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J.D. Faris1,*, B. Friebe2, and B.S. Gill2

1USDA-ARS Cereal Crops Research Unit, Northern Crop Science Laboratory, Fargo, ND 58105 2Department of Plant
Pathology, Kansas State University, Manhattan, KS 66506, USA

Abstract: Wheat is the most consumed grain crop in the world. It is also an excellent model of allopolyploid inheritance.
Genomic analysis of wheat is essential for understanding the genetic mechanisms underlying allopolyploid evolution and
speciation as well as the biology of agronomically important traits influencing production. In spite of the large genome
and polyploidy, researchers have devised novel strategies for in depth structural and functional analysis of the wheat
genome. Beginning with the 1920s, wheat has been a model crop for cytogenetic studies, and a plethora of cytogenetic
stocks of various types have been developed. Today, a combined cytogenetic and molecular approach has greatly
advanced wheat genome analysis. The comparison of physical maps of wheat chromosomes based on chromosome
deletion mapping with molecular genetic linkage maps led to the notion that genes were not distributed at random
throughout the wheat genome, but rather exist in gene-rich recombination hot spots along the chromosomes. Recent
construction and sequencing of local BAC contigs has verified this hypothesis, suggesting that most genes in wheat are
amenable to positional cloning. Wheat is now moving into the functional genomics era as researchers focus on the
expressed portion of the wheat genome. A database of expressed sequence tags (ESTs) is growing rapidly as researchers
work to assign gene function. High-throughput production and identification of mutants will be necessary for the
assignment of function to the many genes being discovered in wheat.

INTRODUCTION

Wheat surpassed rice in the 1970s to become the most
consumed food grain in the world. There is little doubt that
worldwide wheat production will have to be increased in the
near future to help feed the world's growing population.
Because new arable cropland will not be available on a large
scale, increases in production must come from genetic
improvement, which must be expedited by advances in
wheat genomics.

Since the 1920s, wheat has been a model organism for
the study of cytogenetics. Although the technology was
primitive, early cytogenetic pioneers resolved the allopoly-
ploid nature of wheat, determined the ancestral genome
donors, and discovered the nature of chromosome pairing.
The late Ernest R. Sears is considered the "Father of Wheat
Genetics". Much of his cytogenetic work revolutionized the
study of wheat genetics. Today, the discipline of cytogene-
tics, or ‘cytogenomics’ involves such techniques as chromo-
some banding and in situ  hybridization and has provided an
abundance of knowledge regarding the structural genomics
of wheat.

Recent advances in molecular techniques developed in
humans, animals, and yeast have been applied to crop plants,
including wheat, resulting in a plethora of information. In the
early 1990s, scientists began constructing genetic linkage
maps of the wheat genome using DNA markers. These
molecular maps have provided detailed information
regarding the structure of the wheat genome and allowed
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researchers to determine precise positions of genes along the
chromosomes.

The haploid size of the wheat genome is 16 x 109 bp. In
comparison to maize, rice, and Arabidopsis, the wheat
genome is about 5, 35, and 110 times larger, respectively. To
put this into perspective, the entire rice genome would
encompass one arm of one wheat chromosome. In recent
years, attempts to isolate individual genes from plants with
relatively small genomes have met with much success.
Attempts to isolate genes from plants with large genomes,
especially wheat, were avoided because of the time and labor
presumed to be involved. However, combining molecular
tools with the unique cytogenetic stocks available in wheat
has allowed researchers to develop innovative methods of
targeting genes and to further our knowledge of wheat
genome structure. Recently, key discoveries have been made
regarding the distribution of genes and recombination
throughout the genome. These discoveries have lent new
hope for the ease with which gene isolation may be
accomplished and functional genomics may be studied in
wheat. In this paper, we review the history of wheat genetics
as it evolved from early cytogenetic studies to contemporary
structural and functional genomics.

THE EVOLUTION OF WHEAT

Genetically, bread wheat (Triticum aestivum L.) is a
disomic allohexaploid (2n = 6x = 42, AABBDD genomes).
Allopolyploids arise from interspecific hybridization
followed by spontaneous chromosome doubling and contain
the entire genome of two or more species in homozygous
condition. Hexaploid wheat originated as the result of two
separate amphiploidization events.
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Genetic studies have revealed that the polyploid wheat
species constitute two evolutionary lineages. Triticum
turgidum L. (AABB) and T. aestivum (AABBDD) comprise
one lineage, and T. timopheevii (Zhuk.) Zhuk. (AAGG) and
T. zhukovskyi Menabde & Ericz. (AmAmAAGG) comprise
the other. The wild tetraploids T. turgidum  ssp. dicoccoides
(Körn. Ex Asch. & Graebn.) Thell. and T. timopheevii ssp.
armeniacum (Jakubz.) van Slageren arose less than half a
million years ago [1] as amphiploids from the hybridization
between T. urartu Tumanian ex Gandilyan (2n = 2x = 14,
AuAu) [2,3] and two different plasmon types of another wild
diploid, which is thought to be Aegilops speltoides  Tausch.
Triticum turgidum ssp. dicoccoides was domesticated as ssp.
dicoccum, and T. turgidum ssp. armeniacum was domestica-
ted as ssp. timopheevii. Triticum monococcum L. ssp.
aegilopoides (2n = 2x = 14, AmAm) is a close relative of T.
urartu and was domesticated as T. monococcum ssp.
monococcum.

