crosses to introduce the alien cytoplasm into a winter-wheat line. The 
male sterile seed is then produced in strips or blocks of the sterile A line which 
are wind-pollinated by alternating strips or blocks of the maintainer B line. 
F1 seed is produced in a similar way by replacing the B line with the restorer 
R line. 

(b) Nuclear male sterility 

A spontaneous recessive mutant for genetic male sterility was found in a family 
of otherwise normal hexaploid breeding material at Cambridge in 1972. 
Monosomic analysis and test crossing (Laabassi, 1979) showed that the mutant 
was indistinguishable from that produced by Driscoll (1972) and known as 
Cornerstone. The gene proved to be fully recessive with no deleterious effects 
on plant growth or yield when heterozygous. It was used to produce hybrids 
between Hobbit and 25 other European wheats. The hybrids showed heterosis 
for yield in the range 7-23% above the higher yielding parent when sown at 
a normal seed rate and treated with foliar fungicides. This work was discon
tinued because there was no way to produce the seed stocks homozygous for 
the gene, which would be needed to apply the system commercially. The 
results, however, indicated that there remains considerable scope for further 
yield increases by pure-line breeding, and that hybrid varieties may be a viable 
proposition even in the UK environment, provided a system can be devised 
which can keep pace with conventional pedigree programmes. 

(c) Chemically induced male sterility 
In recent years several companies have developed chemical hybridizing agents 
(CHA). These have made it possible to produce large quantities of seed for 
conventionally drilled yield trials. Such trials grown at the PBI in 1985 showed 
that hybrids are capable of out-yielding the best conventional varieties, with 
additional benefits in disease resistance in some crosses. Table 16.2, for 
example, shows yields obtained from F1 hybrids in which the variety Aquila 
was crossed as male parent with Gawain, Norman, Rendezvous and three 
numbered selections in a trial in which disease was controlled in half the plots 
by prophylactic sprays. The yields of the F 1s in the fungicide-treated plots were 
in all cases more than 10% greater than those of the higher-yielding parent, 
though in the unsprayed plots only the crosses with Gawain, Norman and 
Rendezvous showed significant yield advantage. The high yield of the 
unsprayed plots of F 1 Rendezvous x Aquila was apparently due to the 
dominance of resistance to foliar diseases. These results, which have been 
confirmed in subsequent years of trial, justify further investigation into the 
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TABLE 16.2 Grain yield of F1 hybrids and their parents, 
Cambridge, 1985 

Yield(% of male parent) 

Male parent With fungicide 
Aquila 8.6tha- 1 

Female parent 
Gawain 117 (105) 
Norman 112 (97) 
Rendezvous 111 (96) 
3489/24 112 (99) 
3547/46 113 (103) 
3615/9 110 (103) 

Least significant digit 
(LSD) (P = 0.05) 6.8 

Yields of the female parents are shown in parentheses. 
Data from Bingham (1986). 

Without fungicide 
5.7tha- 1 

120 (108) 
113 (85) 
123(111) 
102 (98) 
102(97) 
109 (93) 

12.0 
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practicality of large-scale production and the breeding and assessment of 
parental lines designed specially for the production of F1 hybrids. Present 
knowledge indicates that hybrids have considerable performance advantages 
and that their exploitation will be mainly dependent upon the economics of 
seed production. Encouragement in this area was again obtained from results 
obtained at the PBI in 1985, a wet season during which it might have been 
expected that pollen dispersal would be limited. Hybrid seed was obtained 
there from lattices of plots of the female parent surrounded on all sides by 
similarly sized plots of the male parent. Data from two such plots (Table 16.3) 
show that seed sets of 85% or more were readily obtained when ear emergence 
of the male parent took place 1-5 days before that of the female parent, but that 
the percentage seed set was lower when ears of the male parent emerged at the 
same time or later than those of the female parent. 

As expected, these production plots confirmed large differences between 
lines in suitability for use as male parent, clearly related to the degree of anther 
extrusion, anther size and the overall length of the flowering period. There 
were also surprisingly large differences between lines in female receptivity 
which were not dependent upon date of flowering and could not be related to 
any difference which had been noticed in floral morphology. The results of this 
one year's experience indicate that the technical problems in producing hybrid 
seed can be overcome even in the UK climate. However, there are serious 
limitations in the range of hybrids that can be made, due to varietal differences 
in pollen release and female receptivity as well as in time of flowering. For these 
reasons many of the highest-yielding varieties in northwestern Europe cannot 
be used as either male or female parent for F1 hybrids. 
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TABLE 16.3 Yields of F1 grain (t ha- 1) obtained from 
10.5 X 1.2 m plots at Cambridge, 1985 

Female parent 
Brimstone 
Norman 
Rendezvous 
Virtue 
4471/38 
4909113 

(18June) 
(18June) 
(19June) 
(17 June) 
(16June) 
(13June) 

Male parent 

Rendezvous 
7.5tha- 1 

(18June) 

5.5 
4.8 

6.9 
7.1 
7.2 

4697/6 
6.9tha- 1 

(15June) 

2.8 
1.8 
3.9 
3.4 
5.3 
4.8 

Dates of ear emergence are shown in parentheses. 

It the price of F1 hybrid seed was double that for first generation multi
plication seed (EEC certified Cl), then the increase in yield needed to cover 
the extra cost of seed for an average wheat crop in the UK would be about 5% 
(Table 16.4). Farmers on more-productive soils would grow ~ybrids on this 
basis. However, F1 hybrids would be less attractive than second generation 
(C2) or with farm-saved seed. 

Consideration should therefore be given to use of F2 seed as the farm crop. 
Seed costs might then be little greater than the C2 of a conventional variety, 
and hybrids would be sown much more widely. There would be an additional 
hidden benefit in an F2 hybrid. The saved seed of the line treated with the CHA 
to produce the F1 would be less critical, so a wider range of both male and 
female lines could be used. There is also limited evidence that the heterosis of 

TABLE 16.4 Increase in yield required to cover seed cost of hybrid wheat 

Conventional variety seed at 
Hybrid variety seed at 
Value of crop grain 

£280 tonne -l 

£560 tonne- 1 

£108 tonne- 1 

Seed cost (£ha- 1) 

at 150kgha- 1 

Equivalent crop increases required 

Conventional Hybrid 

42 84 

(tonnesofgrain) (%, 7.5tha- 1 

crop) 

0.39 5.2 

(%, lOtha-1 

crop) 

3.9 
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the F2 may be more than half of that of the F 1 , especially where there are gains 
in disease resistance due to dominance and mixture effects. Farmer acceptance 
of F2 hybrids would depend upon their performance in terms of yield and grain 
quality. Some breeding input would therefore be necessary to limit segregation 
for important performance characters. It would, for example be necessary to 
match parental lines for major genes controlling plant height and the 
production of glutenin proteins. 

Even if F1 hybrids are not commercially viable, hybrid trials will enable 
breeders to predict which crosses would be the most promising for line 
breeding. Chemical hybridizing agents could also be used to produce partial or 
fully outbreeding populations and thereby increase the rate of recombination. 
Such populations could perhaps be improved by bulk selection methods and 
used at any stage in their development for the selection of pure-line varieties. 
However, we have serious reservations about the efficiency of this system for 
our breeding situation. For this purpose the use of a CHA would not differ in 
principle from the use of a gene for male sterility. When we used the gene 
described above in this way, none of the pure lines selected after two or more 
generations of out breeding in a mixture of 25 hybrids was equal in performance 
to the best lines from a parallel pedigree-selection programme. We believe that 
the lack of control of the material in hybrid populations constitutes an over
riding defect. In contrast, a large pedigree programme is in effect a closely 
controlled population in which whole crosses can be eliminated whenever they 
are found to be of general poor performance or to have a major fault. 

16.5 SELECTION FOR GRAIN YIELD 

The principal objectives of any wheat breeding must be to obtain improve
ments in yield, reliability of performance and processing quality of the grain. 
Apart from side-effects due to improvements in resistance to lodging and 
disease resistance, which come under the second of these categories, about half 
of the increase in average farm yields in the UK during the past 50 years has 
been due to genetic improvement in yield potential (Silvey, 1981 ). Nearly all of 
this increase has been associated with increases in harvest index; that is, in the 
ratio of grain yield to total yield of grain and straw, with only small and 
inconsistent variations in total biomass (Austin et al., 1980), and not with any 
particular combination of the harvest components ear number, number of 
grains per ear and grain weight. It is doubtful whether there is an optimum in 
this respect, except that extreme expression of any one component should be 
avoided. It is more significant that the capacity of a variety to give a high 
harvest index is determined at an early stage of ear development, as is evident 
from the high ratio of developing ear to stem weight, with a presumably 
equivalent effect on sink strength (Brooking and Kirby, 1981). 

Harvest index has increased from about 35-50% without deliberate 
selection, indicating that it has been a much easier route physiologically than 
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selecting for increased biomass, but must now be approaching an optimum. 
Wheat breeders must therefore look increasingly to greater biomass, though 
evidence from other crops which already have a high harvest index indicates 
that this will be difficult (Bingham, 1981 a and b). 

16.5.1 Selection for increased biomass 

Total dry matter may be increased by selection for more efficient use of 
incident solar energy, either by more efficient photosynthesis per unit of leaf 
area, or by selection for varieties which allow the light to penetrate more 
uniformly through the crop canopy, so that the lower leaves can make a greater 
contribution to total photosynthesis. Genotypic differences in rate of photo
synthesis have been reported by a number of workers (Dantuma, 1973; Aslam 
and Hunt, 1978), while others have found wide differences in leaf longevity, 
particularly in the flag and second leaves, and have shown these to be an 
important factor in determining yield variation (Spiertz, ten Hag and Kupers, 
1971; Lupton, 1972). The measurements so far discussed have been made on 
leaves in containers and have not, in general, been confirmed by measurements 
on plants growing in field conditions. These differences may be partly due 
to differences in leaf angle and other aspects of crop geometry which may 
influence light penetration through the crop canopy. The effects of such 
differences were studied by Austin et al. (1976) who compared two related 
lines, one with erect and the other with drooping foliage. Their rates of photo
synthesis were determined by measuring the carbon dioxide uptake of a small 
area of field crop sealed under a plastic cuvette and connected to an infrared gas 
analyser. The rate of photosynthesis of the genotype with erect leaves was 
consistently greater than that of the genotype with drooping leaves. We 
consider, however, that the advantage of erect leaves has become of greater 
benefit as leaf area has increased with the application of more nitrogen. It is to 
be expected that erect leaves will now increase crop photosynthesis and hence 
biomass. It is also likely that more light will penetrate into the canopy during 
stem elongation, the time of most intense competition within the crop, and that 
this will allow more tillers to survive. We believe that these considerations are 
more important than selection for particular combinations of the harvest 
components (ear number, grains per ear and grain size). 

These observations show the importance of the capacity of the ear to store 
carbohydrate in determining varietal differences in grain yield. The interaction 
between 'source' and 'sink' has been studied by many workers, and it has been 
suggested that the high yields obtained from short-strawed wheat varieties 
might be due to reduced competition between the vegetative organs and the 
developing grain of such varieties at the time of rapid ear development shortly 
before anthesis, so that more carbohydrate was available for ear development 
(Bingham, 1972; Fischer, 1985). 

A more direct analysis of the interaction of source and sink was made by 
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Lupton, Oliver and Ruckenbauer (1974). They used measurements of the 
pattern of development of the ears and vegetative parts of selections from 
crosses between tall- and short-strawed wheat varieties to calculate multiple 
regression equations relating yield to the components of crop development. 
This showed that approximately 50% of the yield variation could be accounted 
for by consideration of flag-leaf area duration and measurements concerned 
with photosynthetic capacity, but that simultaneous consideration of these 
components and measurements of growth rate of ear primordia accounted for 
92% of the total variation. This shows that crop development can only be 
satisfactorily explained by simultaneous consideration of components con
cerned with source and sink. This is further illustrated by an analysis of the 
physiological basis of heterosis in wheat in which Lupton (1976) compared the 
rates of photosynthesis and patterns of dry weight increase in two sets of 
parents and their F1 hybrids. In both cases the F1 hybrids showed marked 
heterosis for dry weight accumulation and rate of photosynthesis until2 weeks 
before maturity, when there was a marked fall in the dry weights of the F 1 

hybrids but a continued increase in the dry weights of the parents. This suggests 
that in this case the sink capacity of the F 1 ears was not sufficient to utilize the 
extra carbohydrate, possibly because of incomplete restoration of fertility. 
Such problems do not normally arise when using the new chemical hybridizing 
agents, when heterosis is almost entirely expressed as increased 1000-grain 
weight (Bingham, 1986). 

