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'Kanred,' 'Cheyenne,' 'Blackhull' (hard red winter wheats); 'Goldcoin,' 
'Big Club' (white spring); 'Haynes Bluestem,' 'Glyndon Fife' (hard red 
spring); and 'Mindum' (durum). More recently, numerous selections have 
been made from CIMMYT wheats. Dalrymple (1978) identified 31 cul
tivars developed by such selection that were used in 13 countries during 
1967 to 1974. 

Most modem wheat cultivars were developed by artificial hybridiza
tion or crossbreeding. Crossbred wheats first became important around 
1890. A. E. Blount, W. J. Spillman, and L. R. Waldron were among the 
first in the United States to develop crossbred wheat cultivars. Among 
their more successful cultivars were 'Gypsum,' 'Hybrid 128,' and 'Ceres.' 
Farmer-breeder S. M. Schindel produced 'Fulcaster' from a cross be
tween 'Fultz' and 'Lancaster' in 1886. In 1903, the Canadian C. E. 
Saunders developed 'Marquis,' a famous crossbred hard red spring wheat. 
Another famous wheat hybridizer was William J. Farrer of Australia. 
During 1886 to 1906, he produced numerous crossbred cultivars of which 
his most famous was 'Federation.' 

Three types of wheat cultivars currently are grown for commercial 
wheat production: pure-line cultivars, hybrid cultivars, and multilines. 
Numerous new pure-line cultivars are released each year. The 1984 
Wheat Newsletter described over 70 pure-line cultivars developed or reg
istered in 14 countries that year. Hybrid wheat cultivars are now being 
grown to a limited extent. Hybrid wheats are produced in the United 
States by the use of cytoplasmic-genetic male sterility and by chemical 
gametocides. The percentage of commercial wheat produced with hybrid 
cultivars is still small, but it has increased yearly, especially in the Great 
Plains. In 1984, three commercial seed companies marketed 20 hybrid 
wheat cultivars in North America. 

Multiline wheats also are being produced on a limited basis in a few 
countries. One type of multiline is a seed mixture of morphologically simi
lar pure-line components which differ genetically for resistance genes to 
one or more wheat diseases. A second type of multiline or blend is a seed 
mixture of distinct cultivars. In the United States, a few small seed com
panies and farmer cooperatives market blends of cultivars under a brand 
designation. 

EXTENT AND NATURE OF BREEDING PROGRAMS RN NORTH 
AMERICA 

Many public and private groups breed wheat in North America. This is 
particularly true in the United States. According to USDA Agricultural 
Research Service (USDA-ARS) information, 37 state agencies conduct 
wheat breeding programs, several of which are joint efforts with the 
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quality factors of durum wheats are unique to themselves. The genetic im
provement of milling and baking quality was delayed until suitable experi
mental procedures were perfected that could be used to evaluate large 
numbers of progeny that most breeding programs generate. Several useful 
micro, semi-micro, and semi-macro tests are available to evaluate the key 
quality traits. There are at least 32 tests used to evaluate common wheat 
quality and several others to evaluate durum wheat quality (Wrigley and 
Moss, 1968). The basis for wheat quality can be classified into four types 
of measurements that embrace most of the various tests that are used: 
kernel hardness, flour strength, flour stability, and flour stiffness. 

Milling quality relates to kernel hardness. It is measured as the per
centage of flour and the rate it can be extracted from whole grain during 
milling. The higher the percentage of flour yield and the faster it can be ex
tracted from the grain are economically important factors for the miller. 
Hardness traits, such as break flour release, pearling index, and particle 
size are parameters affecting milling and baking. These traits have been 
found to be primarily under genetic control and respond readily to selec
tion. Flour strength is closely associated with protein content and dough 
extensibility, It is mainly affected by environmental conditions and is not 
highly heritable. Flour stability responds readily to genetic improvement 
and can be measured by the mixograph and the farinograph tests. Flour 
stiffness depends to some extent on flour stability, and both stiffness and 
stability are aspects of protein quality, particularly gluten content. Gluten 
protein consists of gliadin and glutenin. The gliadin composition for a par
ticular wheat genotype remains relatively constant over diverse environ
ments. The gliadin proteins probably account for much of the baking dif
ferences observed among cultivars. 

Considerable evidence has been gained by aneuploid analysis on the 
inheritance of wheat quality traits. This evidence indicates that chromo
somes of the D genome are largely responsible for many of the baking 
quality attributes of bread wheat. Such properties as loaf volume, dough 
mixing characteristics, baking absorption, and milling characteristics are 
influenced by several chromosomes and are complexly inherited. 

Considerable effort has been made to increase protein and lysine con
centration of wheat grain, but both objectives have met with only limited 
success. Both traits generally have low heritability. Protein content is 
negatively correlated with grain yield and most modem cultivars differ lit
tle in total protein produced per unit area. Recurrent selection signifi
cantly increased grain protein concentration, but also gave a negative shift 
in yield (Loftier et al., 1983). The variability for lysine content has been 
rather narrow, and wheats high in lysine are almost always low in protein. 
After an exhaustive search among members of the primary wheat gene 
pool, a few promising parents were found. 'Atlas 66' and its derivatives 
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are high for total grain protein and 'Nap Hal' is high in lysine content and 
moderately high for total protein. 

Adaptation 

Breeding for adaptation is usually a main consideration. Adaptive traits 
may be undefined for a production area, but by breeding for yield per
formance over time and space, cultivar adaptation is improved. Most 
breeders purposely choose experimental sites that represent the main ag
ricultural environments of their respective production areas. Such sites 
may differ in rainfall, growing season, soil types, management practices or 
specific production problems. In the soft white winter wheat breeding 
program of the USDA and Washington State University, multiple-site 
trials are conducted. Diverse management practices are represented, such 
as irrigation, recropping after both legumes and small grains, wheat
fallow, various soil fertilization levels, and no-tillage. The sites vary 
from 120 to 210 frost-free days, 200 to 700 mm in rainfall and represent a 
diversity of soil types. 

