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INTRODUCTION

 

Ten years ago, with the advent of comparative mapping, a
new tool became available to plant geneticists. Comparative
genome analyses demonstrated that gene orders among re-
lated plant species remained largely conserved over millions
of years of evolution. This finding has revolutionized our
thinking and formed the basis of a new science—compara-
tive genomics. Since the first comparative mapping experi-
ments, studies of genome relationships have included an
ever wider range of plant species, and the focus has shifted
from comparisons at the gross map level to studies of gene
organization in small chromosomal regions and finally to the
DNA sequence itself.

To date, the most comprehensive data set comes from
the grasses. The Poaceae family includes the staple cereals
rice, maize, wheat, barley, sorghum, and the millets. For
most of the past century, research has proceeded on each
of these species individually. Mutants were produced, ge-
netic maps were generated, and biochemical pathways
were unraveled. Comparative genomics has provided the
basis and stimulus to integrate this knowledge for applica-
tion to all cereal crops.

The realization of the power of a comparative approach
has led to several plant genome initiatives and has pro-
moted rice as a model for cereal crops. The rice genome,
with only 400 million DNA base pairs (Mb), is the smallest
among the major cereal crops and only approximately four
times larger than that of the eudicot model plant Arabidop-
sis. Dense genetic maps, carrying some 2500 markers, have
been constructed, and physical maps cover most of the ge-
nome. Additionally, large public collections of expressed se-
quence tags (ESTs) have become available, and it is clear
that sequence data covering the entire rice genome will add
a further vital dimension to comparative genomics in the
near future. Views on the prospective applications of com-
parative genomics have developed as new insights have
been gained into genome relationships and genome organi-
zation. At the same time, new opportunities have been en-

visaged and exploited. Below, we present an overview of
the status of comparative genomics, with examples of on-
going research projects, focusing on wheat.

 

GENOME COMPARISONS: FROM MAPS
TO SEQUENCES

Beginning with a Map

 

Cereal crop species vary greatly in their DNA content, from

 

z

 

400 Mb in the small rice and foxtail millet genomes to
17,000 Mb in bread wheat. The bulk of the larger genomes
consists of repetitive DNA sequences, most of which are
species specific. Genes, on the other hand, tend to be
highly conserved at the DNA sequence level. This conserva-
tion allows the use of heterologous probes in DNA gel blot
experiments to identify orthologous DNA sequences even in
species belonging to different tribes within the same taxo-
nomic family. Therefore, cross-mapping of gene sequences
is the first step to study genome relationships.

 

Hexaploid Wheat

 

An evolutionary analysis of closely related genomes is one
immediate result of molecular mapping within allopolyploid
species. Wheat, for example, arose through spontaneous
hybridization of the diploid species 

 

Triticum urartu

 

 (AA ge-
nome) and an unknown species (BB genome), probably
belonging to the Sitopsis group of 

 

Aegilops

 

 spp, to form tet-
raploid wheat (AABB). Further hybridization with a third an-
cestral species, 

 

Aegilops tauschii

 

 (DD), led, 

 

z

 

10,000 years
ago, to the production of hexaploid bread wheat (2

 

n 

 

5

 

 6

 

x 

 

5

 

42; AABBDD). The finding that the three wheat genomes
have a highly similar gene content and order was the first
demonstration of colinearity in the grasses and a pivotal
finding in the development of comparative genomics (Chao
et al., 1989). Subsequently, it has become clear that the
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genomes are rearranged, relative to one another, through
the occurrence of large reciprocal translocations involving
chromosome arms 2BS and 6BS (Devos et al., 1993b) and
chromosomes 4A, 5A, and 7B (Devos et al., 1995). The first
translocation in this latter complex involved chromosome
arms 4AL and 5AL and took place in the diploid ancestor.
The remaining rearrangements probably arose at the tetra-
ploid level.