16.5.2 Interaction of photosynthesis with water requirements 

Increased rates of photosynthesis are normally associated with greater crop 
water requirement. Crop water relationships are discussed in Chapter 11, 
where an account is given of Innes and Blackwell's work in which crops are 
exposed to water stress at different stages of their development (Innes and 
Blackwell, 1981, 1983). The overriding requirement, even in temperate 
climates, is to increase photosynthetic efficiency in terms of water usage. This 
must involve an increase in diffusion gradient for carbon dioxide into the leaf 
relative to that for water vapour out of it. One possibility is to increase the 
maximum rate of photosynthesis per unit area of leaf when light saturated 
(Pmax). It is therefore interesting to note that Pmax is higher for diploid than 
for hexaploid Triticum species (Austin et al., 1982). The lower rate of the 
hexaploids is associated with differences in leaf anatomy which are likely to be 
causal (Parker and Ford, 1982). Most significantly, they have a lower exposed 
mesophyll cell surface area per unit area of leaf, which is likely to increase leaf 
internal resistance to carbon dioxide diffusion, and a greater interveinal 
distance which may affect the rate at which photosynthates can be transported 
away from the leaf. It seems likely that the decline in Pmax with evolution of 
the polyploids is due directly to increase in cell size, though recent results for 
second seedling leaves indicate that the chloroplasts of the diploids are more 
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effecient photosynthetically. It may, however, be possible to reverse the trend 
to increased cell size by selection for narrower leaves in conjunction with higher 
Pmax. The narrower leaves would be of no disadvantage in view of the high leaf 
area index of modern varieties. 

16.5.3 Genotype-environment interactions 

It is obviously important for the farmer to sow a variety which is well adapted to 
the conditions in which it will be grown. Unfortunately, however, it is rarely 
possible to predict the precise environment to which the crop will be exposed, 
and reliability of performance is an important character for which the breeder 
must select. In order to be economically viable, that is to ensure that profits 
from sales have a reasonable chance of meeting costs of development, it is also 
important that a variety should perform satisfactorily over an adequately wide 
geographical range. 

Finlay and Wilkinson (1963) suggested that the performance of a variety over 
a range of environments could be defined in terms of its mean yield and the 
regression of its yield in each environment on the mean of all varieties in that 
environment. The distorting effect of extreme environments could, if neces
sary, be reduced by expressing yield on a logarithmic scale. An ideal variety 
was then defined as one with a low regression coefficient, indicating high yield 
stability, combined with good performance in the highest yielding environ
ment. Eberhart and Russell (1966) extended the analysis to include an estimate 
of yield variability, measured as the sum of squares of deviations from the 
linear regression line. 

Stroike and Johnson (1972) used the Eberhart and Russell procedures to 
analyse data obtained from the International Winter Wheat Yield Nurseries. 
These involved 28 contrasting winter wheat varieties grown in 23 internation
ally distributed sites over 3 years. Their analysis showed wide differences in 
yield and stability, some varieties such as Besostaya I, which was then widely 
grown from the Urals to the Adriatic Sea, giving high yields over most of the 
sites while others showed greater variation. The varieties adapted to the semi
maritime conditions of Western Europe performed well in such regions but 
poorly elsewhere. It was noticeable, however, that the varieties showing the 
greatest variability were either severely attacked by disease or in other ways 
highly unsuited to some of the environments in which they were grown. Thus, 
the highest deviation mean square was shown by the Swedish variety Odin, 
which has a long-day requirement which would not have been satisfied at many 
of the low-latitude sites. The importance of disease incidence as a component 
of yield variation has been noted by many workers. It was, for example, shown 
by Baker (1971) that 90% of the genotype-environment interaction of wheat 
yield in Western Canada could be attributed to the incidence of stem rust, 
frequently aggravated by drought. 

Methods of analysing genotype-environment interactions were fully 
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reviewed by Westcott (1986), who drew attention to the weaknesses of analyses 
based on linear regression and emphasized the need for a form of analysis 
which distinguishes satisfactorily between unchangeable components of 
variation, due to climate or soil, and changeable components which may be 
influenced by management or variety. Such considerations are especially 
important when making varietal comparisons at international level and have 
been considered by many breeders in choosing trial sites (e.g. Campbell and 
Lefever 1977; Hamblin, Fisher and Ridings, 1980; Pedersen and Rathgen, 
1981) or by those responsible for the analysis of statutory trials (Patterson and 
Silvey, 1980). It may, however, be claimed with some justification that the need 
for overall good performance is often pursued at the expense of identifying 
varieties which may perform outstandingly well at a few clearly defined 
environments, but only give indifferent yields elsewhere. There are few pro
grammes designed to identify such varieties, but an interesting example is 
reported by Hughes and Westcott (1987) although they also were more con
cerned with overall performance than with specific adaptation. 

In his review, Westcott (1986) considers the alternative forms of analysis 
which might be used to replace the linear regression systems of Finlay and 
Wilkinson (1963) and Eberhart and Russell (1966). He considers in turn 
cluster analysis, principal components analysis, geometrical methods in which 
each genotype or environment is represented by a point in multidimensional 
Euclidean space and methods based on the analysis of stochastic dominance. 
The subject is discussed further in Chapter 12. 

16.6 CASE HISTORIES OF PLANT BREEDING 
INSTITUTE VARIETIES 

16.6.1 Maris Huntsman 

Maris Huntsman and Hobbit were derived from crossing programmes which in 
their early stages involved back-crossing (Section 3.9; Fig. 3.9). The sequence 
of decisions and events during their breeding and subsequent cultivation 
provides good examples of the pitfalls and strengths of this method. 

The work began in the 1960s with the main objective of improving the disease 
resistance of varieties which had weaknesses in this respect but were the best 
available in yield and standing ability. Then, the view was widely held that it 
would be very difficult to increase yielding ability and that the greatest needs 
and opportunities were in disease resistance. The main source of resistance to 
mildew was the spring wheat CI 12633, bred at Wisconsin and carrying the 
genes Pm2 and Pm6 from T. timopheevi. Resistance to yellow rust was derived 
from the European winter wheats Hybrid 46 (genes Yr3b and 4b), Heine 110 
(Yrl) and Professeur Marchal (Yr2). Each of these sources gave complete 
resistance at the seedling stage to all of the races of mildew, or yellow rust, 
known when the work began. 
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The main recurrent parents used were initially Cappelle Desprez and Nord 
Desprez, followed by Professeur Marchal when this variety became available in 
1960. Emphasis was given to Cappelle Desprez and to Professeur Marchal 
because of their newly discovered resistance to eyespot, not present in Hybrid 
46, Nord Desprez or Heine 110. When the work was started Cappelle Desprez 
was seedling susceptible to race 2B of yellow rust ( 40E8). Although there was 
some doubt when it was first grown on the field resistance of Cappelle Desprez 
to yellow rust, this proved to be adequate and did not deteriorate with time. Its 
relative, Nord Desprez, was highly susceptible and was never widely grown. 

In the first phase of the work the genes for mildew resistance Pm2 and Pm6 
were transferred to Cappelle Desprez with four back-crosses (Fig. 16.14). 
These genes were dominant, so resistance could be readily identified in 
heterozygous seedlings and a further back-cross made in each generation. In 
the next phase genes for seedling resistance to yellow rust were introduced 
from Hybrid 46 and from Heine 110. It was then intended to carry the work 
forward, with a full series of back-crosses to Professeur Marchal and Nord 
Desprez. In the event the best agronomic types were obtained after only one 
back-cross to Professeur Marchal. Apparently, at that stage there was 
sufficient residual variation to allow selection for other characters, especially 
potential yield and straw strength, giving the sister lines Maris Beacon, Maris 
Nimrod and Maris Huntsman. The considerable increase in yield obtained with 
these varieties was an unplanned and a pleasant surprise. This advantage was 

Cl12633--x--Cappelle Desprez 5 

Pm2,6 I Yr3a.4a 

Heine 110--x · x FdHybrid 46 x Cappelle Desprez) 

Yrl I I Yr 3b.4b 

Nord Desprez 2-x x Professeur Marchai2 
Yr2,3a,4a 

Maris Beacon Pm6, Yr2,3b.4b 
Maris Huntsman Pm2,6, Yr2,3a.4a 
Maris Nimrod 

x F1 (Professeur Marchal x (VG 9144 x Marne Desprez) 

Hobbit Pm6, Yr1? 

Figure 16.14 Sources of disease resistance in Huntsman and Hobbit. 
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lost in material which had further back-crosses to Professeur Marchal. It is now 
a common experience that much of the most promising material comes from 
partial back-crosses or from three-way crosses in which two of the parents are 
related. This indicates that in successful varieties high yielding ability is 
determined by a multigenic balance which is easily dissipated by crossing. As a 
result, crosses between two F1s have rarely given useful material at the PBI. 

Thus, in this series of crosses breeding for increased yield proved to be easier 
than expected. There were, however, salutary experiences in relation to 
disease resistance, due to the occurrence of previously unknown genes for 
virulence in the pathogens. Even multiple factor resistance, combining more 
than one gene or combination of genes each giving seedling resistance, did not 
last long enough to be useful. For example, the genes for resistance to yellow 
rust from Hybrid 46 and Professeur Marchal were soon overcome in Maris 
Beacon. This was because Hybrid 46 was found to be susceptible to the new 
race 3/55 (40 E9) in 1967, Professeur Marchal to race 58C (41 E136) in 1968 
and Maris Beacon to race 3/55D (104 E137), combining these virulences, in 
1969. None of these varieties had any underlying adult plant resistance, and 
consequently Maris Beacon was only grown on a very small scale. Maris 
Huntsman was a breeding failure in the sense that the objective of combining 
seedling resistance factors was not achieved. However, it was also selected for 
adult plant resistance, which proved to be more durable. This was presumably 
derived from Cappelle Desprez and proved to be adequate in most situations, 
even after the emergence of a more virulent form of race 41 E136 in 1974. 

Although it is clear that durable forms of adult plant resistance to yellow rust 
do exist, selection is greatly hampered by the lack of a test for durability. 
Crosses and selection methods can, however, be planned to increase the 
probability of obtaining durable resistance, as described in Chapter 13. 

Similar considerations and experiences applied to the introduction of genes 
for seedling resistance to mildew. The combination of Pm2 and Pm6 was fully 
effective when Maris Huntsman was first grown commercially in 1971 but had 
been overcome by 1975, though fortunately Maris Huntsman retained a useful 
level of adult plant resistance. On reflection, this may have been obtained by 
intense selection against low levels of infection in plants heterozygous for Pm2 
and 6. It is of interest that these genes are still effective in European countries 
where varieties carrying them are not widely grown, and in the UK when 
combined with other sources of resistance, such as those derived from rye, 
which are not effective alone. The lesson here is clear to see. 

16.6.2 Hobbit 

Hobbit, released in 1977, was the first semi-dwarf variety incorporating the 
gene Rht2 to be grown in Europe, and its introduction marked a second major 
increase in wheat yields. This was to some extent due to an associated increase 
in harvest index (Austin et al., 1980) and to the capacity of semi-dwarf varieties 
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to respond to increased applications of nitrogenous fertilizers without lodging. 
However, a major cause of the increased yield can be directly attributed to 
physiological changes in crop ontogeny associated with the semi-dwarf gene, 
and in particular to changes in apical dominance resulting from the changed 
gibberellic acid balance of these plants. These have been extensively studied by 
Gale and co-workers (Gale and Marshall, 1975), who have demonstrated a 
10% yield advantage in genotypes carrying Rht2 compared with isogenic lines 
lacking this gene. 

The disease resistance of Hobbit derived from the same sources of seedling 
resistance as those used in Maris Huntsman, except that Heine 110 (gene Yrl) 
was used in place of Hybrid 46, but these sources of resistance were overcome 
by new virulent races of yellow rust and mildew which arose during the later 
stages of multiplication of the variety. However, the variety showed a level of 
adult plant resistance, which it was hoped would be sufficient to prevent serious 
losses in yield. Unfortunately, this resistance also proved to be short-lived, 
though the variety continued to be widely grown, as it was potentially very high 
yielding and its introduction coincided with the availability of a range of 
efficient fungicides. It is, however, salutory to note that the combination of 
seedling suceptibility and adult plant resistance shown by Hobbit at the time of 
its release did not provide the durable resistance to yellow rust which was then 
expected. 

Despite problems of disease susceptibility, Hobbit has been very widely used 
as a parent in the Cambridge breeding programme, and occurs in the pedigree 
of most of the more recent semi-dwarf varieties. 

16.6.3 Quality wheats 

The pedigrees of the principal bread-making varieties of winter wheat bred at 
the PBI are given in Fig. 16.15. Since this programme was initiated, by Biffen in 
1898, at least half of the crosses made have been aimed at improving bread
making quality in order to increase the proportion of home-grown wheat in the 
milling grist and reduce the need to import North American and similar wheats. 

His first quality variety was Yeoman, released in 1916 from a cross between 
the English biscuit wheat Browick and the Canadian spring wheat Red Fife. In 
Yeoman, British farmers were provided for the first time with a winter wheat of 
good bread-making quality. The next major variety was Holdfast, selected by 
Engledow from the cross of Yeoman with another Canadian variety, White 
Fife, and marketed in 1935. Holdfast set a new standard in bread-making 
quality which has not yet been surpassed. 