Many breeders from different U.S. states participate in uniform 
regional testing programs. Cooperators test their most promising ad
vanced lines in regional interstate and intrastate nurseries. Performance 
in regional trials has been a key way to determine the adaptive properties 
of a potential cultivar. Similar regional or national testing programs are 
conducted by most major wheat-producing countries. 

Adaptation is primarily a genetically complex trait. However, three 
major gene systems have had considerable impact on wheat adaptation. 
These gene systems are the reduced height or semidwarf (Rht) genes, the 
photoperiod response (Ppd) genes, and the vernalization response (Vrn) 
genes. Pugsley (1983) contends that these systems interact to the extent 
that their manipulation provides the main framework for adaptation of 
wheat to a wide array of agricultural environments. Qualset (1978) used 
these three gene systems as examples of quantitative traits that are con
trolled by major-effect genes, which also have an undetermined number of 
genes with small effects that facilitate broad adaptation of wheat. 

The Rht semidwarf genes have contributed greatly to adaptation, as 
well as yield. The semidwarf wheats are efficient in partitioning pho
tosynthate between straw and grain The phenomenal success and wide 
adaptation achieved by the CIMMYT wheats has been largely due to 
combining favorable semidwarf genes with photoperiod-insensitive genes. 
There are at least two major independent genes for response to pho
toperiod, each of which have several alleles (Klaimi and Qualset, 1973). 
Photoperiod insensitivity allows wheats to head and mature in short-day 
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Mediterranean type environments. Conversely, photoperiod sensitivity of 
wheats grown at extreme northern and southern latitudes coordinate the 
timing of reproductive growth with the period when the most optimum en
vironmental conditions occur. 

The vernalization response genes (Vrn) facilitate wheat adaptation to a 
range of climates. Different combinations of the Ppd and Vrn genes can 
provide the optimum heading date of wheat for a diversity of environ
ments ranging from short-day tropical to long-day frigid. The genetic con
trol of vernalization requirement is complex. Five different Vrn loci have 
been reported. Other workers report genes that act epistatically to one or 
two Vrn genes and either enhance or inhibit their effects. 

Breeders developing wheat cultivars for distinctly different agricul
tural environments may use two different approaches to adaptive breed
ing. One strategy is to develop cultivars for a specific agro-ecosystem, 
such as irrigation or reduced tillage. With this approach, breeders may be 
able to reduce the number of traits with which they work. For instance, in 
the northwestern United States, wheat grown under irrigation has dif
ferent production constraints than wheat grown under rain-fed or dry-land 
conditions. Irrigated wheat seldom is damaged by strawbreaker foot rot, 
I;ephalosporium stripe, snowmold, or dry-land root rot, and seedling vigor 
is not a problem. These can be serious limitations under rain-fed culture. 
In contrast, irrigated wheat must have high resistance to lodging and foliar 
diseases, which are minor problems under dry-land culture. 

The second strategy for adaptive breeding is to select for broad adap
tation or to develop wheat cultivars that perform well over diverse agri
cultural environments. This approach also has merit in wheat breeding. 
Because cultivated wheats are well-buffered polyploids, their makeup 
may allow for sufficient individual buffering or developmental homeo
stasis to be adapted to rather diverse environments. There are many ex
amples of wheat cultivars that have broad adaptation, such as 'Centurk,' 
'Nugaines,' 'Siete Cerros,' 'WW15,' 'Era,' and 'Blueboy.' 

Pest Resistance 

Pest resistance ranks high among a wheat breeder's objectives. The main 
effect of diseases and insects is reduction of yield or biomass. There are 
over 50 diseases of wheat that represent air-borne fungi, soil-borne fungi, 
bacteria, viruses, and nematodes. The diseases that are critical depend on 
the specific environment and the availability of alternate disease control 
measures. Genetic resistance has not been a viable control means for 
barley yellow dwarf virus, wheat streak mosaic virus, take-all (Gaeu
mannomyces graminis var. trifid), kernel bunt (Neovossia indica), dry-
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cultivars to wheat streak mosaic and barley yellow dwarf virus have met 
with limited success. Genotypes expressing partial resistance to the virus 
vectors and to the viruses have been identified. 

Resistance to speckled leaf blotch seems to be simply inherited, but 
quantitative inheritance and additive gene effects have been reported. 
There may be no true resistance to glume blotch, but some cultivars ex
hibit tolerance. Its inheritance is largely unknown, although quantitative 
inheritance and additive gene effects have been suggested. 

Wheat cultivars with very good resistance to strawbreaker foot rot 
have been bred in Europe, but most U.S. cultivars lack resistance. The 
main sources of resistance are from the common wheat, 'Cappelle 
Desprez,' and from lines that obtained resistance from T. ventricosum. 
Genetic studies indicate both simple and complex inheritance of resis
tance. Monosomic analyses showed that at least four chromosomes af
fected reaction to foot rot. The resistance of ' Cap pelle Desprez' is located 
on chromosome 7A. Other studies report that resistance of several T. 
ventricosum derivatives is due to a single dominant gene. 

The distant relatives of wheat, referred to as alien sources, have begun 
to make significant contributions to disease resistance (Knott and 
Dvorak, 1976). Alien sources, including various species of Aegilops, 
Secale, and Agropyron, have been used to gain genetic resistance to three 
rusts, common bunt, wheat streak mosaic, and foot rot. 