 

The Triticeae Tribe

 

Comparisons at the genetic map level within the tribe Trit-
iceae, which includes wheat, barley, rye, and wild relatives
such as 

 

Aegilops

 

 spp, again show a high conservation of
genome colinearity, which is only disrupted by gross chro-
mosomal translocations. Interestingly, the number of rear-
rangements observed between different genomes varies
greatly and appears to be unrelated to phylogenetic distance
or evolutionary time. For example, the barley (

 

Hordeum vul-
gare

 

) genome is highly colinear with that of 

 

A. tauschii

 

, dif-
fering only by two possible inversions (Dubcovsky et al.,
1996), whereas the 

 

A. umbellulata

 

 and 

 

A. tauschii

 

 genomes
differ by a minimum of 11 rearrangements (Zhang et al.,
1998; Figure 1). Phylogenetic data have, however, indicated
that 

 

A. umbellulata

 

 is more closely related to 

 

A. tauschii

 

 than
is barley (Kellogg et al., 1996). Analyses of other Triticeae,
such as rye (

 

Secale cereale

 

) (Devos et al., 1993a), 

 

A. longis-
sima 

 

(Naranjo, 1995; Zhang et al., 2000), and 

 

A. speltoides

 

(Maestra and Naranjo, 1998), provide further evidence that
some genomes fix rearrangements more readily than others
(Figure 1). These different rates of species divergence
through chromosomal rearrangement do not appear to cor-
relate to the breeding system, because high levels of evolu-
tionary translocations are found in both rye, an outbreeder,
and 

 

A. umbellulata

 

, a predominantly self-pollinated species.
A comparison of centromere positions allows us to infer

the basic structure of the “ancestral” Triticeae chromo-
somes. Kimber (1967) observed the centromeres in 

 

Triticum

 

and 

 

Aegilops

 

 spp to be generally located in submedian po-
sitions and suggested that subterminal centromere posi-
tions were the result of chromosomal rearrangements. The
comparative maps indeed show that the subterminal posi-
tions of 

 

A. umbellulata

 

 chromosomes 2U and 7U are due to
inversions and those of 3U and 6U to interchromosomal
translocations (Figure 1).

 

The Poaceae Family

 

Gene content and order are also well maintained within tax-
onomic families, despite large differences between species
in genome size and chromosome number. Cross-mapping
of restriction fragment length polymorphism probes in a
range of cereal crops has led to the widespread identifica-
tion of chromosomal regions in which marker orders are

highly conserved. It is now possible to describe all the ge-
nomes of grass crop species by their relationship to a single
reference genome, rice. Regions of the rice genome that
contain sets of markers that are colinear across other grass
species have been termed linkage blocks.

Figure 2 depicts the genomes of foxtail millet (

 

Setaria ital-
ica

 

; 2

 

n 

 

5 

 

2

 

x 

 

5

 

 18; 

 

C 

 

5

 

 0.45 pg) and pearl millet (

 

Pennisetum
glaucum

 

; 2

 

n 

 

5

 

 2

 

x 

 

5

 

 14; 

 

C 

 

5

 

 2.4 pg), two species belonging
to the Paniceae tribe within the Panicoideae subfamily, in re-
lation to rice (

 

Oryza sativa

 

; 2

 

n 

 

5

 

 2

 

x 

 

5

 

 24; 

 

C 

 

5

 

 0.4 pg). The
highly similar arrangement of linkage blocks in foxtail millet
and rice demonstrates that these genomes have undergone
few rearrangements since their divergence. The pearl millet
genome, on the other hand, is highly rearranged relative to
rice. Many of these rearrangements are not present in any of
the other Panicoideae

 

 

 

analyzed to date. Therefore, they are
likely to be specific either to pearl millet or to the genus 

 

Pen-
nisetum

 

. A few chromosomal rearrangements, however, can
be identified that are likely to have occurred before the
speciation of the Panicoideae but after the Panicoideae–
Oryzoideae divergence. Examples are the organization of
rice linkage block 10, which is inserted into rice linkage
block 3, and the insertion of rice linkage block 9 into 7 to
form specific Panicoideae chromosomes (Figure 2). A differ-
ent arrangement of rice linkage blocks, the insertion of link-
age block 8 into 6 and linkage block 10 into 5, is present in
wheat and oat and may characterize the Pooideae subfamily
(Gale and Devos, 1998).