In retrospect, the most interesting point in the pedigree of the varieties which 
followed concerns the derivation of their quality in terms of recent glutenin 
analyses. All of the varieties of good bread-making quality marketed between 
1936 and 1984 possess only one of the known good glutenin proteins, sub-unit 1 
(chromosome 1A). These include Holdfast, Maris Widgeon, Maris Freeman, 
Bounty and Avalon. It is remarkable that this gene was retained in selections 
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Browick-x-Red Fife 

I 
Yeoman-x-White Fife 
(1916) I 

Cappelle Desprez x-Maris Holdfast-x-Cappelle-x-Peko [
C112633 t 
Hybrid 16 I Widgeon (1935) I Desprez I 

Viking-x F1 x Maris--x-Maris 

I j_ Widgeon I Ranger 
(1964) 

Hobbit-x Bilbo-x x-Durin Maris 

I I ____j Freeman 
I I (1974) 

Hustler-x Avalon Bounty-x-Armada x--{Yecora-x-Ciano 67] 
I (1980) (1979) I I 

Brimstone CVI/VIJ3474 x-Hobbit 
(1985) I 

Moulin 
(1985) 

[ Talent-x-Virtue }--x-Flanders 

I 
Mercia 
(1986) 

Figure 16.15 Pedigrees of bread-making wheats. 
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from numerous crosses with high-yielding feed wheats by empirical tests such 
as the Pelshenke. Subsequent varieties were selected for bread-making quality 
mainly by the SDS-sedimentation test before the glutenins had been charac
terized. By good fortune rather than design, Moulin has inherited the good sub
units 17-18 (chromosome lB) from a CIMMYT line Yecora x Ciano 67, 
though it does not have sub-unit 1, which could have also been retained from 
Maris Widgeon. Mercia has sub-units 5-10 (chromosome 1D) from the French 
variety Flanders. The next step is deliberately to combine the good sub-units of 
these varieties on the expectation that protein quality will be improved. It is 
also significant that Brimstone has moderately good and CWW 3474 very 
good bread-making quality, though neither variety possesses any of the 
recognized good glutenin subunits. They must therefore have other good 
background characteristics which may or may not have been obtained from 
varieties with good glutenins. They may offer the prospect of further advance 
by combination with the good glutenins. 

16.6.4 Resistance to eyespot 

Resistance to eyespot was first observed in Cappelle Desprez (Lupton and 
Macer, 1955). It was one of the most important features of that variety, and 
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contributed greatly to its widely acknowledged consistency of performance and 
value as a parent of other varieties. The resistance of Cappelle Desprez is 
relatively simply inherited (Law et al., 1975) and, as there are efficient selection 
tests, early-generation material can be handled with some reliability. At the 
PBI all pedigree material from F3 onwards is exposed to infection in the field, 
using an oat grain inoculum. 

Most varieties now grown in the UK carry resistance to eyespot derived from 
Cappelle Desprez or Professeur Marchal. Although this resistance is an 
important feature in the cultivation of the crop, it is not sufficient to avoid the 
need for fungicide treatment when conditions such as early sowing, close 
rotations or wet spring weather are favourable to the disease. Improvement in 
the level of resistance became more urgent following the discovery in the early-
1980s of isolates of the pathogen, now known to be widespread, with a high 
degree of tolerance to the commonly used and previously very effective MBC 
fungicides. 

A high level of resistance is shown by the wild species Aegilops ventricosa and 
became available in the French line VPM 1 (Doussinault et al., 1974). It is 
expected that a combination of this resistance with that derived from Cappelle 
Desprez in varieties such as Rendezvous-((VPM 1) X Hobbit) X Virtue-will 
greatly reduce the need for fungicide treatment. This may be seen by the high 
yields and low response to fungicides shown by Rendezvous on sites with severe 
eyespot infection (Table 16.5). The resistance of VPM 1 is controlled by a 
single gene on chromosome 7D (Gale et al., 1984; Chapter 4), so there must be 
a danger that a matching and more-virulent race of the pathogen may develop, 
though none has yet been found. 

TABLE 16.5 Yields of winter wheat on eyes pot infected land, 1984 (t ha- 1) 

Cambridge Cirencester 

Untreated Fungicide Untreated Fungicide 
treated treated 

Armada 6.5 8.1 6.1 6.3 
Norman 7.6 10.9 7.0 7.2 
Rendezvous 10.4 11.5 7.3 7.1 

16.7 THE IMPACT OF PLANT BREEDERS' RIGHTS 

Legislation to protect the financial interests of plant breeders was introduced in 
France in 1933, and was subsequently introduced in most countries in Western 
Europe during the 1940s and 1950s, but it was not introduced in the UK until 
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1964. All aspects of plant royalties in countries of the European Economic 
Community are now covered by complex legislation, some aspects of which are 
so restrictive as to undermine the advantages gained. By contrast, plant 
breeders' rights have never been introduced in Australia or Canada, though the 
possibility of their introduction into these countries has been the subject of 
much debate. 

Before the introduction of plant breeders' rights most breeding work in 
Western Europe was carried out at government-financed research stations, so 
that the advantages of improved varieties were paid for by the taxpayer and 
shared by the agricultural community. Some breeding work on a small scale 
was carried out by the major seed firms, who hoped to obtain a reasonable 
return from their investment through increased seed sales and the associated 
goodwill. The introduction of legislation to ensure that breeders obtained an 
adequate financial return from the time and money invested in their work 
provided a stimulus for further investment, particularly in the private sector. 
The payment of royalties on varieties produced by government-financed 
research stations also ensured that the cost of this work was partly offset by 
payments from the farmers who profited by it. As a result of the introduction of 
plant breeders' rights there was a rapid increase in the number of varieties 
coming forward for trial. In the UK, for example, trials conducted by the 
National Institute of Agricultural Botany in the 1960s consisted of about 35 
varieties of winter wheat and 15 spring wheats. By contrast, national trials in 
1985 consisted of 67 winter and 20 spring wheats, and breeders were required to 
submit evidence that their varieties had been in at least three trials spread over 
not less than 2 years before they could be accepted. 

Breeding work in Australia and Canada, the USA and other countries who 
have no legislation for plant breeders rights is still mostly done at government
financed research stations. Privately-financed breeding work in the USA and 
elsewhere is mainly confined to the production of F1 hybrids in which the 
breeder maintains control of the inbred parents involved. Their interest in 
CHAs and the production of hybrid wheats is obvious. 

The introduction of royalties on new varieties involves the simultaneous 
introduction of legislation whereby seed of these varieties can be recognized, to 
ensure that proper payments are made and spurious claims avoided. Such 
legislation could involve the registration of fields in which seed stocks are 
grown, and the introduction of procedures to ensure that only seed for such 
fields is sold. Such procedures are essential in the case of cross-pollinating 
crops, such as the forage grasses, in which precise identification of the genotype 
is not possible, and their application to cereals has much to recommend it. 
However, varieties of wheat and the other self-pollinating cereals can be 
identified with precision in terms of morphological and physiological 
characters, and identification based on their distinctness from other varieties, 
uniformity and stability has been used to establish their identity for the 
purposes of plant breeders' rights. For this purpose it is necessary for all 
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varieties to be described in such a way that they ~an be distinguished from all 
other varieties in cultivation, that they should be genetically uniform in respect 
of these characters and any others for which they may be examined, and that 
their progeny should show a similar level of uniformity. Legislation provides 
exacting standards which must be achieved if varieties are to be acceptable for 
plant breeders' rights and also requires that no variety which does not attain 
these standards may be sold. 

The introduction of this legislation has provided an effective basis for the 
protection of plant breeders from unlawful exploitation of their new varieties. 
It has been accompanied in most countries by parallel legislation requiring that 
new varieties be grown in impartially conducted trials in which they are com
pared with commonly grown varieties, and that the results of these trials should 
be published in a form available to prospective growers. The large number of 
new and improved varieties which have become available since the intro
duction of this legislation shows the advantages that the introduction of plant 
breeders' rights have conferred on the agricultural industry. It is, however, 
salutary to consider some disadvantages which have resulted from the very 
stringent rules relating to distinctness, uniformity and stability, and from the 
regulations regarding the genetic purity of seed stocks imposed by the EEC and 
the even more stringent requirements of some member countries. 

EEC regulations require purity standards ranging from 99.9% in Basic Seed 
to 99.0% in second generation (C2) seed derived from it, while in the UK a 
higher voluntary standard ranging from 99.95% to 99.7% purity is attempted. 
Such standards can readily be achieved by most varieties, but some varieties 
present difficulties due to the high incidence of easily seen aneuploids. Riley 
and Kimber (1961) investigated the rate of occurrence of aneuploids in a range 
of wheat varieties, and showed that these occurred at rates ranging from 1.60 to 
0.37%. The occurrence of aneuploids is tolerated in assessing seed purity, and 
morphologically recognizable forms such as speltoids are discounted. How
ever, many aneuploids, particularly those for the chromosomes carrying the 
semi-dwarfing genes Rhtl and Rht2, cannot readily be distinguished from un
acceptable deviants. In an analysis of offtypes in Basic Seed of the semi-dwarf 
variety Brigand, Worland and Law (1985) found that semi-dwarf aneuploids 
occurred at a rate of 1.53 per thousand plants, thus exceeding the total level of 
off-types permissible in the population. The occurrence of off-types is genetic
ally controlled, but selection for low expression of such a character would add 
considerably to the complexity of a breeding programme and, as Worland and 
Law (1985) point out, would he likely to be associated with loss in yielding 
capacity. Some amendment to the current regulations seem to be necessary. 

16.8 THE ACQUISITION AND MAINTENANCE 
OF COLLECTIONS 

The maintenance of adequate genetic diversity is an essential requirement for 
a long-term breeding programme. All breeders should therefore maintain 
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working collections of genotypes representative of the varieties grown in the 
area in which they work, and should exchange material with other breeders 
working in similar climatic zones. Such collections form the basis for future 
crossing programmes, though it is usually impracticable to grow more than a 
representative selection of genotypes in any one year, the remainder being held 
in store until required. Provided the initial viability of the seed is satisfactory, 
seed of such varieties will retain adequate viability if retained at low humidity 
under relatively simple storage conditions. As controlled environments for 
seed storage have only been available in recent years, direct evidence on seed 
longevity is not yet available, but extrapolation from formulae calculated for 
barley by Ellis and Roberts (1980) suggest that seed of 99% viability put into 
store at 0.5 oc and 6.0% moisture content will retain about 95% viability after 
400 years. 

16.8.1 International Gene Banks 

Breeders' working collections are essentially of a personal nature, and as such 
must be considered ephemeral in relation to the long-term future of world 
wheat breeding. It is therefore essential that the full range of genetic variability 
existing in wheat and related species should be maintained in a form available 
for use by breeders throughout the world. The urgent need for such a world 
collection was appreciated when the International Board for Plant Genetic 
Resources (IBPGR) was set up under the Food and Agriculture Organization 
in 1974. At that time it was realized that many of the centres of origin and 
diversity of wheat and other crops were being lost as the areas concerned were 
being developed, and the more primitive old land varieties were being replaced 
by high-yielding modern cultivars, often derived from the highly successful 
programmes developed at CIMMYT. 

At the time at which the IBPGR was set up there were extensive collections 
of wheat at the National Seed Storage Laboratory (USA), Beltsville (USA), 
Leningrad (USSR) and elsewhere, but little co-ordination between them, 
although it was estimated that there were more than 250 000 accessions in these 
collections (Croston and Williams, 1981). An advisory committee on wheat 
genetic resources was therefore set up at a meeting held at Leningrad in 1975, 
with responsibility for surveying collections already in existence, co-ordinating 
priorities in the organization of further collections, and planning an inter
nationally acceptable system of descriptors and descriptor states whereby the 
contents of these collections could be recorded and information about them 
made available to wheat breeders throughout the world. Tile current situation 
regarding gene banks is described by Hanson, Williams and French (1984). 

16.8.2 Data-retrieval systems for wheat germplasm 

It is hard to exaggerate the importance of an adequate system for recording and 
retrieving information concerning accessions in gene banks. Material stored 
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under the rigorously controlled environment recommended by such gene 
banks (- 20 oc and 5% moisture content; IBPGR, 1976) may maintain more 
than 90% viability for up to 3000 years, provided its initial viability exceeded 
95% and suitable methods for breaking dormancy are used (Ellis, Hong and 
Roberts, 1985). However, such material is oflittle use unless information about 
its origin and agronomic characteristics is available. Such data are normally 
classified under four heads: 

(a) Passport data: taxonomic status, common name and details of origin; 
(b) Characterization data: botanical and other data recorded at the time of 

collection; 
(c) Evaluation data: facts obtained during screening for breeding potential; 
(d) Accession management data: information needed to ensure maintenance 

within the gene bank. 

The IBPGR has published recommendations regarding descriptors and 
descriptor states in an attempt to co-ordinate records between centres 
(IBPGR, 1981) and several computer programs have been developed for 
recording this information. It is to be hoped that these recommendations, or 
others based upon them, will eventually be adopted by all internationally 
recognized gene banks, and the data recorded on a common computer program 
available to all users. 