It is well established that the D genome of bread wheat
was contributed by the diploid goatgrass Ae. tauschii  Coss.
[4,5]. Triticum aestivum arose from the spontaneous
hybridization between T. turgidum and Ae. tauschii about
8,000 years ago [1]. It is most likely that the tetraploid parent
was T. turgidum ssp. dicoccum because the geographical
distribution of ssp. dicoccoides does not overlap with that of
Ae. tauschii [6]. Based on cytological evidence, it was
concluded that cultivated and wild forms of T. timopheevii
were not involved in this lineage [7].

The donor of the B genome to bread and durum wheats is
still controversial. The most probable donor is Ae. speltoides.
Evidence based on karyotype data [8], C-banding of
chromosomes [9], cytology [10], electrophoretic mobilities
of proteins [11], the geographical distributions of wild wheat
populations [12], and restriction fragment length
polymorphism (RFLP) analysis of low-copy and repetitive
DNA sequences [13-17] support the idea that the S genome
of Ae. speltoides is closely related to the B genome of bread
wheat. Plasmon analysis also pointed to Ae. speltoides as the
B-genome donor [18,19]. However, whether Ae. speltoides is
the sole source of the B genome or the genome resulted from
an introgression of several parental species remains uncertain
[20,21].

Allopolyploidy and Rapid Genome Evolution

In allopolyploids, two genomes exist in a common
nucleus in the cytoplasm of one of the donor species [22].
Because of the incompatibility and genomic stress imposed
by interspecific hybridization, certain changes in genomic
structure and gene expression must occur in a newly arisen
polyploid before it can establish itself as a new species.
Certain complex, intergenomic, chromosomal structural
rearrangements have been fixed in polyploid wheats
indicating a pivotal role for those changes in genome
diploidization and allopolyploid speciation [7,23,24]. Rapid
elimination of low-copy DNA and cytosine methylation have
been documented in wheat interspecies hybrids [25-27]. In
addition, certain changes in gene expression are brought
about by polyploidy per se [28].

GENETIC STOCKS

Aneuploids

Because of the polyploid nature of common wheat, its
genome is highly buffered and tolerates structural and
numerical changes to a much higher extent than diploid
species. This plasticity of the wheat genome allowed E. R.
Sears to establish a series of aneuploids [29]. Among the
most widely used are the monosomics (one chromosome pair
is represented by only one homologue, 2n=6x=41),
nullisomic-tetrasomics (NT) (one chromosome pair is
missing and this loss is compensated by four copies of a
homoeologous chromosome, 2n=6x=42), ditelosomics (Dt)
(one chromosome pair is represented by two telosomes for
either the short or long arm, and lacks, or is nullisomic, for
the other arm, 2n=6x=40+2t), and double-ditelosomics (dDt)
(one chromosome pair is represented by a pair of telosomes
for each arm, 2n=6x=40+4t) (Fig. 1) [29-31]. The great
advantage of these chromosome and chromosome-arm
aneuploids is that they provide cytogenetic markers for each
of the 21 chromosomes and most of the 42 chromosome
arms. Before the advent of chromosome banding, these
aneuploids were the only tools that allowed mapping of
genes to individual chromosomes and chromosome arms.

Using the wheat aneuploid stocks, Sears [31] grouped the
21 chromosomes into seven homoeologous groups with each
consisting of one chromosome from the A, B, and D
genome. Chromosomes belonging to the same homoeo-
logous group have similar gene content and gene order and
can compensate for each other in nullisomic-tetrasomic
combinations.

Deletion Lines

Another unique system in wheat is the use of gametocidal
(Gc) factors to construct chromosome deletion lines. Gc
factors have been identified in different related Aegilops
species belonging to the sections: Cylindropyrum [chromo-
some 3C of Ae. caudata L. (2n = 2x= 14, CC; [32]) and
chromosome 2Cc of Ae. cylindrica Host. (2n = 4x= 28,
CcCcDcDc, [33,34]), Polyeides [chromosome 4Mg of Ae.
geniculata Roth (2n = 4x= 28, UgUgMgMg; [35]) and
chromosome 3Ct of Ae. triuncialis L. (2n = 4x= 28,
UtUtCtCt; [36]), and Sitopsis [chromosomes 2Sl and 4Sl of
Ae. longissima Schweinf. & Muschl. (2n = 2x= 14, S lSl; [37-
40]), chromosomes 2Ssh and 4Ssh of Ae. sharonensis Eig (2n
= 2x= 14, SshSsh [37,41,42]) and chromosomes 2S and 6S of
Ae. speltoides Tausch (2n = 2x= 14, SS; [43-45]).