Introduction of alien variation into wheat has been greatly facilitated 
by its tolerance for aneuploidy. Synthetic amphidiploids and chromosome 
addition and substitution lines may be used to bridge between the alien 
source and common wheat. The desired trait may be translocated to a 
wheat chromosome by ionizing radiation or by suppression of the Ph 
diploidizationgene which allows some homoeologous chromosomes to pair 
and affect crossing over between the chromatids of wheat and the alien 
line. 

Tolerance is reported to exist to a number of wheat diseases including 
rusts, powdery mildew, cephalosporium stripe, glume blotch, barley 
yellow dwarf virus, and cereal cyst nematodes. Few breeders purposely 
breed for tolerance to diseases, probably because it is difficult to evaluate 
and usually involves measurement of yield and detailed disease notes. 

Tolerance to Environmental Stress and Weather-Induced loss 

Many environmental stresses and weather-induced losses affect wheat, 
but an individual breeder might only need to contend with a few. Impor
tant ones include damage caused by temperature extremes, drought, 
fiooding, grain shatter, lodging, preharvest sprouting, stand failure, and 
nutrient imbalance caused by aluminum, manganese, and sodium toxicity. 
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Hybridization of tbe parents is tbe next step, tbe mecbanics of wbicb 
are discussed later. Hybridization is the main means of obtaining genetic 
variability for all oftbe principal wheat breeding procedures. It allows the 
breeder to advantageously exploit the ingredients of mendelian genetics, 
which are segregation, recombination, linkage, dominance and epistasis. 
The development of the new cultivar begins with union of the parental 
germ cells to form the FI hybrid. The Fz generation represents tbe key 
generation because it contains the total potential genetic variability of the 
cross. 

The next step involves choice of a breeding procedure. Because wheat 
is self-pollinated, procession toward pure-line development occurs auto
matically in wheat after hybridization. Self-pollination ensures intensive 
inbreeding, wbich leads to high levels of homozygosity. For each genera
tion of selling, the percentage of heterozygous individuals decreases and 
the percentage of homozygous individuals increases. 

Evaluation or testing of candidate pure-line cultivars occupies the 
major part of the breeder's time and resources. Wheat breeding proce
dures differ primarily in the amount of evaluation that takes place as pop
ulations attain homozygosity. 

Because breeders contend with traits that are either genetically simple 
or complex, tbey need to design their evaluation procedures to handle 
botb types of traits. Complex genetic traits, sucb as yield and quality, are 
undoubtedly regulated by many genes and strongly influenced by the en
vironment. That is why it is necessary to conduct yield and quality tests 
during several crop years at different sites and under diverse management 
practices. Simply inherited traits, sucb as spike type and plant height, do 
not require extensive and repeated evaluation. 

Pure-line cultivars must be purified before they are released. Although 
wheat is self-pollinated, tbere is the likelihood that off-types may be 
present in the seed stock as it undergoes testing. It is the breeder's job to 
remove off-types. The usual way to do tbis is by selecting typical plants or 
spikes, growing them out in a block, and comparing them for genetic 
uniformity. 

The development of multilines is similar to that of pure-line cultivars. 
Multilines are mixtures of two or more components which are actually 
pure lines of wheat. The components ofmultilines may be isolines, related 
lines, or actual cultivars. Breeding, testing, and increase procedures for 
these multiline components are very similar to those followed for pure
line cultivars. 

The concept of multiline cultivars was put forward over 30 years ago 
as a way to effect lasting disease resistance to highly dynamic pathogens, 
sucb as the rust fungi. Actual development of multilines for commercial 
production has been very limited. The unpopUlarity of multilines is proba
bly due to several reasons. Their development takes considerable time 
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and resources. Their worth as a means of managing resistance genes has 
not been extensively tested. Because they are mixtures of pure lines, 
multilines may not be readily accepted by seedsmen as an alternative to 
highly uniform pure-line cultivars. 

Production of hybrid wheat requires a means to alter the wheat flower 
so that it can be readily cross-pollinated rather than self-pollinated. This 
can be done on a mass scale by either the cytoplasmic male-sterile method 
(CMS) or the chemical hybridization agent method (CHA). Both methods 
require the development of male and female lines. For the CHA method, 
the considerations and procedures are nearly the same as for those of 
pure-line cultivars, although emphasis on selection for specific traits for 
hybrid wheat parents may be quite different than for those of pure-line 
cultivars. Breeding of lines for use in the CMS method is more complicated 
than for the CHA method and requires development of three different 
types of lines: (a) a CMS line or female; (b) afertility restoring line or male; 
and (c) a maintainer line used to perpetuate the female line. These two 
hybrid wheat systems are described in more detail in the section on breed
ing procedures. 

SOURCES OF GENETIC VARIABILITY 

Types of Parents and Populations 

Wheat has the largest gene pool of cereals and is notable for its diversity. 
It belongs to the Triticeae tribe of the Grammeae or grass family. This 
tribe includes seven genera in each of the subtribes Hordeinae and Tri
ticinae. There are at least 27 species of Triticum with ploidy levels of 14, 
28, and 42 chromosomes (Feldman and Sears, 1981). Harlan (1975) 
described three subgene pools of wheat. Primary gene pool members 
cross readily with one another and consist of all Triticum species. A large 
secondary gene pool consists of Secale, Haynaldia, some species of 
Agropyron, and former genus designated as Aegilops. A tertiary gene pool 
comprised of Hordeum and several species of Agropyron and Elymus rep
resent potential useful variability. Successful hybrids have been made be
tween Triticum with certain genotypes of Hordeum, Elymus, Taenia
therium, Agropyron, Haynaldia, Secale, and Eremopyron (Table 18-2). 
Table 18-3 lists the cultivated forms of wheat and several representative 
wild Triticum species. Ploidy levels and the key genomes of Triticum are 
indicated. 