16.9 DISCUSSION AND CONCLUSIONS 

As a result of the unprecedented increases in yield per hectare and some 
increases in the area sown, the UK and other countries in Western Europe 
with a similar climate have changed over the past decade from major importers 
to net exporters of wheat. Consequently, we believe that EEC intervention 
and other support measures for wheat production will be co-ordinated with 
arrangements in other countries so that production will have to be competitive 
at world prices if it is to supply even the home markets. Moreover, we see no 
major opportunities for expansion of exports in view of the increases in pro
duction which have already been achieved in India and China, and which 
should be possible in the USSR and North Africa. We therefore conclude that 
overproduction in Western Europe will be curbed by financial or other 
economic means, and that wheat-growing in the UK will be concentrated on 
those soils and climatic areas most suitable to the crop. There will, however, 
remain the challenge to replace about 700000 tonnes of Canadian and similar 
wheats now imported for bread-making. The greatest uncertainties are there
fore likely to be in the use of home-grown wheat for animal feeds. This is 
because imported maize would be cheaper but for EEC import levies; the 
expected import of some 5 million tonnes of tapioca annually by the EEC over 
the next 5 years will also be a major influence. 
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The increases in yield of new varieties indicate that the genetic potential for 
higher yields has not been exhausted, while there is no reason why pure-line 
varieties at least equivalent to the F1 hybrids should not be selected, provided 
there is an opportunity for repulsion linkages to be broken by recombination 
(Jinks, 1981). There may, however, be practical difficulties in achieving this 
when many characters must be considered simultaneously. Such high-yielding 
varieties will be essential in order to decrease costs of production and to enable 
the UK grower to exploit the favourable climate even more effectively. 
Although F 1 hybrids may become commercially viable following the advent of 
chemical hybridizing agents, we expect that breeders will give serious con
sideration to developing crosses which will be suitable for farm cultivation as F2 

populations. These would reduce seed costs and facilitate the use of parents 
which are morphologically not ideal for the production of F1 hybrids due to 
insufficient pollen release or poor female receptivity. Investigations with 
hybrids will also improve the efficiency of choice of crosses for pure-line 
selection, though we doubt if production of F1 hybrids would be justified for 
this purpose alone. 

Higher-yielding varieties and hybrids yield more grain per kilogram of 
nitrogen fertilizer applied. This is mainly due to the production of more 
carbohydrate per hectare, which may be further increased by deliberate 
selection for higher photosynthetic rates using diploid species. However, we 
see little scope for selection of varieties which extract more nitrogen from the 
soil during the growing season as wheat varieties are already very efficient in 
this respect. 

The efficient exploitation of such high-yielding varieties would involve 
concentration of wheat growing on the most suitable land. This would reduce 
the pressure on land of interest for conservation and other needs, and we 
consider such a policy preferable to a general reduction in inputs, which would 
make the cultivation of wheat uneconomic in many parts of the UK. 

Although we foresee little opportunity for growers to reduce nitrogen usage 
and remain competitive, breeders should be able to develop varieties which 
would enable growers to reduce expenditure on protectant chemicals. At 
present growers typically apply broad-spectrum fungicides at early stem 
extension and again at the flag-leaf to ear-emergence stage, and some may 
apply a third treatment during grain filling. We believe that the use of one 
broad-spectrum fungicide between the flag-leaf and ear-emergence stages will 
continue to be highly cost-effective for the foreseeable future on crops of high 
yield potential in the Western European climate. It should, however, he 
possible to breed varieties which will reduce or eliminate the need for early and 
late applications. To do this it will be necessary to place greater emphasis on 
diseases which attack at the earlier stages of crop development, especially 
eyespot, mildew and Septaria tritici, and on diseases affecting grain filling, 
especially Septaria nadarum, Fusarium spp. and brown rust. Yellow rust may 
become less important in this regime, but the resistance of present varieties 
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must at least be maintained. Some progress in this direction has already been 
made by the exploitation of the high level of resistance to eyespot of Aegilops 
ventricosa. There is, however, little evidence of genetic differences in resis
tance to some diseases, particularly take-all, and sources of resistance to 
Fusarium root rot and sharp eyespot are also limiting, though to a lesser extent. 
It is likely that molecular genetic engineering will be most useful to the breeder 
in the area of improved disease resistance. 

We expect that the market will be responsive to greater specialization in 
quality of grain for particular end-uses. The most demanding specifications are 
likely to be in varieties for bread- and biscuit-making and for gluten and starch 
extraction. Recent advances in gluten analysis and small-scale tests for bread
making quality indicate that it should be possible to produce winter-wheat 
varieties capable of replacing the Canadian wheat in the UK grist. However, 
the major advance is likely to be in protein quality, leaving a deficiency in 
protein quantity which will have to be offset by high rates of nitrogen fertilizer 
application or by gluten supplementation. There will also remain the important 
problem of high a-amylase activity when harvest weather is wet. More research 
is needed in this area, but a determined onslaught by breeders should be 
capable of overcoming this hazard to a useful extent. 

The position regarding gluten and starch extraction is at present unclear, 
as the requirements of these processes are not yet understood well enough to 
enable breeders to set their objectives. It also seems possible that the use of 
metabisulphite as a flour improver for biscuit manufacture may be prohibited 
in the UK, as is already the position in other EEC countries. This would mean 
that biscuit manufacturers would need to use varieties specifically bred for this 
purpose. Breeders should be able to meet this need and to obtain a major 
improvement in dough extensibility by better-informed selection for glutenin 
properties. 

We expect that pedigree selection and the back-cross method will continue to 
be the backbone of variety breeding for the foreseeable future. Single-seed 
descent will probably become of greater importance, but doubled-haploid 
methods will only be of general use if major advances in efficiency can be 
obtained. Somaclonal variation appears at present to offer little to wheat 
breeding beyond the variation already available from normal breeding 
methods. We do, however, look to somaclonal variation as an aid to the 
introgression of new variation from alien sources, and perhaps as a method of 
tackling some intransigent problems. 

Over the past 20 years there have been considerable improvements in the 
efficiency of methods used to exploit the genetic variation available in the 
wheat crop.J'his has followed from the ability of breeders to handle very large 
populations and make more precise definitions of objectives, and from better
informed surveys of the genetic variation available and more effective 
selection tests. The outstanding requirement now is to make available from 
outside the species genes which may be able to compensate for present diffi-
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culties and enable breeders to extend their objectives, particularly in relation to 
disease resistance. In the short term there appear to be no major requirements 
in yield or quality characters which cannot be met by use of methods now 
available to the breeder, but we look for untapped sources of disease resistance 
in the related species. 

Techniques of molecular genetics now being developed could offer the 
possibility of moving genes between species without the limits presently set by 
sexual barriers, though the uses to which they might be put would be restricted 
by lack of detailed knowledge of the processes controlling the characters to 
be changed. We expect, however, that there will be in the next few years a 
marked increase in our understanding of these processes, while progress is also 
likely in the development of techniques for genetic transfer, as discussed in 
Chapter 8. However, it seems likely that wheat will be one of the last crops to 
benefit from this work, because of present limitations in vector techniques and 
in the ability to regenerate from cell or protoplast cultures. 

Molecular genetic engineering may also offer new methods of introducing 
genes which are already in common use by breeders, or new tests for identifying 
their presence. Such methods will, however, have to be more efficient than 
those already available to breeders if they are to be taken up and make a useful 
contribution. For this reason, molecular biologists will have to work with 
breeders and appreciate other breeding methods, particularly the advantages 
of the large scale of operation possible when using conventional means. New 
tests will be most useful when they can identify genes which are technically 
difficult or laborious to recognize by the established methods, as, for example, 
in the case of eyespot resistance, for which seedling tests are tedious and time
consuming. 

Molecular genetic engineering will, however, be of greatest value when it can 
be used to complement the genetic resources already available by bringing in 
new genes which can overcome serious limitations, especially in disease- and 
pest-resistance, but also to a lesser extent in grain quality and productivity. The 
first stage in such a collaborative venture between breeders and genetic 
engineers must be to identify the limitations in this category. For wheat, the 
outstanding limitation in the UK is in sources of resistance to take-all, though 
new genes for resistance to other diseases, particularly Septaria diseases, 
powdery mildew, Fusarium and yellow rust, would also be of great value in the 
quest to reduce the need for fungicide application. Although economically less 
important, higher levels of resistance to aphids, Opomyza and wheat bulb fly 
(Leptohylemia coarctata) might overcome the need for insecticides which are 
often applied prophylactically because pest attacks are difficult to forecast. 

It will, of course, be essential to ensure that any newly introduced genes are 
only expressed at the right time and place during the ontogeny of the crop. It 
will therefore be necessary to subject any new variety arising from a pro
gramme using techniques of molecular genetics to the same tests of perform
ance and stability as are used in testing the products of a conventional breeding 
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programme. However, we remain optimistic that use of these techniques will 
make a useful contribution in improving crop performance. 
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CHAPTER 17 

Future prospects 

P.R. Day and F. G. H. Lupton 

17.1 INTRODUCTION 

During the past 25 years world wheat yields have increased from 1.24tha-1 in 
1960 to 2.25 t ha- 1 in 1984, while those in Western Europe have increased from 
2.91 to 5.10tha-1 (FAO, 1984). Much of this can be attributed to better 
husbandry, and in particular to more-efficient control of pests, diseases and 
weeds, but it has been estimated that at least half of the increase is due to the 
introduction of new varieties. Furthermore, there is no indication of any 
slowing down of the present trend for increased yields, which in the UK has 
taken place at about 3% annually for the past 10 years. Although this is not the 
place to discuss the impact of the current economic climate on wheat 
production, it may be relevant to note that changes in this climate, and in 
particular reactions to the production in Western Europe of wheat which is 
surplus to requirements there, may lead to a reduction in the use of fertilizer 
and in the application of expensive agrochemicals for pest and weed control. 
This may, in turn, result in lower yields per hectare and in a demand for 
varieties adapted to less intensive agriculture and with better resistance to 
pests and diseases. Alternatively, wheat cultivation may be concentrated into 
the areas best suited to it, thus releasing marginal land to other agricultural 
purposes, or to form areas for the conservation of environments suited to 
threatened species of plants and animals. These possibilities are discussed more 
fully in section 16.9. 

17.2 IMPROVEMENT IN PHYSIOLOGICAL CHARACTERS 

In this book an attempt has been made to review current research into the 
physiology, pathology and cytogenetics of the wheat crop, and to consider the 
relevance of this work to the production of new varieties. Such relevance may 
be considered first in relation to a better understanding of the crop, and hence 
to a better appreciation of the means by which it might be improved, and 
secondly to the development of selection criteria which could be directly 
exploited by breeders in their work. 
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Much has been written of the need for breeders to identify criteria which 
could be used in selection. The need for such a criterion was first discussed by 
Engledow and Wadham (1923), who called for a 'touchstone' to be used in 
selecting for increased yield. However, despite our greatly increased under
standing of the principles determining crop growth and yield, there seems little 
prospect of identifying any single component which can be used by breeders in 
their selection, and the description of crop physiology as a retrospective 
science, analysing the basis of improvements after they have been made, 
remains as valid as ever. 

Indeed, recent work on the factors determining yield have demonstrated the 
complex interactions between the environmental, edaphic and genetic 
components, and the great importance of the interaction of the genotype with 
the environment in determining productivity. Because of the long-term nature 
of the work, it still remains necessary for breeders to define the objectives of 
any programme undertaken, and to identify as closely as possible the means by 
which they hope to achieve them. The concept of the ideotype at which they 
should aim remains as valid as ever, and although there may be many means by 
which a specific objective may be achieved, success is unlikely unless this 
objective, and the route by which it should be achieved, is closely defined and 
strictly followed. 

Recent work on whole-plant physiology has provided valuable guidelines in 
determining these objectives. In their work on crop development, for example, 
Kirby and Appleyard (Chapter 10) have analysed the interactions of genotype 
with temperature and day length, and have used this information to develop a 
model from which to predict crop performance. At a later stage of crop 
ontogeny Austin and his co-workers (Austin, 1982; Innes and Blackwell, 1983) 
have used closely related genotypes differing in specific physiological 
characters to clarify the previously confused evidence concerning the 
importance of such characters as flag-leaf angle and tiller survival in deter
mining yield, while Quarrie and Innes (Chapter 11) have shown the importance 
of water relationships in determining these interactions. Such investigations 
provide valuable information which breeders may use in determining their 
objectives and defining the ideotype which it is wished to achieve. The investi
gations are, however, of little value in enabling selection of the best plants from 
the large populations which must be handled in the early generations of a 
breeding programme, and much depends upon the breeder's intuitive skill at 
this highly sensitive stage. A possible exception may be seen in the demon
stration of the importance of gibberellic acid (GA) and its associated anti
gibberellins in the action of the widely exploited semi-dwarfing genes (Radley, 
1970; Gale and Marshall, 1975). This knowledge was effectively exploited by 
Gale and Gregory (1977) in the development of a technique for selecting F2 

plants carrying this gene by spraying seedlings of segregating populations with 
GAin order to select those which did not respond. 