Some rearrangements may reflect more ancient evolution-
ary events. A particularly interesting observation is that re-
gions duplicated on rice chromosome arms 11S and 12S
(Nagamura et al., 1995) have orthologs on foxtail millet chro-
mosomes VII and VIII and pearl millet linkage groups 1 and 4
(Figure 2). The duplication event must therefore predate the
divergence of the Panicoideae and rice from a common an-
cestor. This duplication has not been observed in members
of the Pooideae subfamily; however, this does not preclude
its presence even there. Duplications may go unnoticed
when the marker density in the critical chromosome regions
is low or when low polymorphism levels prohibit the map-
ping of both copies of duplicated probes.

To date, genome relationships have been established be-
tween rice, wild rice (

 

Zizania palustris

 

; Kennard et al., 1999),
foxtail millet, sugar cane, sorghum, pearl millet, maize, the
Triticeae cereals wheat, barley, rye, and oats (for overview,
see Gale and Devos, 1998), and a growing number of wild
relatives of the domesticated cereal crop species. Despite a
divergence time of some 60 million years, less than 30 rice
linkage blocks are needed to represent all of these ge-
nomes. Significantly, the boundaries of the rice linkage
blocks frequently coincide with the location of centromeres
and telomeres, which implies that these sites may play a key
role in chromosome evolution (Qumsiyeh, 1994; Moore et
al., 1997). Other cereals that will be integrated into the grass
consensus map in the near future include finger millet
(

 

Eleusine coracana

 

) and tef (

 

Eragrostis tef

 

), two members of
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Figure 1. Phylogenetic and Genome Relationships among Six Triticeae Grasses.

The D genome of A. tauschii has been chosen as the reference, and each of the seven chromosomes is represented by a different pattern. Open
circles indicate centromere positions. Double-headed arrows indicate inversions. Vertical lines indicate evolutionary translocation breakpoints.
The minimum number of chromosomal rearrangements necessary for the six present-day genomes to have evolved from the D genome format
is given for each species.
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the Chloridoideae subfamily, and 

 

Lolium

 

 and 

 

Festuca

 

 spp,
two members of the Pooideae subfamily. The Chloridoideae
are a new subfamily not previously represented. In addition
to assessing the overall levels of colinearity, it will be of in-
terest to identify chromosomal arrangements that are
present in both tef and finger millet. The presence of com-
mon rearrangements between subfamilies may provide evi-
dence for taxonomic relationships. Preliminary data on the

structural organization of the tetraploid finger millet genome
have indicated the presence of the ancient interchromo-
somal R11S/R12S duplication previously observed in rice, fox-
tail, and pearl millet (M.M. Dida and K.M. Devos, unpublished
data). Therefore, this duplication is predicted to be present
also in tef.

The comparative framework of molecular markers can be
used for map-based prediction of the location of genes that

Figure 2. Relationships among the Genomes of Rice, Foxtail Millet, and Pearl Millet.