The Gc chromosomes are introduced into wheat by
interspecific hybridization with the related Aegilops species
followed by backcrossing to wheat. Plants monosomic for
the Gc chromosome produce two types of gametes. Only
those gametes possessing the Gc chromosome are normal.
Gametes lacking the Gc chromosome undergo structural
chromosome aberrations and, in most cases, are nonfunc-
tional. However, if the damage caused by the chromosome
breakage is not sufficient to kill the gamete, it may still
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Fig. (1). Chromosome constitutions of various wheat genetic stocks.

function and be transmitted to the offspring. The Gc system
has been used to develop wheat lines with terminal
chromosome deletions [46-48].

The aneuploid stocks of wheat allow targeted physical
mapping of any gene of interest to a small chromosome bin
(Fig. 2). The first step is to map the gene on the 21
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nullisomic-tetrasomic combinations. The marker will be
present in all nullisomic-tetrasomic combinations except the
critical one that harbors the gene of interest, which identifies
its chromosomal location. The next step is to map the gene
on the corresponding ditelosomic stocks, which identifies its
chromosome arm location. The last step is to map the gene
on the critical deletion stocks. Absence of the marker in the
deletion stocks delS1 and delS2 and presence of the marker
in the short arm ditelosomic stock and the deletions delS3
and delS4 maps the gene to the chromosome bin 3 that is
defined by the deletion interval spanned by delS2 and delS3.
Because more than 400 deletion stocks spanning all
chromosome regions are available, this approach can be used
to map any gene to a small defined chromosome bin.

Alien Addition, Substitution, and Translocation Lines

The crossability of wheat with related species allows the
addition of whole genomes or individual alien chromosomes
to the wheat complement. Dissecting the genome of a related
species in the form of wheat-alien addition and substitution
lines (Fig. 1) allows the effects of individual alien
chromosomes to be analyzed in the wheat background. Alien
chromosomes belonging to the same closely related
homoeologous group may compensate for the loss of
homoeologous wheat chromosomes or chromosome
segments in derived substitution and translocation lines.
Furthermore, disomic, alien-chromosome substitution lines
permit the development of segregating mapping populations
that are recombinant for only one pair of chromosomes
allowing the effects of chromosome-specific traits and
individual quantitative trait loci (QTLs) to be precisely
studied. The significance of these genetic stocks as tools for
wheat genetics and genomics cannot be overestimated.

Because of these stocks, the wheat system is considered a
model for genome analysis in polyploids.

The availability and utility of the various cytogenetic
stocks developed in hexaploid bread wheat inspired attempts
to produce similar stocks in tetraploid durum wheat (T.
turgidum). Research results indicated that, due to less
polyploid buffering capacity, the tetraploid wheats were less
tolerant to changes in chromosome number. In spite of this,
the array of tetraploid wheat cytogenetic stocks now consists
of double-ditelosomics, dimonotelosomics, D-genome
disomic substitutions, intercultivar chromosome substitution
lines, and homozygous recombinant lines [49]. These stocks
are critical tools for investigating tetraploid wheat genetics,
and they provide complementary support for conducting
genome analysis in wheat.

“CYTOGENOMICS”

The development of chromosome banding [50], in situ
hybridization (ISH), fluorescence in situ hybridization
(FISH) [51,52], and genomic in situ hybridization (GISH)
techniques [53-55] in the 1970’s and 1980’s created the new
discipline termed ‘molecular cytogenetics’ [56,57] and
increased our understanding of the wheat genome. C-
banding not only allows fast and reliable identification of all
21 chromosomes by their characteristic dark and light bands,
but also permits the identification of 38 of the 42
chromosome arms [58] (Fig. 3). C-banding also allows the
identification of chromosomes from related species, and
standard karyotypes for several of them have been
established [59]. ISH and FISH permit mapping of defined
DNA sequences directly on chromosomes immobilized on
glass slides. GISH using total genomic DNA of a donor

Fig. (2). Steps in targeted physical mapping of genes in wheat. Absence of the marker in the critical nullisomic-tetrasomic, long arm
ditelosomic deletion stocks, delS1 and delS2, and presence of the marker in the short arm ditelosomic, deletion stocks delS3 and delS4 maps
the gene to the chromosome bin 3, which is defined by the deletion interval spanned by delS3 and delS4 (chromosome segments missing in
the aneuploid stocks are shown in hatching).
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species in combination with an excess amount of unlabeled
genomic wheat DNA permits the painting of whole genomes
and alien chromosomes in interspecific hybrids. GISH is also
a very powerful tool for characterizing wheat-alien
translocations and permits the determination of translocation
breakpoints and sizes of the alien segments. Most of the
available wheat-alien translocations conferring resistance to
various diseases and pests were recently characterized by
GISH and C-banding analyses [60]. This study revealed that
most of these translocations were of non-compensating types
causing duplication deficiencies and, thus, most of the
translocations have not contributed to cultivar improvement.
This information allows further directed chromosome
engineering aimed to produce compensating translocations
with smaller alien segments and will allow the employment
of alien genes in breeding programs (Fig. 4a).