Future increases in productivity can only be achieved by more-efficient use 
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of the environment in which the crop is grown. A better knowledge of the 
physiology of the growing crop may enable the breeder to make better use of 
incident light, or to be less wasteful of water or mineral nutrients. However, 
any overall increase in yield can only be achieved by increasing the total 
biomass produced or by more efficient distribution of this biomass in terms of 
the harvested crop. Most of the increases in yield achieved during recent years 
have resulted from increases in harvest index (Austin et al., 1980), but there 
would appear to be little scope for further increase in this direction, so that 
breeders must now turn their attention to increases in total productivity. This, 
in turn, involves selection for increased photosynthetic activity or for longer 
duration of the photosynthetic organs. Several workers have demonstrated 
minor differences in rates of photosynthesis, but these have usually been 
associated with varieties with lower total leaf area, and have therefore been 
difficult to exploit. The demonstration of high rates of photosynthesis in some 
primitive wheat species (Austin et al., 1982) may, however, open up new 
possibilities if this character can be transferred to cultivated varieties. In the 
longer term the possibility of improving the efficiency of the c3 pathway in 
wheat, either by reducing or eliminating the oxygenase activity of rubisco or by 
transferring elements of the c4 pathway from other species, opens up further 
prospects for increased productivity. However, for the time being these are still 
remote possibilities. 

Selection for longer duration of photosynthetic organs might also increase 
productivity, though the prolongation of the growing season may present 
practical difficulties if it delays harvest. It is also necessary to allow sufficient 
time between leaf death and grain maturity for the effective mobilization and 
transfer from the leaves to the grain of nitrogenous compounds previously 
needed for photosynthesis. A more practical possibility would be to select for 
plants which make more effective use of incident light in the early part of the 
growing season. This characteristic is shown by rye and, to some extent, by 
triticale, and could usefully be exploited in wheat. 

Much has been written about the possibility of introducing the capacity to fix 
atmospheric nitrogen to wheat and other cereal crops. The advantage of doing 
this in a world of increasingly restricted supplies of fossil energy is obvious, and 
some encouragement can be derived from the work of Dobereiner and co
workers in South America (Dobereiner, Day and von Bulow, 1975). The 
quantities of nitrogen fixed were, however, very small and it is evident that a 
new approach involving the transfer of genetic information between distantly 
related species will be necessary before any significant advances can be made. 

Although there are reasonable prospects for the development of techniques 
for the transfer of such information to members of the Gramineae, the bio
chemical processes involved in nitrogen fixation are so complex that the 
prospect of transferring them to the cereal crops seem very remote. Further
more, it should be recalled that considerable energy is needed to convert 
atmospheric nitrogen into an assimilable form, and that such energy can only 
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be obtained from photosynthesis by the wheat plant. The introduction of 
nitrogen fixation is therefore likely to impose a yield penalty that may be 
unacceptable. 

17.3 RESISTANCE TO DISEASE 

Although plant breeders throughout the world have been conspicuously 
successful in increasing potential productivity, a very wide gap remains 
between potential yield and that achieved by most farmers. Poor soil con
ditions, lack of fertilizer and, in particular, lack of suitably distributed rainfall 
contribute to this gap, but much is also due to losses caused by pests and 
diseases. There is little evidence that these losses are being reduced overall. 
Indeed, the widespread cultivation of genetically uniform varieties, and in 
particular of closely related varieties, many of them derived from the 
CIMMYT programmes, has led to an increased exposure to disease loss, 
though this has largely been controlled in the developed world by ever
increasing use of agrochemicals. However, the high development costs, now 
estimated to be of the order of £20 million or more for each new chemical, and 
the added costs of carrying out tests to satisfy concern for user and environ
mental safety, tend to restrict the diversity of chemicals applied to crops. They 
therefore suffer from a level of uniformity which, like genetic uniformity in the 
wheat crop, favours the selection of new pest or disease biotypes that are no 
longer controlled. 

There is thus a worldwide need for new varieties with durable resistance to 
pests and diseases. In the long term it may be possible to introduce such 
resistance from alien species, as in the recent introduction of eyespot resistance 
from Aegilops ventricosa into the winter wheat variety Rendezvous (Bingham 
et al., 1985). However, such introductions have not always been successful in 
the past, as the pathogens have adapted to alien resistance genes nearly as 
quickly as they have to major genes introduced from within the cultivated 
species. Other strategies must therefore be followed to introduce more durable 
forms of resistance, as discussed in Chapter 13. The development of such 
varieties is made more difficult by the rapid expansion of previously un
important diseases, such as those caused by Septaria spp., especially following 
the greatly increased use of artificial fertilizers in much of the developed world. 
It is also perhaps salutary to consider the view put forward by Paddock (1983), 
who suggested that by introducing resistant varieties and controlling disease 
plant pathologists have made possible increases in population which cannot be 
fed if the resistance of these varieties breaks down. 

A genetically uniform monoculture of a single wheat variety in one field, or 
over large areas of adjacent fields, creates an artificial environment highly 
adapted to the spread of disease. The introduction of the Cereal Variety 
Diversification Schemes, in which farmers are encouraged to cultivate a range 
of varieties with contrasting genes for disease resistance (Anon., 1986), has 
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made a major contribution in reducing the dangers of the widespread culti
vation of single varieties of wheat and barley in Britain, and a still more 
effective control may be achieved by growing mixtures of such varieties in a 
single field. The choice of varieties for mixtures presents a challenge to both the 
breeder and the plant pathologist. It requires information on the effect of 
changes in the composition of the mixtures from season to season, on the 
pathogen population, as discussed in Chapter 13. This strategy must be 
directed to prevent the development of a 'super race' of pathogen, capable of 
attacking all of the components of the mixture. It may include treatment of the 
seed of one or more components of the mixture with fungicide to give an 
integrated control of disease based on the combination of disease resistance 
and fungicide protection. Several varietal mixtures have recently been intro
duced on a commercial scale, and it is to be hoped that similar mixtures will 
become widespread in future. 

17.4 BREEDING TECHNIQUES 

Because of the large number of factors which must be considered, it is essential 
that a breeding programme should handle very large numbers of plants, 
especially in the early generations, and that all phases of the programme should 
be conducted on an adequate scale. The introduction of the computer has 
provided a means of collating large quantities of related data, and new equip
ment has greatly simplified procedures for sowing and harvesting, and for 
assessing the milling and baking quality of early-generation material. At the 
same time new statistical designs and computerized recording systems have 
increased the accuracy of yield trials and the speed with which results can be 
presented to the breeder. It may therefore be expected that programmes will 
continue to expand as yields increase and the production of new varieties 
becomes progressively more difficult. However, no successes can be obtained 
by such techniques alone, and the judgement ofthe breeder, in the field, in the 
laboratory and in the interpretation of computer printouts will remain essential 
to the success of any programme. 

Most breeding programmes are based on variations of the pedigree system of 
selection, and there is little reason to suppose that this will change, though new 
forms of sophisticated selection may be incorporated with it. The increased 
demands for genetic uniformity, at least in Western Europe, have made it 
necessary to introduce techniques such as single-seed descent, to accelerate the 
production of genetically uniform families in early generations. It is to be 
expected that such procedures will become increasingly important, though it is 
also to be hoped that some of the present legal restrictions associated with tests 
for distinctness, uniformity and stability in Western Europe will be lifted. 

In order that new varieties may be available as soon as possible, ears and seed 
for official tests of distinctness, uniformity and stability are submitted at a 
relatively early generation, while stocks are being multiplied for initial release. 
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Such varieties may therefore fail these tests because the material submitted has 
not yet achieved the standards of genetic uniformity ultimately required in a 
new variety. The seed to be released may, however, have reached the required 
standard because it has been subjected to further selection and rogueing during 
its multiplication. This situation is partly resolved by the limits of genetic 
variation tolerated by the testing authorities, but although it would be adminis
tratively less convenient and more expensive, it is clearly desirable that the final 
tests of genetic purity should be carried out on material related as closely as 
possible to the seed stocks actually to be released. 

A second problem, discussed more fully in Section 16.7, arises from the 
cytological instability of wheat varieties, which results in the occurrence of 
aneuploids in approximately 1% of the population (Riley and Kimber, 1961). 
The testing authorities recognize this situation by discounting speltoids and 
compactoids in assessing genetic purity, but are unable to distinguish tall 
aneuploid offtypes necessarily arising in stocks of semi-dwarf varieties from 
taller plants occuring as a result of contamination or genetic heterogeneity. 
Some amendment to current legislation is clearly necessary. This might involve 
registration of cereal seed stocks on the basis of the source from which the seed 
was obtained, which could in turn be traced over a limited number of 
generations to the breeder's stocks. Systems of this type work satisfactorily for 
grasses and clovers, and could readily be adapted to the cereals. 

New techniques for genetic analysis discussed in Chapter 5 have indicated 
possible advantages of increasing opportunities for recombination in early 
generations in order to break down undesirable genetic linkages within existing 
varieties. This might involve the greater use of crosses between closely related 
lines in early generations, possibly using the improved male gametocides now 
available. The recombined genotypes produced in this way might then be 
stabilized using single-seed descent procedures, and might at the same time 
form the basis for a diallel selective mating system as discussed by Jensen 
(1970). 

The exploitation of hybrid vigour in wheat has been discussed by breeders for 
many years, though the practicability of such exploitation was limited due to 
the lack of a suitable gametocide or source of male sterility (Hughes and 
Bodden, 1978). The situation has now been radically changed by the 
introduction of new male gametocides or chemical hybridizing agents ( CHAs), 
and we can look forward with enthusiasm to the development of 'hybrid' 
wheats on a commercial scale. Whether it is possible to fix this vigour in con
ventional true-breeding varieties remains to be seen. At this point in their 
development it is still too early to predict how bright a future there will be for F 1 

hybrid varieties produced by CHAs. The most important factors are economic 
and relate to the costs of producing F1 hybrid seed at a satisfactory level of 
purity. Results reported in Chapter 16 indicate that yield advantages of 10-
15% may be expected, and calculations there suggest that a 5% increase in 
yield of an average UK wheat crop would be sufficient to compensate the 
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farmer if F1 hybrid seed cost twice as much as normal first-generation multi
plication seed. However, the risks attached to large-scale hybrid seed pro
duction are considerable and are subject to such variables as time of CHA 
application, pollen cloud production, ratio of male to female parent, incidence 
of ergot (a disease to which male sterile cereals are especially prone) as well as 
the effects of weather. 

Because of these unknowns there is some interest in assessing the 
performance of F2 populations. In theory it should be possible to select parents 
of F1 hybrids that, although phenotypically similar, have good combining 
ability. These should have useful levels of heterosis for yield in an F2 that has 
sufficient uniformity- in, for example, maturity and grain quality- for com
mercial use. Unfortunately, the segregation of genes for disease resistance in 
an F2 population will not be useful as a 'mixture'. This is because a sizeable 
fraction of the population will carry two or more genes for resistance, and 
hence will tend to promote selection of super races. 

On the assumption that heterosis can be fixed, CHAs will be very useful in 
identifying parents for pedigree-selection breeding programmes. They enable 
grain to be produced in sufficient quantities for yield trials in the following 
season so that the breeder can see which of his crosses have the greatest 
potential. 

17.5 GRAIN QUALITY 

The increases in wheat yield achieved during recent years, and in particular the 
very great increases in Western Europe, have been associated with an overall 
fall in grain protein percentage. However, this has been to some extent offset 
by selection for improvement in the quality of the protein, so that a satisfactory 
loaf can now be baked from flour of lower protein content. As a direct result 
British millers and bakers have responded to world economic pressures by 
increasing the proportion of home-grown wheat in the miller's grist. In 1970 
approximately 80% of the grist was derived from imported grain, mostly from 
North America, and only 20% from the home-grown crop. The situation has 
now been reversed, so that in 1984 80% of the grist was derived from home
grown wheat. 

The improved varieties which have led to this situation have been selected by 
improved empirical procedures, as described in Chapter 15, and until recently 
derived their quality from the Canadian variety Red Fife (see Chapter 3). 
However, new and more refined techniques have now been evolved, whereby 
the glutenin proteins determining grain quality can be identified by poly
acrylamide-gel electrophoresis. Breeders can now identify varieties of widely 
different origin with complementary high quality glutenin proteins which can 
then be combined. The way is thus set for a further advance in breeding for 
improved grain quality. At the same time it has also been possible to use the 
electrophoretic procedures to identify potentially useful sources of high quality 
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glutenin proteins amongst wild species of Triticum and Aegilops and to monitor 
their transfer into the bread wheats. In the longer term, it was pointed out by 
Riley (1981) that only a very small proportion of wheat DNA codes for protein 
production, and that the function of the remainder sets a challenge for the 
breeder, which might result in further increases in grain quality. 

The progress in understanding the chemical basis of protein quality should 
allow evaluation of glutenin sub-units from alien sources through comparisons 
based on DNA sequence analysis. Alleles that specify amino-acid sequences 
giving the desired tertiary protein structure can then be selectively 
incorporated in conventional breeding programmes. When a reliable 
transformation method is available, alien genes may be available as cloned 
DNA sequences for incorporation into breeding lines. Cloning and trans
formation also opens the possibility of introducing directed changes of key 
amino acids by base substitution and of the synthesis of novel sequences giving 
rise to new proteins. 

Work on the regulation of gene expression and the adjustment of the number 
of specific alleles in the genome copied may lead to methods of increasing the 
proportion of desired glutenin and gliadin sub-units, and decreasing those that 
are not wanted, in wheat endosperm proteins. It seems likely that during the 
next 10-20 years a variety of methods will become available to assist the 
breeder in improving the quality of harvested grain. It should also be possible 
to adjust grain quality in relation to human nutritional needs by paying more 
attention to wheat products as a source of dietary protein. Work of this kind 
will probably be more important in developing countries where cereals provide 
the major source of carbohydrate. 