C indicates rice centromere positions. Red triangles indicate telomeres. S and L indicate short and long arms, respectively, as assigned to the
rice chromosomes, which are numbered with arabic numerals. Rice linkage blocks correspond to entire chromosomes (e.g., rice chromosomes
1, 8, and 9) or chromosome segments (e.g., 2a, 2b, 3a, and 3b). In foxtail and pearl millet, for which linkage groups have not been assigned to
short and long arms, the designations top (T) and bottom (B), which correspond to the published maps (Devos et al., 1998, 2000), are used. Fox-
tail millet chromosomes are numbered with roman numerals, and pearl millet linkage groups are numbered with arabic numerals. For chromo-
somes that have orthology to more than one rice chromosome, segments are indicated with the chromosome number followed by pt (part).
Hatched areas indicate regions for which few comparative data are available. Double-headed arrows show inversions; single-headed arrows de-
note evolutionary translocations. In pearl millet, due to the large number of rearrangements relative to rice, the majority of arrows are omitted.
Rearrangements can be derived from the chromosome segment numbers; for example, pearl millet linkage group 5 is orthologous from top to
bottom (T-5.1/5.2-5.3/5.4-5.5/5.6-B) with rice linkage blocks 4a/6b/10a/3b. Red arrows show evolutionary translocations that characterize all
Panicoideae spp analyzed to date. The dotted arrow indicates the rice 11S/12S duplication. See the text for details.
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determine key traits. Excellent examples are those genes
controlling plant height that are insensitive to gibberellin ap-
plication. In wheat, the 

 

Rht-1

 

 genes are located on the short
arms of chromosomes 4B and 4D, which correspond to the
duplicated regions on maize chromosome arms 1L and 5S
carrying the gibberellin-insensitive dwarfing genes 

 

D8

 

 and

 

D9

 

. Isolation of 

 

Rht-1

 

 and 

 

D8

 

 has confirmed that the maize
and wheat genes are indeed orthologous. In both cases,
dwarf phenotypes were caused by mutations that altered
the N-terminal region of the encoded proteins (Peng et al.,
1999).

Although there are few cases in which the orthology of
genes underlying traits of agronomic importance has been
confirmed by sequence information, the mapping of traits to
orthologous regions provides a reasonable degree of cer-
tainty as to the evolutionary descent of such genes. The
domestication of crops, for instance, has involved the modi-
fication of one or more genes affecting seed dispersal, and
seed shattering in foxtail millet has recently been ascribed to
two major quantitative trait loci (QTL) on chromosomes V
and IX (Wang et al., 2000). Comparative analysis showed the
QTL region on chromosome IX to correspond to regions of
maize chromosomes 1 and 5 and sorghum linkage group C,
which had previously been shown to carry genes controlling
seed dispersal (Figure 3). Similarly, the QTL region on foxtail
millet chromosome V was orthologous to regions of rice
chromosome 1, pearl millet linkage group 6, and maize
chromosomes 3 and 8, all of which carry genes controlling
shattering ability (Paterson et al., 1995; Wang et al., 2000).
Conserved colinearity is likely to hold up for most adaptive
genes; however, disease resistance genes may be an ex-
ception in that they can undergo a more rapid reorganization
(Leister et al., 1998).

 

Refining the Map: Megabase Resolution

 

Although colinearity at the map level can be used in taxon-
omy and as a predictive tool, comparative map-based gene
isolation requires highly conserved gene orders at the 100-
kb to 1-Mb level. Within the plant kingdom, monocot and
eudicot species have similar numbers of genes. In maize, it
has been demonstrated that genome expansion is mainly
due to the relatively recent (within the last 3 to 6 million
years) accumulation of retrotransposons (SanMiguel et al.,
1996, 1998). In wheat and barley, 

 

z

 

80% of the genome
consists of highly repetitive DNA, most of which is genome
specific. Although these large amounts of repetitive DNA
may make chromosome walking extremely difficult, poten-
tial problems may be circumvented by using a small-
genome relative as a model, provided that the genes in the
target region are present in almost precisely the same order
as those in the larger reference genome. Sorghum, which
has a haploid DNA content of 0.8 pg and is closely related to
maize (1

 

C

 

 

 

5

 

 2.8 pg), is an obvious candidate to aid genome
analysis in maize. Detailed comparisons between maize and

sorghum at the megabase and sequence level are described
by Bennetzen (2000).