The use of extended DNA fibers as targets for FISH
(fiber-FISH) has greatly improved the resolution of the FISH
technique to about 2.94 kb/um, which is the range of the
Watson-Crick double helix [61]. We have used fiber-FISH to
determine the copy number and integration patterns of
transgenes in wheat lines obtained by biolistic bombardment
[62]. We observed three integration patterns: large tandem
repeated integration, large tandem integration interspersed
with host DNA, and small integrations with only a few
copies of the transgene. The integration of approximately
one copy of the 7.3 kb plasmid containing a rice chitinase
gene was visualized as three distinct beads on the DNA
fibers. This approach will be very useful for ordering closely
located DNA probes, although their chromosome location
needs to be determined by metaphase FISH.

The large genome size and high amount of repetitive
DNA has made FISH mapping of single-copy DNA in wheat
difficult. An alternative approach is the use of large-insert
vectors such as bacterial artificial chromosomes (BACs) as
FISH probes (BAC-FISH). BAC-FISH has been successfully
used in species with small genomes and low amounts of
repetitive DNA such as rice [63], sorghum [64,65], cotton
[66], and potato [67] but is still difficult in wheat. In a
preliminary study, we selected 40 BACs from T.
monococcum and Ae. tauschii libraries that had a low
amount of repetitive DNA as shown in Southern blot
analysis. Five BACs did not hybridize to any chromosome
and 25 hybridized to all wheat chromosomes (Fig. 4b).
Three BACs produced hybridization patterns similar to those
produced by the repetitive families pSc119 and pAs1. One
BAC was genome-specific and painted only the seven A-
genome chromosomes over their entire length, except the
distal region of the long arm of chromosome 4A, which is
known to have originated from 7BS (Fig. 4c). Two BACs
hybridized to the subtelomeric regions of all chromosomes
(Fig. 4d). Four BACs hybridized only to a proximal region
in the long arm of chromosome 4A that corresponds to a
dark C-band (Fig. 4e). These BACs were previously mapped
by Southern blot analysis to the short arm of chromosome
5A, suggesting that they contain a repetitive sequence that is
only amplified in a very small region of the long arm of
chromosome 4A. Further improvements in the FISH
technique will likely allow direct FISH mapping of single-
copy DNA in the near future.

CHROMOSOME ENGINEERING

The first step to transfer an alien target gene from a non-
homologous chromosome of a distantly related species of the
tertiary gene pool to wheat is the production of
compensating wheat-alien Robertsonian translocations (Fig.
5). This can be achieved by crossing an alien chromosome
addition line containing the gene of interest with a
corresponding line that is monosomic for a homoeologous
wheat chromosome. In the F1 hybrid, the alien and a
homoeologous wheat chromosome are in monosomic
condition and are univalent at meiotic metaphase I.
Univalents have the tendency to misdivide at the centromere,
and fusion of the broken arms will produce the desired
wheat-alien Robertsonian translocation. Screening for the
gene of interest will map it to either the short or long arm of

Fig. (3). C-banding patterns of mitotic (left) and meiotic (univalents
shown in the middle and ring bivalents shown right) metaphase
chromosomes of Triticum aestivum  cv. Chinese Spring. C-banding
stains regions of constitutive heterochromatin darker then
euchromatic regions. This pattern is chromosome-specific and
allows the identification of all 21 chromosomes at mitotic and
meiotic cell divisions.
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the alien chromosome. Usually, a whole alien chromosome
arm contains many undesirable alien genes and, thus, a
second step of chromosome engineering is required to
shorten the alien segment (Fig. 4a and Fig. 5).

The most efficient way to shorten the alien segment uses
induced homoeologous recombination. The strict, diploid-
like chromosome pairing of homologous chromosomes in
wheat is controlled by the Ph1 gene located on the long arm
of chromosome 5B. By crossing the appropriate wheat-alien
Robertsonian translocation with the ph1b mutant and
backcrossing the F1 with the ph1b mutant, plants can be
selected that are monosomic for the wheat-alien
Robertsonian translocation and a homoeologous wheat
chromosome and are homozygous for ph1b. In this genotype,
homoeologous recombination between the alien and
homoeologous wheat chromosome arms can occur and

primary proximal and distal recombinants can be selected in
the progeny of such plants (Fig. 4a and Fig. 5). The last step
is to produce a secondary recombinant with a small
interstitial alien segment. This can be achieved by
intercrossing overlapping proximal and distal recombinants.
Crossing over within the shared alien segment can produce
secondary recombinants with a very small interstitial alien
segment and the gene of interest.