Information on the structure and synthesis of certain glutenins and gliadins 
may also help in alleviating the problem of coeliac disease. This is an allergenic 
intolerance to wheat endosperm proteins that affects about 1-in-10000 of the 
UK population, who must eliminate wheat flour and wheat gluten entirely from 
their diets. If the allergenic response is due to one or a few specific proteins, and 
these can be identified, it might be possible to breed wheat cultivars which do 
not contain them and which could therefore be used to produce wheat products 
that coeliac patients might safely consume. 

17.6 EXPLOITATION OF ALIEN GENETIC VARIATION 

As pointed out in Chapter 7, the allopolyploid nature of wheat, combined with 
extensive knowledge of its genomic relationships with allied species and 
genera, present the breeder with a rare opportunity to exploit the variation 
available in alien genera and species in crop improvement. Experiments in 
chromosome manipulation have greatly increased our knowledge of these 
relationships, though their practical applications are restricted by the diffi
culties of identifying suitable characters for transfer. Experience with disease 
resistance, as in the transfer of resistance to Puccinia striiformis from Aegilops 
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comas a to the bread wheat Com pair, has shown that the pathogen may rapidly 
develop strains capable of overcoming such resistance, while there are obvious 
difficulties in identifying physiological characters which could usefully be 
transferred. However, there have been a number of examples of the successful 
transfer of useful characters between species and genera. An outstanding case, 
mentioned in Section 17.3, is the transfer of resistance to Pseudocercosporella 
herpotrichoides from Aegilops ventricosa into the bread-wheat Rendezvous. 
There seems little reason to expect that this resistance to a soil-borne pathogen 
will break down as rapidly as that to an air-borne disease in which several cycles 
of reproduction may take place in a single year. 

Other examples are described in Chapter 7, and recent developments in 
electrophoretic analysis indicate useful possibilities of transferring genes 
determining the production of glutenin proteins which could be of great value 
in improving bread-making quality. The possibility also arises of inducing 
duplication of chromosome segments in order to increase the expression of 
desirable genes. 

In the longer term, recent experience of hybrids between wheat and barley 
raises the possibility of transferring useful characters across a wider genetic 
barrier. The possible introduction of tolerance of saline or alkaline soils would, 
for example, be very valuable in many areas of the Indian subcontinent, where 
exessive irrigation has led to problems of salination. 

17.7 UTILIZATION OF CROP RESIDUES 

During the 1980s disposal of wheat straw has become a problem in much of 
Western Europe. Although burning has much to recommend it in destroying 
pests, diseases and weed seeds, and in assisting the farmer in preparing for early 
drilling, these benefits are outweighed by the pollution, damage to propery and 
wildlife, and the waste caused by large-scale burning. It was, for example, 
estimated that 7 million tonnes of straw were burned in the UK in 1982, and 
that the energy wasted amounted to 105 X 109 MJ, sufficient to meet about 
30% of the primary energy requirement of UK agriculture and horticulture 
(Staniforth, 1982). 

Semi-dwarf wheats with straw lengths in the range 80-100 em produce less 
crop residue that taller cultivars, but the benefits of using double dwarfs 
(Rht-1, Rht-2) or extreme dwarfs (Rht-3) in this respect are outweighed by a 
yield reduction of the order of 10-15% , and are therefore unlikely to be 
adopted. 

Research on straw biodegradation (Lynch and Harper, 1983) explored 
variation among cultivars, but has so far not pointed to characters that breeders 
might exploit. It is, of course, likely that standing power or resistance to 
lodging, a high priority for breeders, is negatively correlated with 
'biodegradability'. Wheat straw has a limited use in thatching, for which certain 
old, tall varieties are specially grown, and for the production of compressed or 
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processed straw products such as 'straw-board' and coarse papers. It may also 
be treated with sodium hydroxide or anhydrous ammonia to increase its 
nutritive value as a feed for ruminants. Treatment with sodium hydroxide 
increases the D value of the straw from about 40 to about 65 units, so that the 
treated straw is worth about £60 tonne-\ compared with grain at about £100. 
However, the treatment costs about £30 tonne- 1 and is therefore only eco
nomic if straw can be delivered to the processing plant for less than £20. Similar 
considerations apply to treatment with anhydrous ammonia, which costs about 
£20 tonne- 1 and increases the D value of the straw by about 60 units, with an 
associated 8% increase in protein content (Staniforth, 1982). Some straw is also 
burned as a fuel to provide heat and water. However, these uses consume less 
than 1% of the residues available. Straw is bulky, expensive to bale, stack and 
transport, and is not regarded as a valuable commodity. If plant breeders are 
unable to make straw that rapidly 'self-destructs', could they engineer a more 
valuable product that might replace other raw materials such as petrochemicals 
for manufacturing plastics? Slow but assured biodegradation of discarded 
cheap manufactured materials and articles is an important design feature of our 
times. Are there prospects for recovering more of what we now regard as 
agricultural waste through research in materials science? If some changes are 
desirable to facilitate new manufacturing requirements, breeders and genetic 
engineers are ready to make them. 

Crop residues also represent a significant part of the culmination of a 
growing season's biosynthetic activity. When we point to harvest indices 
approaching 50% or more we forget the rest of the biomass except as a photo
synthetic machine that must be kept green and erect to produce grain. Why not 
harness the processes that lead to leaf and stem senescence to the synthesis and 
accumulation of other materials that might be harvested from the crop residue 
after the grain has been separated? We suggested that the residue itself might 
be a useful raw material, but what if it were engineered to accumulate 
pharmaceuticals, biochemicals and other molecules whose synthesis could be 
programmed? They could be extracted from the crop residue which might, in 
turn, become a resource that is as valuable as the grain. 

17.8 THE IMPACT OF BIOTECHNOLOGY 

There is great interest in the prospect of using recombinant DNA methods to 
engineer new forms of crop plants and transformation of Solanaceae, and some 
other dicotyledonous plants using vector systems based on Agrobacterium 
tumefaciens plasmids is now almost commonplace. However, the method has 
yet to have a significant impact, even on breeding new varieties of crop plants 
such as tomato and potato that are technically less challenging than wheat 
where opportunities are limited because of the lack of a workable 
transformation system for the Gramineae. Although DNA can be introduced 
into wheat protoplasts by electroporation, it has proved to be extremely 
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difficult to regenerate plants from them. An alternative method for 
transformation is by micro-injection of developing ovules after fertilization. 
These structures are attractive targets since they are programmed to develop 
into seedlings and intensive efforts are being made to introduce DNA, 
although these have not yet been successful. Cruder methods of injection were 
reported by Soyfer et al., (1976), who claimed to have brought about 
transformations in the waxy locus in barley which could be readily observed in 
the pollen. However Soyfer's findings have not been repeated with satisfactory 
controls to eliminate pollen and seed contamination or spontaneous mutation. 
More recently H. Lorz (personal communication) has claimed transformation 
in rye through injection of meristems with DNA preparations, including a gene 
of bacterial origin for drug resistance. This approach clearly warrants much 
more attention. 

Once the hurdle of transformation has been overcome there arises the 
possibility of engineering resistance to pests, diseases and herbicides. At 
present, engineered resistance to plant diseases is limited to experimental work 
involving the introduction of DNA copies of parts of viral genomes with the 
idea of interfering with the infection and replication mechanisms in the host 
(Baulcombe, 1986). Pest resistance in solanaceous plants has now been 
approached by introducing the gene for the delta-endotoxin produced by 
Bacillus thuringiensis. Tobacco plants that incorporate this gene are resistant to 
horn worm larvae. Clearly there are possibilities for cloning similar toxin genes 
for resistance to insect pests of wheat. 

Herbicide resistance is more readily manipulable. For instance, in maize cell 
lines resistant to imadazolinones have been selected among cultured cell lines 
(Shaner, Malefyt and Anderson, 1985), and similar approaches are underway 
for identifying wheat cell lines with resistance to herbicides. Transformation 
provides an opportunity to introduce genes for resistance cloned from other 
species. There is also the prospect of isolating and cloning the target gene, with 
the object of altering it so that the enzyme for which it codes is no longer 
sensitive to the herbicide, and then reintroducing it. 

The use of transformation procedures to engineer resistance to stress will 
probably require a much better appreciation of the mechanism whereby stress 
damage is induced. It may, for example, be better to use, for the time being, 
conventional breeding approaches in breeding for frost tolerance until a direct 
biochemical route to manipulate increased frost tolerance is identified, though 
these might be supplemented by treatments with Ice- bacteria (Lindow, 1986) 
to limit ice-crystal formation. 

A major limiting factor is clearly ignorance of the genetic and molecular 
control of the characters a breeder wishes to change. This applies even to 
apparently simple characters under single major gene control such as disease 
resistance, plant height, vernalization requirement and many other morpho
logical and physiological characters. More complex characters such as yield, 
vigour and agronomic performance pose still more of a challenge unless 
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limiting factors to be overcome by manipulation can be identified. These 
problems and the opportunities were reviewed by Austin (1986). 

Even when a method of transformation has been developed for wheat, it is 
unlikely that genetic engineering will greatly speed up the development of new 
varieties. A new breeding line, or an established variety transformed to 
become resistant to an important pathogen, will have to undergo all of the tests 
applied to a conventionally-bred variety before it can be released to farmers. 
At present additional tests for the products of genetic engineering must be 
carried out in the laboratory or glasshouse before field trials can be under
taken. These tests are needed because of current concern that the products may 
have unpredictable and possibly deleterious effects on the environment. 
Plant breeders will, in any case, be concerned that engineered plants should 
have no unpredicted characteristics so far as yield, quality and agronomic 
performance are concerned. Even in the very efficient transformation system 
using the Agrobacterium vector, for example every tobacco transformant 
containing the same genetic construction is potentially different, since there 
appears to be no control over either copy number or the sites of integration. 
This may well introduce variation due to gene dosage and to position effects. 
While development and testing is going on, conventional breeding will also 
continue, so that by the time a genetically engineered variety is ready for 
release it may be out-of-date compared with improved newer varieties that 
have been released in the meantime. Many products of genetic engineering are 
therefore likely to be used by breeders as new germplasm rather than as 
potential finished varieties unless special, more rapid selection methods are 
developed that can be used to incorporate their characters. However, if the 
benefits are sufficiently great, this will be no disadvantage and these somewhat 
conservative predictions may well change as the technology of genetic 
transformation evolves over the next 5-10 years. Judging by the pace of 
discovery during the past 10 years this is very likely, but is entirely 
unpredictable. 

One of the most valuable features of modern bread-wheats are the storage 
proteins, which determine the viscoelastic properties of doughs used in 
baking: With the methods of genetic engineering, genes for these storage 
proteins might one day be transferred to other, more heat- and drought
tolerant species, such as sorghum and millet, to create cereals which produce 
flours from which it may be possible to bake loaves like those from wheat. One 
unfortunate result of exporting North American and European cereal 
surpluses to sub-Saharan Africa is to create a demand for wheat flour products 
which they are unable to meet themselves, because their climate favours 
sorghum and millet rather than wheat. Again, the prospects for such genetic 
engineering will only become clear as methods of transformation for cereals are 
developed. 

In the meantime we can note that conventional crossing, even applied to 
species as wide apart as maize and wheat, may lead to genetic exchange. For 
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example, Laurie and Bennett (1986) have described hybrid zygotes from 
crosses of wheat with maize from which it is possible in theory to recover 
haploid wheat embryos. As they point out, if the maize male parent carries 
transposing sequences in its DNA, there could well be the opportunity for 
transposition to occur from maize to the wheat genome, to produce effects 
similar to those for which the genetic engineers strive using micro-injection. 
This may not only bring about the possibility of introducing characters from 
maize into wheat, but also of introducing the transposon sequences themselves, 
with all of their attendant benefits as tools for identifying genes for cloning for 
future engineering projects. 