Wheat (1

 

C

 

 

 

5

 

 17 pg) has no small-genome relatives for
which genetic data and tools are available. Therefore, the
use of rice as a model has been investigated. Foote et al.
(1997) constructed a detailed genetic map of a region of the
wheat chromosome arm (5BL) that carries 

 

Ph1

 

, the gene
that controls homeologous chromosome pairing, and
thereby maintains disomic inheritance in allohexaploid
bread wheat. Linkage block analysis has revealed that the
wheat 

 

Ph1

 

 region is orthologous to a region of rice chromo-
some 9. In a higher resolution study, the marker order in the

 

Ph1

 

 region of wheat was compared with that in a rice yeast
artificial chromosome (YAC) contig spanning the target re-
gion on rice chromosome 9. Although marker orders were
generally conserved, a small segment spanning three mark-
ers was found to be duplicated in rice, with one copy in the
target region and the second copy 

 

z

 

10 centimorgans distal
from it. In addition, disruption of colinearity was observed
outside the target region, suggesting that utility of rice for
gene isolation in wheat may depend on the particular chro-
mosome region. Currently, 

 

z

 

300 kb of rice genomic DNA

Figure 3. Orthologous Regions of Foxtail Millet, Maize, and Sor-
ghum Chromosomes That Carry Genes Controlling Shattering of the
Inflorescence.

The chromosome regions shown are the bottom of foxtail millet IX
(FMIX, B), the long arm of maize 1 (M1, L), the short arm of maize 5
(M5, S), and the top of sorghum C (SC, T), which have been shown
to carry genes controlling shattering. Rectangles delineate the ex-
tent of the QTL, and solid triangles indicate the position at which the
highest QTL effect was observed or, in the case of sorghum, the po-
sition of a mapped single gene, Sh-1. Maize maps are composite
maps based on the data by Paterson et al. (1995) and Davis et al.
(1999).
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spanning the location of the rice 

 

Ph1 

 

homolog is being se-
quenced (Roberts et al., 1999).

Feuillet and Keller (1999) have investigated the barley,
maize, and rice genomes for colinearity with a region of the
wheat genome spanning the receptor-like kinase genes

 

Lrk10

 

 and 

 

Tak10

 

. This region was found to be duplicated in
wheat, with one copy being located on the short arms of the
group 1 chromosomes and the second copy on the short
arms of the group 3 chromosomes. No orthologous regions
were found in rice and maize for the wheat group 1 seg-
ment. A large family of genes related to 

 

Lrk10

 

 was identified
distally on rice chromosome 1 and on maize chromosome 8,
which corresponds to the 

 

Lrk–Tak

 

 region on the wheat
group 3 chromosomes. Analysis of the number and organi-
zation of the 

 

Lrk–Tak

 

 genes in wheat, maize, and rice never-
theless showed that the orthologous segments differed by
duplications and rearrangements (Feuillet and Keller, 1999).

A similar comparative analysis at the megabase level was
conducted between barley and rice in a search for the barley
stem rust resistance gene 

 

Rpg1

 

 (Kilian et al., 1997). A high-
density map of the chromosome region around 

 

Rpg1

 

 was
constructed, and gene order was generally found to be con-
served relative to a rice contig spanning the target region.
Again, as was observed in other studies, a few markers ap-
peared to have transposed to nearby noncolinear positions.
Moreover, a rice homolog of 

 

Rpg1

 

 could not be found within
the bacterial artificial chromosome (BAC) containing the

 

Rpg1

 

 flanking markers. Although the gene for a putative
membrane protein could not be excluded as a candidate, it
is likely that 

 

Rpg1

 

 is a rare exception to the conserved gene
order of that region in barley and rice (Han et al., 1999).
Thus, the emerging data suggest that the extent of colinear-
ity observed between the Triticeae crops and rice may vary
between chromosome regions and that even in regions in
which gene orders are highly conserved, colinearity is not
absolute. The gross chromosomal organization may have
remained largely conserved for 60 million years, but small
local rearrangements and duplications are clearly a common
feature of genome evolution.