Both common and durum wheat are allopolyploids. Common wheat is 
a hexaploid with 42 somatic chromosomes and durum wheat is a tet
raploid with 28 somatic chromosomes. Of the hexaploids, four variety 
groups are cultivated: T. aestivum, T. compactum, T. speita, and T. 
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Table 18-3 Classification of Cultivated Wheats and Closely Related 
Wild Species * 

Species Genomest Common Name Use 

Diploid species (2n = 14) 
T. monococcum var. AA Einkorn Cultivated 

monococcum 
T. monococcum var. AA Wild einkom Wild 

boeoticum 
T. dichasians CC Wild 
T. tauschii DD Wild 
T. comosum MM Wild 
T. speltoides SS Wild 
T. umbellutum UU Wild 

Tetraploid species (2n = 28) 
T. turgidum L. var. AABB Emmer wheat Cultivated 

dococcon 
T. turgidum L. var. durum AABB Durum wheat Cultivated 
T. turgidum L. var. AABB Poulard wheat Cultivated 

turgidum 
T. turgidum L. var. AABB Polish wheat Cultivated 

polonicum 
T. turgidum L. var. MBB Persian wheat Cultivated 

carthlicum 
T. turgidum L. var. AABB Wild emmer Wild 

dicoccoides 
T. timopheevii araraticum AAGG Wild 
T. cylindricum DDCC WHd 
T. ventricosum DDMM* Wild 
T. triunciale UUCC Wild 
T.ovatum UUMM* Wild 
T. kotschyi UUSS* Wild 

Hexaploid species (2n = 42) 
T. aestivum L. var. AABBDD Common wheat Cultivated 

aestivum 
T. aestivum L. var. spelta AABBDD Spelt wheat Cultivated 
T. aestivum L. var. AABBDD Club wheat Cultivated 

compactum 
T. aestivum L. var. AABBDD Shot wheat Cultivated 

sphaerococcum 
T. syriacum DDMM*SS* Wild 
T.juvenale DDMM*UU Wild 
T. triaristatum UUMM*MM* Wild 

"'Much of the information in this table was obtained from Feldman and Sears (1981). 
tGenomes designated by * are modified. 
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sphaerococcum. Of these, T. aestivum is the largest and most extensively 
cultivated variety group, but club, spelt, and shot wheat are grown in 
some regions (Table 18-3). Durum wheat is the chief tetraploid; addi
tional tetraploids known as emmer, poulard, polish, and persian wheats 
were once cultivated, but they are no longer important. 

The exact origin of wheat remains incomplete, although it is known 
that cultivated durum and common wheats evolved through amphiploidy. 
The center of origin and diversity of the genus Triticum is southwestern 
Asia, primarily the Fertile Crescent. Tetraploid emmer wheat originated 
before hexaploid wheat from hybridization of the wild diploid T. 
monococcum L., donor of the A genome, and an unknown diploid, proba
bly of the Sitopsis section which was the donor of the B genome. Durum 
wheat presumably originated from cultivated emmer by several sequential 
mutations that reduced glume toughness to the point of free threshing 
(Feldman, 1976). Hexaploid T. aestivum probably originated soon after 
the domestication of the diploid and tetraploid forms. Wild Emmer (T. 
turgidum L. var. dicoccoides) with the A and B genomes probably repeat
edly hybridized with forms of T. tauschii, the D genome donor. The addi
tion of the D genome expanded the range of cultivated wheat beyond the 
Near East to continental climates. Spontaneous mutations of T. aestivum 
forms apparently gave rise to T. compactum and T. sphaerococcum. The 
origin of T. spelta is still uncertain. 

Several countries maintain wheat collections. The International Board 
for Plant Genetic Resources lists 15 countries committed to long-term 
storage of wheat germ plasm. The USDA-ARS Wheat Small Grains 
Collection has over 39,000 accessions. About 50% of the accessions are 
landraces, 25% are of breeders' lines or cultivars, and the rest are unde
termined. These stocks are available to bonafide wheat breeders at no 
cost. The documentation and evaluation of these collections are mostly 
incomplete. Portions of the USDA-ARS wheat collection have been 
evaluated for reaction to rusts, smuts, powdery mildew, glume botch, 
speckled-leaf blotch, Hessian fly, cereal leaf beede, greenbug, and wheat 
stem sawfly. A part of the collection has been classified for heading date, 
growth habit, awn expression, and straw, chaff, awn, and kernel color. 

The choice of parents for hybridization is an important decision that 
all wheat breeders must make. Precise guidelines for parent selection are 
lacking. However, several general principles are used. When making two
way crosses breeders generally choose at least one locally adapted parent 
so that a portion of the progeny of the cross also will be well adapted. A 
breeder's own material often is a good source of potential parents. It is ac
cessible and perhaps the best evaluated germplasm available for the envi
ronment of interest. The other parent has one or more desired traits 
lacked by the well-adapted parent and it mayor may not have adaptive 
traits as well. As a rule, the best basic parents are nearly always good cul-
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ing the day and 10 to 15°C at night are optimal for fertilization and kernel 
development. 

Winter wheats require vernalization. When held 6 to 8 weeks out
doors at temperatures of 1 to lOoC, most wheat strains will vernalize. 
Seeds on moist filter paper in Petri dishes will usually vernalize after 6 
to 10 weeks storage in a refrigerator held at 3 to 7°C and given an 8- to 
10-hour photoperiod. 