17.9 CONCLUSIONS 

In this review of the prospects and possibilities facing future wheat breeders, 
we have attempted to identify some of the problems which will have to be faced 
in meeting the challenge of feeding an ever-increasing world population, and 
at the same time to speculate on some of the procedures which may become 
available to meet this challenge. The wheat crop has been the staple diet of 
large areas of the world since neolithic times, and it can with some justification 
be claimed that the probably unconscious selection of the spontaneous 
amphiploid of Triticum dicocoides with Aegilops squarrosa by neolithic people 
set the cornerstone of our modern civilization. Whilst fully realizing our 
responsibilities towards ensuring its continuation, we look to the future with 
optimism. 
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diploid grasses chromosome types, 

secondary associations 216 
doubled 510-11 
production 142 

Hard red spring wheat 
black rust losses 62 
North America 61-2 

Harshbarger rectangular lattices 346 
Harvest index 

breeding, yields 322 
increase 519-20 
see also Yields 

Helminthosporium sativum, triticale 
sensitivity 278 

Herbicides, resistance transfer 549 
Hermsen's virescent 148 
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Hessian fly (Mayetiola destructor) 425 
biotype-specific resistance 428--32 
control, sowing time 432 
host gene-for-gene interaction 372 
host-specific pathogenicity 429 
resistance 

geographical aspects 431-2 
sources/designations/effects 429-31 
varietal differences 432 

Heterochromatin 
amount/distribution variations, Aegilops 

spp. 232 
constitutive 234 
loss/absence, rye chromosomes 234 
rye, nucleotide sequences 237,239-41 
terminal, rye chromosomes, grain shrivelling 

278 
variations, specific repeats tandem arrays 

correlation 239 
Hexaploids, chromosome analysis 71-2 
Hobbit 

disease 526 
PBI case history 523, 525--6 

Homoeoalleles, independent segregation 111 
Homoeologous chromosome pairing, 

induction 189-96, 202 
Homoeology 

addition lines morphology 181 
alien chromosomes, 180-4 

Homologous pairing transfers 202 
Homologous transfers 197-8 
Hordeum bulbosum 

crossing, doubled haploids 511 
wheat crossability 141-2 

Host specificity, insects 426 
Hybrid chlorosis 146, 147 
Hybrid dwarfs 

genes 146 
phenotypes 146 

Hybrid necrosis 146-7 
gene interaction 14 7 

Hybridization 176 
chemically-induced 516--19, 544-5 
DNA, rye chromosome arm detection 

239-41 
genetic disorders 145-7 
Knight (1790) 51 
methods 515-19 
varietal, Sherriff 51-2, 64 

Hydroxamic acid, plant, aphid survival effects 
440 

Imidazolines, resistance transfer 549 
Inbred lines populations 

biased variance estimates 119 
family means, variance analysis 118 
genetic analysis 114-15, 118--19 
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Inbred triple cross, random mating, genetic 
analysis 118, 119 

Initial Colonisation Cultures 35 
Insect resistance 

antibiosis 427 
attack evasion (pseudo-resistance) 427 
biotype-specific 426, 428--32 
breeding 425-49, 534, 549 
durability 445--6 
horizontal 445--6 
host specificity 444-6 
mechanisms 427-8 
non-preference ( antixenosis) 427, 438 
non-specific 426--7 
pest control448-9 
physical432-5 
selection 

insect culture 447-8 
screening 446--7 

species-specific 426, 444 
specificity 443--6 
terminology 425-8 
tolerance 427 
vertical 446 
see also various insects 

Institut de Recherches Agronomiques (France) 
54 

Inter-row cultivation 43 
International Board for Plant Genetic 

Resources (IBPGR) 531 
data-retrieval recommendations 532 

Ionizing radiation, chromosome breakage 197, 
201,203 

Iron age, agricultural implements 37 
Isoenzymes, pathogenicity correlation/ 

independence 376 
Isogenic lines, pleiotropic relationship 

studies 122 
Italy, wheat breeding 66 

Johannsen, 'pure line concept' 53 
Joint regression analysis 

disadvantages 354 
genotype/environment interaction 353-4 

Jugoslavia, cereal growth, historical aspects 35 

Kamal bunt (Tilletia [Neovassia] indica) 408--9 
triticale immunity/resistance 280 

Karyotype 
bread wheat 227-9 
variation 

alien chromosome recognition 180-1 
electron microscopic studies 216 

Kent-Jones and Martin grader, flour colour 
467 

Knight, cereal hybridization 51 
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Late wheat shootfly (Phorbia genitalis) 
441,442 

pubescent wheat susceptibility 444 
le Couteur, Talavera selection 51 
Leaf 

interveinal distance, photosynthesis effects 
521 

mesophyll cell area, carbon dioxide 
diffusion effects 521 

Leaf area 302-3 
abscisic acid effects 327 
index495 
reduction, water stress, seed numbers 314 

Leaf blight ( Cochliobolus sativus) 413-14 
pathogen nomenclature 413 

Leaf development 300---3 
emergence 301-2 

tillering relationships 305-6 
growth rates 300-1 
leaf size 302-3 
numbers 302 

Leaf longevity, yield variation 520 
Leaf necrosis, corroded gene 146-7 
Leaf posture 319-21 

biomass effects 319-21 
photosynthesis 319, 520 
yield effects 319 

Leaf primordia, inititiation rate 295 
Leaf rust ( Puccinia recondita), resistance 203 

duration 397-8 
gene matching 391 
mutation breeding 512 

Leaf strip (Cephalosporium graminearum) 415 
Ligules, genetic control132 
Loose smut (Vstilago spp.) 407-8 

fungicidal seed dressings 369 
gene-for-gene relationship 408 

Lysine 
grain protein content relationships 469 
sequestration, free sugars 459 

Mcintosh: Catalogue of gene symbols 142 
Maillard reaction 459 
Maize (Zea mays), transposable element 

system 243 
Male sterility 

alien cytoplasm-associated 203-4 
breeding exploitation 514-19 
chemically-induced 516-19, 544-5 
cytoplasmic 150-1, 515-16 
hybridization methods 515-19 
inherited/induced, uses 514-15 
nuclear 516 

Maris Huntsman 
disease resistance 523-5 
PBI case history 523-5 
recurrent parents 524 

MBC fungicides, eyespot resistance 411 
Mechanical husbandry, UK development 43 

Meiosis 
metaphase studies 212-13 
nuclear DNA amount effects 226-7 
stamens/ovaries 309 
temperature sensitivity 220, 221 

Mercia, PBI variety 527 

Index 

Metabolism, and water relations 325-33 
Michel berg culture, cereal growth 35-6 
Microporogenesis, water stress effects 314 
Middle Ages, three-field cultivation system 42 
Milling properties 

grain appearance and texture 466 
grain breeding 465-7 
hard wheats, extraction rates/flow properties 

466 
see also Endosperm texture; Flours 

Mitochondrial genome 259-61 
oxidative phosphorylation 259 
protein-encoding genes 259 
repetitive DNA elements 260 

Mitosis 
metaphase studies 212-13 
rate and duration 219-20 
temperature sensitivity 219-20 

Molecular markers 153-7 
Monosomics 

analyses 74-7 
back-cross reciprocal analysis 87-8 
background effects 87 
chromosome dosage effects 87 
gene-carrying chromosomes 74-5 
occurrence frequency 77 
pollen chromosome numbers 92 
reciprocal analysis 85-7 
series comparisons 84-5 

Monosomics, development 77-84 
back-crossing 77-80 
background variation 80 
Bersee 80--4 
chromosome non-disjunction 78, 80 
univalent shift 78, 80 

Multiline varieties 
clean 385 
dirty 385 
disease escape 384-7 

Mutation breeding 511-12 

N-banding 231-5 
C-banding comparisons 235, 236 
wheat chromosomes 232 
see also Chromosome banding 

NADH-ubiquinone-oxidoreductase complex, 
subunits, mitochondrial genes 259 

Near East, wheat cultivation 32-4 
Near-infrared reflectance analysis (NIR), 

grain texture analysis 466, 504 
Neatby's virescent 148-9 
Necrotrophic pathogens 376-81 

resistance 410-17 
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Neolithic agriculture 31-4 
history 35 

Netherlands, wheat breeding 58-9 
Nicotiana rustica, genotype assay 121 
Nilsson-Ehle, Swedish cereal breeding 59-60 
Nineteenth century, wheat improvement 51-2 
Nitrogen 

atmospheric, cereal fixation 541 
ear development effects 300 
grain protein content 363, 365, 467 
UK use493 
yields and variety interactions 363-5 

Nitrous oxide, amphiploid production 176 
Non-recombinant lines, homozygous 103-4 
Noodles 464 
Nuclear DNA 

chloroplast DNA ratio 256, 258 
replication times 220 

Nuclear DNA, amount 220--7 
angiosperm characters correlation 224 
bread wheat 227-9 
cellular metaphase chromosome volume 

224,225 
cellular nucleolar/nuclear dry mass 

relationships 225, 226 
interspecific variation 220-4, 226-7 
meiosis length and ploidy 226-7 
nuclear volume relationships 225, 226 
pollen volume/development relationships 

225,226 
species evolutionary relationships 223-4 

Nuclear genes, alien cytoplasm interactions 
203 

Nuclear genome 211-51 
Nucleolus, organizers, ribosomal RNA genes 

248-51 

Opomyzaflorum 441,442 
Oxidative phosphorylation, mitochondrial 

genes 259 

Palaeoethnobotany 31-4 
Pasta products 460--1, 464 
Pathogenicity 

host-specific 426, 429 
insect 426 
non-specific 426-7 

Pathogens 142 
aggressive/non-aggressive isolates 374 
biotrophic 371-6 
facultative 376-81 
formae speciales 371 
genes, stabilizing (directional) selection 

374,375 
groups 370--1 
host gene-for-gene interaction 371-2, 373 
host range restrictions 371 

necrotrophic 376-81 
resistance 410--17 

obligate, pathogenicity analysis 373-4 
resistance 142-5 
species-specific pathogenicity 379 
variation 370--81 

nomenclature systems 375-6 
see also Diseases, control, cultural 

techniques; and various pathogens 
Pedigree selection 

Hallet (1861) 52, 534, 543 
PBI 499-502 
see also Breeding, parent choice 

Pedigree-trial system 499 
Peduncle, rye 131 
Pelshenke test, protein quality 473 
Pericarp, pigments 132 
Phenotypes 

cross combination frequencies 109 
quantitative 109-10 

Phosphate, ear development effects 300 
Photoperiodism, genetic control135-6 
Photosynthesis 

awning effects 131,323,496 
efficiency 496 
genotypic differences 520 
leaf posture 520 
organ longevity selection 541 
reduction, water stress 314 
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water requirement interaction 521-2 
Physiological characters, improvement 538-42 
Phytoalexins, take-all resistance 412 
Pigment characters 

genetic control 132-3 
seed coat, dormancy/sprouting resistance 

471 
Plant Breeding Institute (PBI), Cambridge 

field trials 503-4 
pedigree selection 499-502 
selection procedures 499-507 
varieties, case reports 523-8 

Plant height 
control, reciprocal monosomic method 

88,89 
gene location 103-4 
genetic control 137-9 
reduction, yield effects 136-7 
see also Dwarfism; Semi-dwarf varieties 

Pleiotropic effect 
growth period length, yield effects 136 
vernalization 135 

Pleiotropic relationships, genes 122-3 
Pliny the Elder, on agriculture 40--1 
Poland 

wheat breeding 66-8 
winter wheat pedigrees 67 

Pollen development 
temperature sensitivity 220 
water stress effects 314 
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Pollen volume, nuclear DNA amount 
relationships 225, 226 

Polymorphism, restriction fragment length, 
see RFLPs 

Polyploidy 
gene expression effects 110--11 
nuclear DNA amount effects 226--7 

Powdery mildew (Erysiphe graminis) 
diverse populations 405 
isolates 

differences, various cereals 376, 377 
fitness assessment 374--5 

resistance 403--6 
barley variety mixtures 386--7 
genes403-4 
transfer 189 

triticale immunity 279 
Professeur Marchal, eyespot resistance 528 
Proline, drought resistance effects 325--6 
Protein content 

bread flour 459, 472-82 
genetic contro1139-40 
grain 467-9, 545--6 
lysine content relationships 469 
treated straw 548 
yield effects 467-9 

Protein quality 534 
bread-making 472-82, 505 

random-line approach disadvantages 
479-81 

test 472-5 
Proteins 

fractionation/identification 475 
storage, genetic control138-9 
structural genes 181, 182-5 
triplet band 138-9 
wheat/Aegilops comosa chromosome effects 

188 
Pubescent wheats 

leaf beetle resistance 434--5,444 
mite susceptibility 444 
Phorbia genitalis susceptibility 444 

Purple grain, genes 132 
Pyrenophora trichostoma, synonyms 417 

Quantitative trait loci (QTL) 106, 130 

Random lines 
pleiotropic relationship studies 122-3 
protein quality breeding 479-81 

Randomized trials 
analysis of variance 341-2 
balanced incomplete block design 343 
completely randomized 340--1 
incomplete block design 343 
lattice designs 343-5 

balanced 344--5 

generalized 346--7 
simple 344 

lattice square 342-3, 345 
randomized blocks 341-2 
yield assessment 340--3 

Index 

Raspberry (Rubus idaeus), aphid gene-for
gene relationship 445 

Recombinant DNA methods, crop plant new 
forms548 

Recombinant lines, homozygous 102--6 
genotype-environment reactions 106 
means and variances additive effects 118 
quantitative characters, genetics 104--6 

Red grain colour, genes 132 
Residue protein test 473 
Resistance genes 

diversification 
geographical 384 
individual fields 384 
varieties, agronomic compatibility 386 

pathogen gene-for-gene interaction 371-2, 
373 

see also Disease resistance; and various 
pathogens/pests 

Response units, relationships, genetic 
analysis 124 

Restriction fragment length polymorphisms, 
see RFLPs 

RFLPs 106, 129 
chromosome 1B physical organization 247, 

248 
chromosome loci 153-7 
and genetic mapping 247 
pathogenicity correlation/independence 376 

Ribosomal DNA, loci, expression variation 250 
Ribosomal RNA 

chloroplast 251 
methylation 250 
nucleolus organizers, tandem arrays 248 
number variation, homologous loci 250 
transcription 249 
wheat mitochondrial genome 260 