STRUCTURAL GENOMICS

Genetic Mapping

Because the allopolyploid genome of wheat is uniquely
suited to genetic manipulations and many aneuploid stocks
have been produced, wheat possesses an extensive classical

Fig. (4).  (a), C-banding and GISH patterns of wheat chromosome 2B, rye chromosome 2R, and the wheat-rye translocation chromosomes
T2BS.2RL and T2BS.2BL-2RL. The 2RL arm has the Hessian fly resistance gene H21 that confers resistance to all known biotypes of this
insect. The whole arm translocation T2BS.2RL was derived from tissue culture, affects grain yield in bread wheat, and cause poor plant vigor
and sterility in durum wheat [130,131]. A further step of chromosome engineering using induced homoeologous recombination was used to
shorten the rye segment and led to the recovery of the T2BS.2BL-2RL translocation that still retains H21 [132]. (b, c, d, e), BAC-FISH
patterns of euploid wheat and (e): the ditelosomic 4AL stock. Most of the selected BACs hybridized to all chromosomes (b), one BAC
hybridized only to the seven A-genome-chromosome pairs (c), two BACs hybridized to the subtelomeric regions of all chromosomes (d), and
four BACs hybridized to only a proximal region in the long arm of chromosome 4A that is cytogenetically marked in this line as telosomes
for its long arm (e) (Zhang et al., unpublished). Rye chromatin and BACS are visualized by yellow-green fluorescence and wheat chromatin
fluoresce red, arrows point to the 4A/7B translocation breakpoints in chromosome 4A.
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genetic map based on morphological traits [68]. But
determining the chromosomal locations of genes and their
linkage relationships with other genes depended on laborious
and time-consuming studies using aneuploid stocks and
observing meiotic pairing in appropriate crosses. Linkage
mapping in wheat took a great leap forward in the beginning
of the 1990’s with the application of DNA markers.
Restriction fragment length polymorphisms (RFLPs) were
used to construct the first wheat maps [69-73], and also maps
of the diploid D-genome donor Ae. tauschii [74,75] and later
T. monococcum [76], a close relative of the A-genome
donor. The initial mapping experiments indicated that RFLPs
were particularly efficient in wheat with regards to the
number of loci that could be detected, because cDNA probes
would typically detect orthologous loci on the homoeologous
chromosomes. However, the level of polymorphism in
intraspecific crosses is very low, presumably due to the

recent origin of wheat. Subsequently, in a coordinated effort
by investigators of the ITMI (International Triticeae
Mapping Initiative), a population of recombinant inbred lines
derived from the hard red spring wheat ‘Opata 85’ crossed
with the synthetic wheat W-7984 was used to develop
complete maps of all 21 wheat chromosomes [77-81].
Harboring well over 1,000 markers, the ITMI population is
now widely distributed and serves as a reference population
for wheat geneticists who wish to determine the locations of
additional markers. In addition to the generation of linkage
maps, the ITMI ventures shed light on the structural organi-
zation of the wheat genome by providing detailed analysis of
the evolutionary 4A-5A-7B reciprocal translocation and its
associated breakpoints [77] and the molecular tagging of
disease resistance and other morphological genes [77-79,82-
86].

Fig. (5). A cytogenetic scheme for the transfer of an alien gene to wheat (x denotes the alien target gene). The first step is to produce
compensating wheat-alien Robertsonian translocations and then shorten the alien segment by using induced homoeologous recombination.
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RFLPs were the marker of choice in the early 1990s, and
they are still useful for comparative mapping and gene
isolation studies. But due to the low levels of polymorphisms
in wheat and the requirement for radioactive labeling, other
markers based on the polymerase chain reaction (PCR) such
as sequence-tagged-sites (STS), microsatellites (SSRs) and
amplified fragment length polymorphisms (AFLPs) have
been used recently. Recently, hundreds of microsatellite loci
were mapped in the ITMI population [87], and several
research groups continue to develop new microsatellite
markers [88,89].

Genetic mapping experiments in Ae. tauschii [75,90] and
T. monococcum [76], the diploid relatives of hexaploid
wheat, proved to be useful studies. Chromosome colinearity
among the diploid wheat chromosomes and the corres-
ponding chromosomes in hexaploid wheat is highly
conserved. Therefore, knowledge obtained from genetic
studies conducted in diploid wheats, which are also
important sources of genetic variation readily transferable to
hexaploid wheat, can be readily applied to hexaploid wheat.
Furthermore, genetic tools such as DNA clone libraries can
be constructed from the diploid wheats and readily applied to
the polyploids (see below).