The inflorescence of wheat is a determinate composite spike (Fig. 
18-1). Spikelets are alternately arranged on the rachis. Each spikelet has 
two bract-like empty glumes that enclose two to nine florets. The outer 
parts of each floret consist of a lemma and a palea. They enclose the sex . 
organs which are three stamens, a pistil, and two lodicules (Fig. 18-1). 
Each stamen comprises a filament and an anther. The pistil consists of an 
ovary with two short styles and a branched feathery stigma. The upper
most and lowermost spikelets of a wheat spike are often nonfunctional, as 
may be one or more of the upper florets of each spikelet 

Flowering generally begins midway on the spike and proceeds upward 
and downward. The primary floret develops first, the secondary is next, 
and the tertiary is last The florets within the spikelet often flower on suc
cessive days. Anthers may dehisce inside the floret, but as much as 80% 
of the pollen may be shed outside the florets (Allan, 1980). 

The only tools needed for artificial hybridization are forceps and scis
sors. If the two parents have contrasting alleles for useful marker genes, 
the female parent to be emasculated should have the recessive allele. This 
will help to confirm successful hybridization. Useful morphological wheat 
traits are listed by McIntosh (1983). 

Choice of spikes for emasculation requires care. Emasculation should 
be timed 1 to 3 days before normal anthesis. Anthers should be well de
veloped and light green, but not yenow or cream. The stigmas should be 
nearly fully developed. A check of spikelets in the middle of the spike will 
help determine its floral development stage. One to three of the basal and 
upper spikelets may have nonfunctional flowers and should be excised. 
All but the primary and secondary florets of the remaining spikelets are 
removed. This is done by gently pulling the tertiary floret downward and 
outward with the forceps. Awns are removed with scissors. Anthers can 
be removed from each floret by inserting the forceps between the lemma 
and palea and spreading them. The three anthers are removed carefully 
with the forceps to avoid crushing them or injuring the stigma. Emascu
lated spikes should be immediately covered with a glassine bag or 
wrapped with bond typing paper. Another emasculation procedure in
vol.ves removal of the upper one-third of each floret by cutting it off with 
scissors to expose the sex organs. Forceps are used to remove anthers 
from the top of the floret. This method works well in cool, humid environ
ments. 
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The size of M2 population to screen is difficult to determine. However, a 
skilled person can visually screen in one season several hectares of M2 or 
Ma wheat for several traits (Konzak, 1984). The main traits of wheat for 
which useful mutations have been secured include changes in morphol
ogy, physiology, reproductivity, chemical composition and disease resis
tance. Desired morphological changes that have been obtained include 
reduced height, spike type, plant form, awnedness, glume shape, grain 
size, and grain color. Beneficial physiological induced mutations include 
early maturity, photoperiod insensitivity, response to vernalization, and 
male sterility. Mutations have been obtained for increased protein and 
lysine content, as wen as increased glaucousness of wheat spikes, stems, 
and leaves. Resistance to leaf, stem, and stripe rust has been induced in 
wheat. The male-sterile recessive mutant Cornerstone is used extensively 
to facilitate recurrent selection, and a scheme has been proposed for its 
use to produce hybrid wheat. A dominant genetic male-sterility mutant 
was induced in a T. aestivum stock carrying T. tauschii cytoplasm. 

Some of the most potentially useful mutants have been several 
reduced plant height (Rht) mutants in wheat. None of the Rht mutants 
dwarf the coleoptile or the first foliar leaf, hence they do not adversely af
fect seedling vigor and stand establishment, as is the case with the natural
ly occurring Rhtl, Rht21 and Rhta semidwarf genes .. 

It is likely that wheat mutation breeding will continue to be used. It 
has been shown to be of special value to augment natural variability. The 
best way to use mutation breeding is as a complementary method to other 
traditional breeding approaches. 

BREEDING PROCEDURES 

The normal sequence of approaches used for wheat improvement in a par
ticular production area has been (a) introduction oflandrace cultivars, (b) 
selection within introductions, and (c) hybridization among selections. 
Direct introduction may still hold potential, particularly when the in
troductions are made from wen-established wheat breeding programs to 
programs just being established and where the two programs have com
mon production environments and limitations. 

Hybridization is the key feature of backcrossing, pedigree, single-seed 
descent, bulk, recurrent selection, and composite-cross breeding 
methods. They will be addressed here primarily for their utility for obtain
ing specific wheat breeding goals. Almost no wheat breeding programs 
follow exactly the same breeding procedures. This diversity of ap
proaches is desirable because it lends stability to wheat improvement and 
lessens the danger of different wheat programs developing genetically 
similar products with mutual genetic vulnerabilities. 
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with the breeding goals. Bulk breeding is an ideal way to handle crosses 
between spring and winter wheats. At Pullman, Washington, spring 
types are eliminated if spring x winter populations are sown in the fall 
because they cannot survive the winter. Winter types do not undergo 
vernalization, fail to set seed, and are eliminated when spring x winter 
wheat populations are sown in the spring. 

Wheat breeders must sometimes deal with intangible problems that 
manifest themselves infrequently or whose cause is so poorly understood 
that informed selection for the trait is not possible. In such instances, bulk 
breeding may be a useful approach. Examples in wheat include breeding 
for resistance to cold injury or sprout injury in areas where these 
problems may occasionally be severe, but occur infrequently. The materi~ 
als can be carried in bulk until the appropriate conditions prevail, at which 
time natural selection should favor the survival ofthe most resistant geno~ 
types. 

Bulk populations of wheat can be selected readily for spike type, plant 
height, awn expression and kernel color. In fact, some selection may be 
necessary to preserve the desired genetic traits. When bulk populations 
contain plants that have opposite alleles for plant height, awn type, and 
spike type, only a few semidwarf, club, or awnless plants may survive 
until the F 6' The bulk population can be subdivided into several pheno~ 
typic groups, such as semidwarf, nonsemidwarf, club spike, and lax spike, 
to prevent the loss of less competitive genotypes. 