Ribosomes, synthesis, antipodal cells 213 
Ribulose bisphosphate carboxylase, encoding 

genes 244--6 
Rimpau, wheat crosses 56 
RNA 

double stranded, pathogenicity correlation/ 
independence 376 

polycistronic 249 
see also Ribosomal RNA 

Roman empire 
corn trade 36 
crop husbandry, adaptation and change 41-5 

Root development 
genetic variation monitoring 324 
varietal differences 496 
water availability 323-4, 496 
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Root rot (Fusarium spp.) 414--15 
see also Common root rot 

Rose-grass aphid (Metopolophium dirhodum) 
440 

species-specific resistance 444 
Row-crop planting 43 
Russian wheat aphid (Diuraphis noxia) 440 
Rust disease resistance 390-403 

breeding 399-403 
CIMMYT modified pedigree system 402-3 
durability 395-9 
gene interaction/additive action 394--5 
gene linkage 394 
gene-for-gene matching 391 
genetics 391-5 
named genes 391 
separate development 393-4 
transgressive 395 

Rust pathogens, variability, sexual/asexual 
reproduction effects 375 

Rye (Secale cereale) 14--15 
C-banding 230, 234 
chromosomal recombination frequencies 191 
hairy neck (peduncle), dominant gene 131 
heterochromatin nucleotide sequences 237, 

239-41 
origins 15 
perennial 15 
shrivelling, terminal chromosomal hetero

chromatin 278 
wheat crossability 141, 178 
see also Triticale 

Saddle gall-midge (Haplodiplosis equestris) 442 
SDS-P AGE, protein quality, bread-making 

475-82 
SDS-sedimentation test, protein quality 473-5, 

504 
Seedling blight, Fusarium spp. 414--15 
Seedling emergence 287-91 

soil temperature effects 290--1 
soil water potential290-1 
sowing depth effects 290--1 

Semi-dwarf varieties 
historical aspects 68-9 
pathogen emergence 370 
yields 137 

Septoria spp., diseases 415-17 
resistance 416-17 
yield losses 415-16 
see also Glume blotch 

Sharp eyespot (Rhizoctonia cerealis), triticale 
resistance 281 

Sherriff, varietal hybridization 51-2, 64 
Shoot apex 

development 291-300 
field 294--6 
low vernalization response 298 

nutrients 300 
photoperiod effects 298-9 
temperature effects 296-8 
varietal response 298 
winter hardiness effects 296 

developmental morphology 291-3 
floral initiation 291, 292 
leaf primordia development 291 

Shoot flies 441-2 
Shot wheats (T. sphaerococcum), ear 

morphology genes 130--1 
Smut diseases 406-9 
Snow mould (Fusarium nivale), winter 

hardiness/resistance 135 
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Sodium hydroxide, straw treatment, animal 
feed 548 

Soil fertility, improvement 43 
Somaclonal variation 512-13 
Sorghum, green bug susceptibility 437 
Source/sink interactions 520--1 
Specificity, insect/host plant relationships 426 
Sperm cells, nuclear volume 213, 214 
Spikelet 

development 308-9 
floret initiation/development 308-9 
terminal, length, ear emergence 309-10 

Spikelet primordia 
development 291, 293 

winter rate 295 
initiation rate 295 

duration relationship 296-7 
Starch, production/uses 465 
Steam implements 44--5 
Stem growth 306-7 

elongated internodes, number/length 307 
internode growth correlation 307, 308 

Stem maggot (Meromyza americana) 441,442 
Stem rust (Puccinia graminis) 

Agropyron elongatum resistance 382 
race-specific resistant genes 396 
resistance breeding 

Australia 401-2 
mutation 512 

resistance genes 
combinations 372, 396 
matching 391 
T. monococcum 112 
triticale 279 

Stem sawfly (Cephus spp.) 425 
geographical aspects 432 
larvae mortality 433 
physical resistance 432-4 
resistance, yield effects 433-4 

Stems, pigment genes 132-3 
Stenvert and Pearling Index tests, wheat 

texture classification 466 
Sterility, male see Male sterility 
Stinking smut, see Common bunt 
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Stock husbandry, improvement 44 
Straw 

animal feed, D values 548 
biodegradation 547 
board 548 
disposal 547 

Stress damage, resistance engineering 549 
Stripe rust, see Yellow rust 
Sumerian 'Wisdom Literature', yields 

improvement 38 
Svalof Research Station, Sweden 59 
Sweden 

wheat breeding 59-61 
wheat pedigrees 60--1 

Take-all (Gauemannomyces graminis) 411-12 
adventitious root stimulation 411 
oat resistance 412 
species-specific pathogenicity 379 
triticale resistance 280--1, 412 
varietal resistance 412 

Tan (yellow leaf) spot 417 
geographical distribution 417 
pathogen nomenclature 417 

Telocentric chromosomes, gene location/ 
mapping 75-6 

Testa, pigments 132 
Thylakoid membrane proteins 251 
Tillers 303-6 

bud initiation 303, 305 
death 306 
development 305 
drought effects 317-19 
emergence 305-6 

leaf emergence interval 305-6 
growth cessation 306 
nomenclature 303, 304 
non-productive 496 

reduction, uniculm 317, 496 
number prediction 305 

TRB communities, cereal growth 35 
Triazine herbicides, action site, quinone-

binding protein 258-9 
Triple test cross analysis, parent choice 498-9 
Triplet band proteins 138-9 
Triticale 

amphiploids 177 
animal consumption 282 
an thesis/maturity period 276 
biomass 274, 275-6 
breeding 269-84 

historical developments 269-70 
methods 271-3 

chromosome constitution, C-banding 234 
day length insensitivity gene introduction 276 
digestibility 282 
disease resistance 278-81 

Index 

dwarf varieties, gibberellic acid insensitivity 
277-8 

dwarfing genes, plant height control 276--8 
earliness 276 
endosperm development disorders, 

shrivelling 278 
environmental adaptation 283--4 
ergot susceptibility 279-80 
eyespot resistance 281 
floral diseases 279-80 
flour yield 282 
foliar diseases 279 
forage crop 282 
Fusarium spp. sensitivity 278 
glume blotch sensitivity 279 
grain shrivelling 278 
harvest index 274, 275-6 
height and lodging 276--8 
Helminthosporium sativum sensitivity 278 
hexaploid 177,269,270 

diploid rye crosses 271 
human consumption 282 
octoploid 177, 272 
ploidy levels 271 
powdery mildew immunity 279 
primary, synthesis 271-2 
production increases 282 
quality 281-2 
root and stem diseases 280--1 
secondary, synthesis 271,272-3 
Septaria tritici immunity/resistance 279 
sharp eyespot resistance 281 
smut/bunt disease immunity/resistance 280 
stem rust virulence 279 
substitutional, synthesis 271, 272-3 
take-all resistance 280--1, 412 
taxonomy 270--1 
tetraploid 177 

synthesis 271-2 
types 271 
uses 281-2 
yellow rust resistance 279 
yields 273-6 

barley comparisons 275 
rye comparisons 274-5 
wheat comparisons 273-5 

Triticeae 
classification 1--4 
crossability within 174-6 
genera 2--4 
genetic relationships 2 
see also Wheats; and various species 

Triticum aestivum 
aneuploid analysis 71-107 
archaeology 34 
chloroplast genome 251-9 
cytoplasmic inheritance 150--3 
genetics 131-50 
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geographical distribution 28 
introduction of alien variation 173-205 
karyotype 227-51 
nuclear DNA 220--7 
production 38--42, 46, 47 
systematics 22--4 

Triticum boeoticum 
earliest site 31 
pre-9000 BC 33 

Triticum carthlicum, powdery mildew 
resistance gene 403 

Triticum compactum 
ear morphology genes 131 
Syria 32 

Triticum dicoccoides, T. urartu amphiploidy 21 
Triticum dicoccum 

Near East cultivation 32 
powdery mildew resistance genes, hexaploid 

wheat backcrosses 405 
Triticum durum 

flour a-amylase activity 464 
pasta products 464 
Q gene22 
stem maggot resistance 442 

Triticum gallicum 53, 54--5 
Triticum monococcum, bird-cherry-oat 

aphid resistance 439 
Triticum spherococcum 131 
Triticum spelta, Neolithic central and 

northern Europe 36 
Triticum timopheevi 

cytoplasm, male sterility induction 151 
powdery mildew resistance gene 189, 403 

Twentieth century, agricultural improvements 
45-7 

UK 
voluntary seed standards 530 
wheat breeding 64--5 

varieties 64--5 
see also Plant Breeding Institute (PBI) 

Cambridge 
wheat production 488--93 

historical aspects 488--9 
yellow rust resistance breeding 400--1 

U niculm, unproductive tiller reduction 317, 
496 

Urea-dispersible protein (UDP) test 472-3 
USSR, wheat breeding 66-8 

Variation 
genetic, alien 173-205,513, 546--7 
somaclona1512-3 

Varietal mixtures, agronomic compatibility, 
resistance genes diversity 386 

Varro: De Rustica 39 
Vernalization 

gene localization 134--5 

gene pleiotropic effect 134--5 
genetic contro1134-5 
multiple allelism 134--5 
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shoot apex development effects 298 
Virescent, chlorphyll abnormality 146, 148 
Virgil: Georgics 39 
Viridis 148 

Water absorption 
environmental effects 467 
flour, endosperm texture 458 

Water stress 
abscisic acid accumulation 326--7 
categories 314--15 
complex314 
critical periods 314--15 
photosynthesis reduction 314 
physiological effects 313 
post-anthesis, grain size/weight 315, 316 
pre-an thesis 314, 317-18 
simple 314 
see also Drought 

Weibullsholm breeding station, Sweden 60 
Wheat bulb fly (Leptohylemyia coarctata) 

441,442 
Wheat nucleus 211-15 

chromosome arrangement 215-19 
electron microscopy 216, 217 
homoeologous bivalents 215-16 

Wheat plant 
coleoptile growth 288--9 
embryo in seed 288 
height, root development relationship 324 
leaf development 300--3 
net assimilation rate 494--5 
population density 

ear numbers 319 
water use 319 

relative growth rate 494--5 
seedling development/emergence 287-91 
shoot apex development 291-300 
shoot height 289 
stem growth 306--7 
tillers 303-6 
see also Breeding 

Wheat-rye translocations, identification, 
banding techniques 234 

Wheat (Triticum spp.) 15-28 
Ag+ satellite sequences, chromosomal 

distribution 237 
alien chromosomes 

addition lines 174, 178-84 
substitution lines 178, 184--8 

alien genetic variation 173-205 
autotetraploidy 20 
B and G genome origins 20--2 
chromosome pairing studies 20 
classifications, comparison 16--17 
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Wheat cont. 
diploid 18, 19 

basic genome 19 
wild 19-20 

hexaploid 18 
differences 23 
formulae23 
morphology/geographical distribution 

27-8 
origins 23-4 

hybrids 176 
morphology/geographical distribution 24-8 
nomenclature 18-20 
nuclear DNA, interspecific variation 220-4 
plasma type classification 150--1 
polyploid, evolution 21-2 
spelt forms 23-4 
tetraploid 18 

emmer wheats 19-20 
morphology/geographical distribution 

26-7 
Winter hardiness 

genetic control135 
shoot apex development 296 

Winter variegation, Aegilops umbellulata 
cytoplasm 153 

Winter wheat, genetic improvement 489, 491 

Yellow leaf spot, see Tan (yellow leaf) spot 
Yell ow rust ( Puccinia striiformis) 

Aegilops comosa resistance 381-2, 513, 
546-7 

isolate differences, barley/wheat 376 
races 144-5 
resistance 

breeding in UK 400--1 
durability 398-9 
gene matching 372, 373, 392 
genes 75, 143-4 
mutation breeding 512 
selection 387 
transfer 381-2, 513 
transgressive 395 
varieties genetic differences 398-9 

triticale resistance 279 

Index 

Yr resistance genes 392-3 
Yeoman, PBI variety 526-7 
Yield assessment trials 339-66 

agricultural significance 362-6 
analysis of covariance 347-8 
block use 351-2 

soil condition boundaries 351 
and commercial practice 366 
computers 350--1 
designs 339-49 
factorial 348-9 
incomplete block designs 345 
multi-site testing 352 
nitrogen applications/variety interactions 

363-5 
resolvable designs 345 
resolvable incomplete block designs 345 
variety performance/field-plot techniques 

364,366 
variety/sowing date interactions 363, 364 
see also Randomized trials 

Yields 
abscisic acid levels and 329-31 
comparisons, husbandry requirements 

effects 275 
eyespot effects 528 
flowering delay effects 135-6 
grain protein content relationships 467-9 
growth period shortening effects 136 
hybrid seed costs 518 
increase 42-7, 538 
plant height reduction effects 136 
post-ear initiation water stress 314 
selection 519-23 
stem sawfly resistance effects 433-4 
structure, water stress timing 316-17 
UK488-93 

cost reduction 493 
historical aspects 313, 488-9 
international comparisons 489, 493-4 
sixteenth century 42 

water availability effects 313 
world increase, 20th century 45-7 

Zeleny test, protein quality 473 
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