It should again be noted that some of the observed rear-
rangements in gene order may pertain in particular to dis-
ease resistance genes. This conclusion was also inferred by
a comparative analysis of the 

 

Adh1-Adh2

 

 region of rice with
maize. From 33 genes identified within a 350-kb stretch of
rice genomic sequence, 13 were tested for their ability to
cross-hybridize to maize. Four of these detected colinear
orthologs on maize chromosome 4. 

 

Adh1

 

 itself mapped to a
nonsyntenic position on maize chromosome 1, providing
further evidence that minor structural changes have oc-
curred in most chromosomal regions after divergence from
a common ancestor. Eight rice genes, including several dis-
ease-resistance gene homologs, however, failed to hybrid-
ize to maize genomic DNA, indicating either substantial
sequence divergence or absence of these genes in maize
(Tarchini et al., 2000). Rapidly evolving gene families may
thus not be amenable to comparative map-based gene

cloning. It is also possible that gene loss is better tolerated
in maize because of the tetraploid nature of its genome. Tol-
erance of wholesale gene loss in aneuploids is well docu-
mented in hexaploid wheat (Sears, 1954).

 

From Rice to Arabidopsis

 

Whether the colinearity observed between genomes within
the grass family—despite 60 million years of divergent evo-
lution—extends to Arabidopsis, which diverged some 150
million years earlier from a common ancestor, is a particu-
larly relevant question because a large proportion of the Ar-
abidopsis genomic sequence is already available. The
existence of colinearity between Arabidopsis and the
grasses, even if limited to small regions, would allow direct
exploitation of the Arabidopsis genomic sequence for the
identification of candidate genes in the cereals. Paterson et
al. (1996) suggested that 43 to 58% of those chromosomal
tracts spanning 

 

,

 

3 centimorgans should have remained
colinear over the evolutionary time period separating the
monocots and eudicots. Evidence from a recent study, how-
ever, has not supported this hypothesis. The mapping of 33
rice ESTs, identified through BLAST searches as putative
homologs to Arabidopsis genes that were located on the
same or closely linked BAC clones, failed to establish a re-
gion of colinearity between rice and Arabidopsis (Devos et
al., 1999; Figure 4). A similar comparative analysis of a 1.5-
Mb region from Arabidopsis chromosome 4, on the other
hand, revealed limited orthology of a 194-kb region of the
Arabidopsis genome with 219 to 300 kb of the rice genome
(van Dodeweerd et al., 1999). However, only five out of the
24 rice ESTs that showed homology to Arabidopsis genes in
the 252-kb segment analyzed mapped to a single 530-kb
rice YAC clone. Moreover, the order of these five genes dif-
fered in rice from that in Arabidopsis by an inversion. The re-
maining 19 ESTs were located elsewhere in the rice genome
and, because they did not hybridize to common BACs, were
probably not tightly clustered (van Dodeweerd et al., 1999).

There are, of course, several problems associated with
these analyses. BLAST algorithms, for example, are not im-
peccable in identifying true homologs, especially when
given incomplete databases. The best BLAST correlation
from a given search may represent an ortholog, or it may
simply represent a member of a gene family. It may even
identify a nonrelated gene that contains a similar sequence
domain. Genes that contain a conserved MADS box do-
main, for example, may be otherwise unrelated (Theissen et
al., 2000). To further assess the extent of colinearity be-
tween rice and Arabidopsis, therefore, we performed an
analysis at the sequence level that included 

 

z

 

250 kb of
contiguous sequence from rice chromosome 1 (http://www.
staff.or.jp/genomicdata/GenomeFinished.html). For four out
of the 51 rice genes located within this 250-kb region, the
Arabidopsis gene with the highest BLAST score was located
to a 350-kb Arabidopsis segment. An additional 10 rice
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genes displayed homology with Arabidopsis genes else-
where in the genome. Interestingly, five of these 10 genes
also showed homology with Arabidopsis genes within the
350-kb contig, albeit with a lower BLAST value (K.M. Devos,
unpublished data). The ancestral relationship between these
genes remains unclear at this stage, but it is doubtful that
they are real orthologs.