Artificial mass selection with self~pollination can be used with the bulk 
method, sometimes referred to as the selected~bulk method. Bulks may be 
mechanically separated for seed weight and size. They can be harvested 
at two or more height levels to separate tall, medium, and short plants. 

Lines generally are derived from bulk populations in the F:; to F 8' 

When using a combination of random and selected~bulk breeding, Qualset 
and Vogt (1980) advocate selecting individuals in the F 5' They found 
there is actually little genetic gain past the F 4 for this breeding procedure. 

Recurrent Selection 

The breeding procedures already described mainly fit short~term goals of 
cultivar development. Wheat breeders also need to have long~term goals 
for future germ plasm improvement. Several ways have been described to 
broaden the genetic base of wheat breeding population.s. They are 
referred to as parent building, prebreeding, and evolutionary breeding. All 
represent a form of recurrent selection., which is a cyclic process alternat~ 
in.g between selection and hybridization. Recurrent selection has had lim
ited use in wheat breeding, but it should gain more general use in the fu
ture. 
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with a gene for semidwarfness and another that is not semidwarf usually 
have excessive plant heights and straw weights. Productive hybrids 
usually have parents with at least one semidwarf gene in common. 

CHA hybrid development is less complicated than that of CMS hybrids 
and should be faster. For the CHA method, appropriate parents must be 
developed and tested in varlous combinations to identify the hybrids with 
the best performance. The parents are developed by procedures identical 
to conventional pure-line wheat breeding. Parents also must have at
tributes that facilitate cross-pollination. Female lines require floral struc
tures conducive to cross-pollination. Tendencies toward cleistogamy are 
selected against. Males need to shed profuse amounts of pollen for ex
tended durations. As with the CMS hybrids, thorough knowledge concern
ing parental genotypic makeup for disease resistance, morphological 
traits, and other criteria would help identify the best hybrid combinations. 

Thorough testing of both CMS and CHA hybrids is essential. The per
formance of wheat hybrids cannot be predicted from their parental per
formances, except for a very few traits. The section on seed production, 
later in this chapter, deals with the mechanics of hybrid seed production. 

Development of Multilines 

Multilines are mixtures of pure lines of wheat. The pure lines can be 
isolines, related lines, or cuUivars. Normally, isolines and related lines are 
used as components of multilines to provide resistance to an airborne 
disease, such as stripe rust. 

boline components of multilines are developed by the backcross 
method. Ideally, several genetically different sources of specific resis
tance to the disease pathogen would be selected as donor or nonrecurrent 
parents. They are crossed to a recurrent parent which lacks specific genes 
for disease resistance. The recurrent parent should excel for agronomic 
traits, adaptiveness, and quality. Most specific genes for disease resis
tance are dominant, hence backcrossing may progress rapidly. Winter 
nurseries or greenhouse facilities would shorten the time required to de
velop components. The number of components contained in a multiline 
depends on the availability of different genes for resistance. Eight compo
nents usually is considered a minimum. Table 18-8 outlines the develop
ment of 'Crew,' a multiline comprised of three cultivars and seven near
isolines, each developed by backcross breeding. 

A criticism of multilines made up of closely related isolines is their 
conservativism. These multilines are normally structured for single 
disease resistance. CIMMYT breeders have undertaken a composite
cross multiline approach involving over 500 cultivars in crosses with 
'Siete Cerros,' a widely-adapted spring wheat (Rajaram and Dubin, 
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Year Activity 

1977 Tested three to ei.ght BCdJCaF2,5lines of the P2 to PIO popula
tions with stripe rust resistance in a yield test of four replica
tions at one location. Conducted initial quality tests. Checked 
seedling stripe rust reaction to two races. 

1978 Tested two to four BC2- BCaF 2.elines of each of the nine popula
tions in replicated performance tests at four locations. Selected 
one line from each population based on its agronomic and quali
ty performance. Selected lines were morphologically similar. 

1979 Composited equal amounts of seed by volume of nine 
BC2-BCaF2.7lines which obtained stripe rust resistance from P2 
to FlO. Included the cultivar 'Faro' in the composite. 'Faro' is a 
one-gene semidwarf with the Y'lO gene for stripe rust resistance 
derived by backcrossing to 'Omar'. The composite of the nine 
lines and 'Faro' was designated WA 6472. 

1980-1982 WA 6472 was tested extensively in replicated intrastate and 
regional performance trials during this period. In October 1982, 
it was released to growers in Idaho and Washington as the 'Crew' 
multiline. 

1977). The 500 cultivars were chosen for their diverse origins and proven 
resistances to four airborne diseases. The system involves multiple dou
ble crosses between 'Siete Cerros' and the disease-resistant parents. 
Backcrossing is avoided. Disease resistant segregants are saved that are 
phenotypically similar to 'Siete Cerros.' The scope of the double-cross 
multiline approach allows for development of cultivars with plant-to-plant 
heterogeneity for multiple disease resistance and lessens the problem of a 
narrow genetic base associated with backcrossed-derived cultivars. 

Components of multilines require evaluation for yield, quality, and 
other important criteria. This is especially true if the number of backcross 
generations is low. Alternate components for multilines should be devel
oped continuously so they can be substituted for components that are sus
ceptible to new and prevalent disease races. 

There are two very different philosophies concerning deployment of 
multilines. The two strategies are called the "clean-crop" and the "dirty
crop" approach. In the clean-crop approach, all components of the 
multiline would be resistant to all prevalent races of the disease to be COn
trolled. If a component becomes vulnerable to a new race, it is replaced 
by a new resistant component. The dean-crop approach attempts to re
tain complete resistance to the disease pathogen. 