Physical Mapping

Physical mapping of genes to individual chromosomes
began with the construction of the aneuploids developed by
Sears [29]. Since the 1950s, many breeders and geneticists
have mapped genes to individual chromosomes [91,92].
With the development of the ditelosomic stocks [30],
researchers were able to map genes and morphological traits
to individual chromosome arms. The power and utility of the
wheat aneuploids is even more greatly realized with today's
molecular technology. DNA markers can be quickly located
to a specific chromosome or chromosome arm using a single
hybridization or amplification reaction without the need for
polymorphism. Chromosomal arm maps have been
developed that locate DNA clones to specific chromosome
arms [93,94]. These maps are useful in that they can be
applied to gene tagging, linkage and mapping of QTLs,
cytogenetic manipulations, estimating genetic distance, and
evolutionary studies. Furthermore, the maps can provide
knowledge of the comparative organization of homoeo-
logous chromosomes in wheat.

The deletion stocks have proven very useful for the
physical mapping of genes and DNA markers to sub-arm
locations and for the development of physical maps, which
have been constructed for all seven homoeologous chromo-
some groups of wheat [95-103]. The physical maps have led
to a wealth of information regarding the relationships among
homoeologous chromosome groups, physical locations of
morphological traits and evolutionary translocation break-
points, and genome-wide structure and organization.

Comparative Genomics

Much effort has been put forth in comparing the genomic
relationships among grasses [104]. Comparative mapping
experiments among wheat and other members of the Poaceae

like rice, barley, rye, oats, and maize have revealed
remarkable similarities in gene content and marker synteny
at the chromosome level. It is well established that DNA
probes cloned from these related species commonly identify
sets of orthologous loci that lie at approximately the same
positions relative to each other and to the centromeres.
Consensus maps of several chromosomes uniting loci from
homoeologous wheat genomes and the corresponding
chromosomes of barley, Ae. tauschii, T. monococcum, and
rice have been presented by Van Deynze et al. [81] and
Nelson et al. [77-79]. These experiments have shown that
the genomes of barley, Ae. tauschii, and T. monococcum are
essentially collinear with the wheat genome. The genomes of
more distantly related cereals like oat, rice, and maize can be
divided into linkage blocks that have homology to
corresponding segments of the wheat genome [81,105].

The degree of genomic similarity observed at the
chromosome level among grass genomes led to the notion
that information from the small genome of rice could be
directly applied to the much larger genome of wheat. Even
though a substantial degree of synteny is observed at the
chromosome level, studies of the degree of micro-colinearity
between rice and wheat show less promise indicating that it
may be difficult to use rice genomics for gene discovery in
wheat [106].

Targeting Specific Genomic Regions for Positional
Cloning

Positional cloning of genes is initiated by first identifying
markers tightly linked to the gene of interest followed by
high-resolution mapping and screening large-insert libraries
such as BACs or YACs to construct a physical contig
spanning the locus. In most species, targeting markers to a
particular locus is accomplished by identifying fragments via
RFLPs, RAPDs, microsatellites, or AFLPs that differ
between two bulked-segregant DNA pools (bulked-segregant
analysis) [107] or near isogenic lines (NILs).

Because a considerable amount of information regarding
the comparative organization of grass genomes is available,
chromosome maps of wheat relatives can be scanned for
markers within regions homologous to a targeted wheat
segment to identify candidate probes. This method may be
adequate for gene tagging, but the probability of identifying
a marker sufficiently close to the targeted gene for
chromosome landing is low.

Wheat researchers have devised novel strategies for
targeting specific genomic regions with markers by
exploiting wheat’s unique cytogenetic stocks. Chromosome
deletion lines or deletion mutants harboring breakpoints that
flank a gene of interest can be used as templates for marker
identification within a specific genomic region. The first to
demonstrate this was Money et al. [108]; they compared
cDNA-AFLP fingerprints of euploid Chinese Spring wheat
and a deletion mutant of Chinese Spring harboring deletions
on chromosomes 3A and 5B and identified fragments within
the deletions.
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Kojima et al. [109] also used the cDNA-AFLP method to
compare fingerprints of euploid Chinese Spring and a
deletion line of Chinese Spring lacking the distal 15% of the
chromosome including the Q gene, which controls the free-
threshing character. They were able to identify four
fragments that mapped genetically within the deleted region
and one fragment cosegregated with the Q gene in a
population of 66 individuals.

In an effort to clone candidates for the Ph1 gene, which
controls homoeologous pairing, Gill and Sandhu [110]
compared euploid Chinese Spring and the ph1b deletion
mutant using RNA differential display. They were able to
identify five markers within the deleted region, one of which
was expressed mainly during meiosis and was, therefore,
considered a candidate for Ph1.