In the dirty-crop approach, the components of the multiline also have 
a single gene for resistance, but nOne ofthe lines is completely resistant to 
all races of the pathogen. Dirty-crop muitilines may become partially 
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The grain yield the farmer obtains is on a per-unit-area basis, and 
selection for yield in a breeding program is only effective when measured 
on that basis. Yield cannot be evaluated on a single-plant basis (Knott, 
1972). 

Wheat breeders do not agree on when to begin to evaluate lines for 
yield potential. Some breeders advocate early-generation testing begin
ning with progeny of F 2 plants, whereas others delay selection until the F 5 

or later generations. Many studies have been made on the value of early 
testing for wheat grain yield. Most studies concluded that early-genera
tion testing had limited value and usually did not correlate closely with 
yield performance in later generations (Knott, 1979). This is not surpris
ing because the heritability of grain yield is moderate to low. Most studies 
of genetic variance reveal that yield is mainly controlled by additive ef
fects which could be masked in early generations by dominance and epi
static effects. 

A typical approach of wheat breeders is to select for highly heritable 
traits in the F2 to F4 and begin replicated yield tests in F5 to F 7• Traits 
such as photoperiod response, semidwarfism, awn expression, shatter 
resistance, harvest index, and numerous disease reactions generally have 
moderately high heritabilities and are amenable to early-generation test
ing. These traits all directly or indirectly affect yield. By emphasizing 
selection of these traits in the early generations and delaying selection for 
yield until later, a greater proportion of the lines placed in the initial yield 
tests are agronomically acceptable and more seed is available for testing. 

There is a possible disadvantage by delaying yield selection until the 
Fs to F7 because some useful genetic variability for yield may be inadver
tently lost, even with single-seed descent. The evaluation of F2-derived 
lines in the Fa is the earliest time that sufficient seed could be obtained to 
conduct yield tests on a plot basis. Perhaps the main reason against early
generation testing is the lack of evidence that it is effective. 

Nature of Environments Utilized 

The number of locations and replications breeders employ for yield tests 
vary due to personal philosophy and the specific situation. The greatest 
source of variability in yield is caused by genotype x year interactions, 
followed by genotype x location interactions. Ideally, breeders should opt 
for more yield tests spread over seasons than over locations within a 
season. This is seldom feasible because additional years delay cultivar de
velopment. 

Some breeders conduct their initial yield evaluation at one site and 
others make their initial tests at multiple sites. Often this decision 
depends on seed availability and resources. In environmentally diverse 
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frequently throughout the test to facilitate direct comparisons to neigh~ 
boring lines being evaluated. 

A more elaborate nearest-neighbor analysis has been described 
recently (Wilkinson, et ai., 1983). This design features a moving-block 
type of error control and is claimed to be more efficient on the average 
than complete block or incomplete block experiments. LeClerg (1966) 
has provided a comprehensive review of experimental designs as they 
apply to plant breeding. 

Considerations in Data Analysis and Use 

Efficient data management is an important part of wheat breeding and es
sential for yield tests. Rapid and accurate analysis of yield data is a neces
sity in winter wheat breeding programs where the time between harvest of 
current year yield trials and planting of the yield trials for the next year 
may be only a few days. A computerized data system enhances the ef
ficiency of wheat breeding. For any system to be useful, its format should 
be structured to facilitate future analysis, summarization, and decision 
making. A good system needs to be consistent, accurate, and give rapid 
output. It needs to be able to collate yield data across tests and summarize 
all the key criteria the breeder uses for saving or discarding lines. Several 
computerized record systems, which vary in degree of sophistication, are 
now available. Some systems do nearly all phases of record keeping, 
including printing notebooks, pedigrees, bag and stake labels, randomiza
tion, and seed inventory. Notes often are recorded in field books and en
tered ,later into the computer. Some breeders use portable data entry 
devices taken directly to the field. Many breeders now obtain yield 
weights on electronic scales that automatically access the yields into a 
computer. A few breeders have computerized scales mounted directly on 
their combines. 

The breeder who contemplates use of the computer for records and 
data analysis should become familiar with several proven systems. Com
puters will increase efficiency, but they should be used wisely so that the 
intuitive insight of the breeder is not lost. 

lEquipment Utilized for Field Operations 

Most equipment used for tillage, seed bed preparation, and fertilizer and 
herbicide application is identical to that used by farmers. The equipment 
breeders use to sow, tend, and harvest yield trials is for the most part 
modified and miniaturized versions of commercial machines. Scaled-
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lines. These guidelines may differ somewhat among various public or 
private agencies, and political regions (states, provinces, and countries), 
so it is essential to know the specific local requirements. 

Cultivar release procedures differ between private and public agen
cies. Public agencies, such as experiment stations, universities, and feder
al groups, usually convene a committee to review a recommendation by 
the breeder for release of a candidate cultivar. The breeder usually assem
bles pertinent data to support release of the proposed cultivaro 

The release of private cultivars also is based on favorable data which 
demonstrate the genetic superiority of the potential cultivar, but the eco
nomics of cultivar development and recovery of research costs are para
mount. Release decisions by private companies usually involve heavy 
input and recommendations from the breeder, but the economics of the 
current market and potential demand will receive major consideration. 

In the United States and Canada, state and federal seed certification 
agencies oversee seed production of wheat cultivars. In the United 
States, these agencies are usually state crop improvement associations. 
Their purpose is to make high quality seed available to the public via seed 
certification. Seed mUltiplication is achieved by assigning specific stan
dards to different classes of seed considered by the International Crop 
Improvement Association. These classes are designated as breeder, 
foundation, registered, and certified seed. Each certifying agency sets 
procedures and quality standards for the production of each class of seed. 
They enforce the standards by inspection during growing and harvesting 
of the crop. 

Methods for Producing and Maintaining Breeder Seed 

Breeder seed is produced under the direct control ofthe wheat breeder. It 
is the basis for the initial and future increase of the cultivaro The 
procedure for breeder seed production is usually the prerogative of the 
breeder. For pure-line cultivars, the breeder is expected to develop a 
product that is genetically homozygous for the agronomically important 
traits for which it has been evaluated and for common morphological 
traits, such as plant height, awn expression, kernel, and glume color. 
Usually the breeder has the option of describing genetic heterogeneity if it 
may be either advantageous or functionally neutral. For example, tall off
type plants often occur at frequencies of 0.1 to 0.5% in semidwarf wheats 
which have the Rhtl gene. Rigid selection generally fails to remove these 
off-types and their occurrence has little economic consequence. By 
describing a tolerance level for these off-types, the uniformity of the cul
tivar can be maintained within reasonable standards. 

Most breeders increase candidate cultivars and components of 
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market seed aggressively, usually by extensive advertisement. Marketing 
of public developed cultivars generally is less aggressive. Some states and 
provinces annually publish bulletins recommending specific wheat cul
tivars for their various agricultural environments. Other experiment sta
tions use field days and workshops to describe the performance of both 
public and private cultivars. Some certifying agencies distribute publica
tions that contain comparative performance rankings of various cultivars 
they certify. 

fUTURE PROSPECTS fOR CULTIVAR DEVElOPMENT 

Future wheat cultivar development will continue to be directed toward 
enhancement of yield, improved quality, pest resistance, and tolerance to 
unfavorable environments. It is likely that wheat yields will continue to 
increase, but the rate may be slower than in the past. Past yield advances 
mainly have been achieved by improved partitioning of photosynthate 
and by protecting inherent yield potential through pest resistance. An im
portant future need will be to increase the total wheat biomass while 
maintaining optimum partition via high harvest index and securing better 
yield protection. Over 20 years ago, the world wheat yield record of 
14,700 kg/ha was attained in Washington State. Yields of even 75% of 
this level are still rare today, mainly due to inadequate pest resistance and 
tolerance to adverse environments. It seems likely that attention will shift 
from maximum productivity to optimum productivity, as dictated by the 
economics of wheat farming. Wheat genotypes will probably be bred that 
can most efficiently use inputs (Schmidt, 1984). 

Specific resistance genes continue to be compromised by virulent 
races and their future use may be limited. More attention already is being 
directed toward breeding for durable or general resistance and tolerance. 
This trend should increase. Pyramiding poly genes for pest resistance will 
be aided by recurrent selection by genetic male sterility. Intravarietal and 
intervarietal diversity may eventually be the only way to use specific 
resistance genes once they become compromised. In the case of in
travarietal diversity, use of bulk hybrid or composite-cross populations 
may prove to have more long-term potential than multiline cultivars 
(Marshall, 1977). 

Can wheat be bred for even higher cold, heat, or drought tolerance? 
Future breeding of wheat for tolerance to adverse environments could 
become the main wheat breeding objective to benefit the most from bio
technology. In vitro tests performed on one or a few cells of wheat may 
provide the basic knowledge needed to understand the exceedingly 
complicated interactions between plants and adverse environments. 

Wheat genetic improvement most likely will continue. Plant breeding 
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is a methodical science which leads to applied plant evolution. Cyclical 
breeding permits the stepwise improvement of an array of traits. The sys
tem invariably works as long as the desired trait has reasonable heri
tability and some new variability for the trait is periodically infused into 
the working gene pool. 

To ensure introgression of useful genetic variability, future wheat 
breeding prospects probably will focus on three areas: (1) systematic 
utilization of the genetic diversity found in the wild relatives of wheat; (2) 
genetic, cytoplasmic, and chemical manipulation of the reproductive sys
tem of wheat to facilitate evolutionary breeding methods and exploitation 
of heterosis; and (3) the integration of biotechnology as an information 
source and as a tool to aid conventional wheat breeding. 

Wheat is endowed with enormous genetic variability. Despite 
past exploitations of the wheat gene pool, much of this diversity is 
probablY yet to be used. This is particularly true of its secondary and ter
tiary gene pool members. Prospects for more effective and systematic in
trogression of genomes of the wild and weedy relatives of wheat are ex
cellent. The strong foundation of basic knowledge of wheat cytogenetics 
and the extensive aneuploid stocks have begun to yield significant breed
ing accomplishments. ManipUlation of the diploidization gene of chromo
some 5B is a proven means ofinfusing alien DNA into cultivated wheats. 
Although alien wheat relatives have been primarily exploited for their 
disease resistance, their genes will be sought for many traits in the future. 
Alien germ plasm has tremendous variability for genes affecting quality, 
adaptation, photosynthetic efficiency, and environmental stress tolerance. 

Cyclic breeding procedures such as recurrent selection, and bulk 
hybrid or composite-cross breeding will undoubtedly increase now that 
several means can be used to make large-scale hybridizations in wheat. 
Wheat germplasm collections are becoming more static. It is not possible 
to merely return to the centers of diversity of wheat when new variability 
is needed. The various cyclic breeding procedures should provide guided 
evolution via alternating sequences of outbreeding and inbreeding. Cre
ation of specific wheat gene pool parks may be a future way to ensure con
tinued evolution. 

Biotechnology already has begun to enhance wheat breeding by 
improving our"knowledge of gene structure, function, and plant develop
ment. Such studies have given a better understanding of the biochemistry 
of seed storage proteins, the molecular organization of chromosomes, and 
the metabolic pathways of nitrogen assimilation. So far, direct applica
tions to breeding have been few. Perhaps the most immediate potential 
will come from dihaploid breeding, especially via wheat anther culture 
(Schaeffer et al., 1984). Dihaploid breeding would have special advan
tages in achieving homozygosity after hybridization and provide a means 
to facilitate mutagenesis and selection programs. With mutation breeding, 
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