In our own efforts to target the Q gene for positional
cloning, we compared two Chinese Spring deletion lines that
differ for a submicroscopic segment containing the Q gene
[48] using RNA differential display and AFLP analysis
[111]. We screened 90 primer combinations by RNA
differential display and 256 primer combinations by AFLP
analysis and identified three and nine fragments within the
deletion interval, respectively. Genetic mapping revealed
markers linked to the Q gene at 0.7 cM in a population of
465 individuals.

Gene Density and Recombination

An additional power of the deletion lines was realized
when the physical maps were compared with recombination-
based maps [96,97,103,112-114]. The comparative analysis
revealed that genes and DNA markers tend to be clustered in
small physical segments that undergo a high degree of
recombination. On average, each chromosome arm has
approximately three gene-rich regions that are separated by
large gene-poor segments. High-density composite maps of
group 1 [97] and group-5 [96] chromosomes suggested that
about 85% of the wheat genes are present in gene-rich
regions that physically account for about 5-10% of the
chromosome. Recombination was found to occur most
frequently within gene-rich regions. Gill et al. [96] estimated
that bp/cM ratios ranged from 118 kb/cM within gene-rich
regions to 22,000 kb/cM within gene-poor regions.

Detailed experiments targeting the long arm of
chromosome 5B have placed over 100 markers within the
distal 25% of the chromosome arm [96,113, J. Faris
unpublished]. Genetically, the segment spans approximately
100 cM and, therefore, accounts for about two-thirds of the
recombination for the entire 5B chromosome. In a similar
study of the short arm of the group-1 chromosomes, Sandhu
et al. [114] found that about 99% of the recombination along
the short arm occurred within two segments that together
accounted for 14% of the physical size of the arm.

Evidence of regions of high gene density and frequent
recombination based on deletion mapping studies has been
verified in several studies by sequence analysis and BAC
contig construction. Feuillet and Keller [115] sequenced a
13.8-kb wheat genomic fragment containing the Lrk10 gene,

which encodes a receptor-like kinase, on the short arm of
group-1 chromosomes. Upstream from Lrk10 at a distance of
620 bp, a second receptor-like kinase gene (Tak10) was
identified, and a putative pseudogene was identified 618 bp
upstream from Tak10. Therefore, three genes were identified
on a 14-kb segment providing an estimate of one gene per 4-
5 kb. Gene compositions at orthologous Lrk loci in barley
and rice revealed similar gene densities, which is very
similar to that found in Arabidopsis.

The utility of the diploid D genome of Ae. tauschii was
expedited when Ae. tauschii BAC clones were used to
determine the relationship between physical and genetic
distance at seed-storage protein loci located at the distal end
of chromosome 1DS [116]. In this study, a higher
recombination frequency was found between and within the
Glu-D3 and Gli-D1 loci in Ae. tauschii as compared to
previous studies in the corresponding D genome of
hexaploid wheat. Other studies also have indicated that
recombination frequencies tend to be higher in diploid
wheats compared to hexaploid wheats [117]. Spielmeyer et
al. [116] showed that an Ae. tauschii F2 population of 58
individuals was enough to identify recombinants between
most of the mapped markers on 1DS. In the genomic region
containing the seed storage proteins, a 110-kb BAC clone
was identified that contained three markers and spanned 5
cM, and in the distal adjacent region, two other BAC clones
similar in size also contained RFLP markers that were
separated by recombination. Therefore, the physical to
genetic distance ratios within these two regions was
estimated to be <20 and 50 kb/cM, respectively. Within the
chromosomal region located proximal to the seed storage
protein loci (containing Lrk10 [118]), the physical to genetic
distance relationship was estimated to range from 56 to 270
kb/cM. This study clearly showed that the gene-rich region
containing the seed-storage proteins on the short arm of 1D
in Ae. tauschii was a hot spot for recombination. In fact, the
estimates for physical to genetic distance ratios were
comparable to examples from plants with small genomes
such as rice, where the estimates at the Xa5 resistance gene
were 61 kb/cM [119], and Arabidopsis where the estimates
of recombination hot spots along chromosome 4 ranged from
30 to 50 kb/cM [120].

In a genomic region on chromosome 1AS proximal to the
seed-storage proteins and Lrk10, Stein et al. [121] found
recombination frequencies to be suppressed. A 450-kb
physical contig spanning the Lr10 disease resistance gene
was constructed using BAC clones derived from a T.
monococcum library [122]. Over a physical distance of about
350 kb, the average physical to genetic distance ratio was
about 1.4 Mb/cM. But within this region, ratios varied from
400 kb/cM to 12,000 kb/cM. Nevertheless, the authors were
able to construct a contig spanning the Lr10 gene in only two
chromosome-walking steps, and they demonstrated the
feasibility of subgenome chromosome walking on the Am

genome of the diploid wheat T. monococcum. Perfect
colinearity between chromosomes 1Am and 1A was
demonstrated; probes derived from T. monococcum BACs
could be applied to genetic mapping in hexaploid wheat to
saturate regions of interest in the A genome. The same
approach can be used for genes on the D genome by using
the Ae. tauschii BAC library.
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Stein et al. [121] also reported methods for overcoming
the problem of the common existence of repetitive sequences
at BAC ends. The wheat genome is made up of
approximately 80% repetitive sequences, and Stein et al.
[121] found that only 17% of the BAC ends isolated by
sequencing or cloning were non-repetitive. However, shot-
gun cloning and low-pass sequencing, followed by database
searches using BLAST, allowed a high frequency of low-
copy probes to be developed that were used for genetic
mapping, and to rescreen the BAC library.

In our own efforts toward the map-based cloning of the Q
gene, we have sequenced 300 kb of the long arm of
chromosome 5A, which spans 0.7 cM of genetic distance
and has physical to genetic distance ratio of about 430
kb/cM. Tranquilli et al. [123] found similar results on the
short arm of T. monococcum 5A where the ratio was
determined to be 260 kb/cM. Given that the genome-wide
estimate for wheat is about 3,000 kb/cM [124], the above
studies estimate that physical distances per unit of
recombination range from 4 times higher to 150 times lower
than the genome-wide estimate.

FUNCTIONAL GENOMICS

The ultimate objective of functional genomics is to
describe and discover the function of every gene in the wheat
plant. This is a lofty but difficult goal. Rather than discover
one gene at a time based on protein sequence or map-based
cloning, large-scale through-put methods for gene discovery
have been developed. Dr. Craig Venter and his group at The
Institute for Genomic Research (TIGR) pioneered the use of
ESTs (expressed sequence tags) to discover function of
anonymous cDNAs based on similarities to known genes in
the database. In wheat, over 60,000 cDNAs from different
tissues of the wheat plant have been sequenced and are being
mapped to chromosome bins by the International Triticeae
EST consortium (http:/wheat.pw.usda.gov/genome/index.
html). Already, a wheat unigene set has been identified that
probably represents most but not all of the genes of the
wheat plant (http://wheat.pw.usda.gov/NSF/curator/wheat_
singletons.html). The wheat unigene set will be used to
construct microarrays to facilitate global gene expression
studies of the wheat genes in different tissues, metabolic
pathways and responses of the plant to the internal or
external signals. However, for definitive proof on the
function of a gene, validation by genetic complementation or
mutant phenotype correlation is required. Wheat research in
these areas has lagged because of the difficulty of
transformation, which has precluded many procedures of
gene tagging by tranformation using various constructs.
Among the other methods, candidate gene validation by gene
silencing using intron-spliced double stranded RNA [125],
Targeted Induced Local Lesions IN Genomes (TILLING) of
ethyl methanesulfonate (EMS)-generated mutant pools
[126,127], or PCR-based screening of fast-neutron deletion-
mutant pools [128] are being explored in wheat. Both EMS
and fast-neutrons are effective mutagens in wheat [129]. In
our own research, we have had much success in generating
desired mutants using EMS and fast-neutrons in both
hexaploid and tetraploid wheats. We have targeted

morphological genes, gametocidal genes, and disease
resistance genes for tan spot, leaf rust, and stem rust, and we
were able to identify the desired mutants after screening
limited numbers of mutagenized individuals. Therefore,
despite the polyploid nature of wheat and its large genome
size, it seems that chemical and/or physical induction of
mutations are efficient means of knocking out genes of
interest. The generation and characterization of desirable
mutants will undoubtedly be invaluable for gene discovery
and functional analyses.

The pioneering work of E. R. Sears and other early wheat
geneticists more than a half century ago laid the foundation
for today’s studies in wheat genomics. Wheat has become a
model for polyploid genome analysis, and the vast array of
cytogenetic stocks developed by the pioneers and those that
continue to be developed by today’s cytogeneticists are
invaluable tools for combining with modern molecular
techniques to study the wheat genome. As we move into the
21st century, the wheat genomics discipline moves into the
functional genomics era. The challenge of wheat researchers
a half century ago was to identify all the chromosomes in
wheat, while today’s challenge is to identify and assign
function to all the genes in wheat. With the steady increase
of the world’s population, obtaining success in today’s
challenges is essential to improvement of production and
quality of the world’s most staple food crop.
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Dt = Ditelosomic

dDt = Double-ditelosomic

QTL = Quantitative trait loci

ISH = In situ hybridization

FISH = Fluorescence in situ hybridization

GISH = Genomic in situ hybridization

RFLP = Restriction fragment length polymorphism

AFLP = Amplified fragment length polymorphism

SSR = Simple sequence repeat

PCR = Polymerase chain reaction

BAC = Bacterial artificial chromosome
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