Caution is needed in interpreting comparative data for ge-
nomes as divergent as those of rice and Arabidopsis. The

degree of colinearity found largely depends on the strin-
gency of the parameters used. More important than the is-
sue of colinearity, however, is the utility of the relationship
between Arabidopsis and rice for map-based gene predic-
tion. Based on current data, “conserved colinearity” applies
at best to only a few genes within syntenic Arabidopsis–rice
regions. Therefore, the prospect of scanning the Arabidop-
sis genome to find a gene for a trait of agronomic impor-
tance in monocot crop plants based on relative map
position continues to be like searching for a needle in a hay-
stack. Transferring markers that are tightly linked to and
flank a key wheat gene to Arabidopsis is unlikely to delin-
eate the Arabidopsis region carrying the candidate gene.
Extrapolation between wheat and rice, on the other hand,
entails a reasonable chance of success given the high level
of conserved colinearity between their genomes. The se-
quencing of the entire rice genome is therefore crucial to in-
vestigations into the staple cereals in general.

 

Complications in Determining Synteny: Multigene 
Families and Chromosomal Duplications

 

A number of factors may confound interpretations of ge-
nome relationships. The use of programs such as BLAST,
for example, is crucial in comparisons of genomes that are
only distantly related. However, the identification of “homol-
ogous” genes based on BLAST results is dependent on the
particular criteria used by the researcher. In addition, the differ-
entiation between orthologous and paralogous sequences is
extremely difficult, especially when both are not available for
comparison.

Problems in distinguishing between orthologs, paralogs,
and pseudogenes can also be encountered in comparisons
of closely related species for which genome colinearity has
been established through the cross-hybridization of con-
served gene sequences. Only those probes that identify a
single-copy gene for each of the genomes under investiga-
tion are likely to give unambiguous answers. Genes belong-
ing to multigene families will often hybridize to many
members of the gene family, but only those that display re-
striction fragment length polymorphism in the mapping pop-
ulation can be genetically mapped. When different members of
a single family are mapped in different species, the impres-
sion is created that colinearity is disrupted. For example, all
probes that detected noncolinear loci in a comparative study
between the barley and 

 

A. tauschii

 

 genomes were multicopy in
one or both of the species (Namuth et al., 1994). Similarly, in
a comparison between foxtail millet and rice, of the probes
that mapped to noncolinear positions, all but one detected
at least two copies in the foxtail millet genome (Devos et al.,
1998). It is possible to envisage a situation in which an ap-
parently single-copy probe may detect nonorthologous se-
quences. After a duplication event in a common ancestor,
one of the gene copies may subsequently be deleted in
each of two species after their divergence from the common

Figure 4. Syntenic Relationships between Arabidopsis Genes and
Corresponding Rice ESTs.

A genetic map of an z2-centimorgan (cM) region at the top of Arabi-
dopsis chromosome 1 is aligned with seven Arabidopsis BACs orga-
nized in three contigs. Also shown are corresponding rice ESTs,
their copy number, and map locations on rice chromosome arms 5L
and 8S. For ESTs in which true homology between the rice EST and
Arabidopsis gene has been established, the locations are shown in
boxes. RFLP, restriction fragment length polymorphism.



 

644 The Plant Cell

 

ancestor. Deletion of paralogous copies leads to single-
copy sequences that have noncolinear positions in the two
genomes.

Segmental chromosome duplications also may confound
relationships. In diploid rice, duplications have been identi-
fied between rice chromosome arms 11S and 12S (Nagamura
et al., 1995) and segments of rice chromosomes 1 and 5
(Kishimoto et al., 1994). It is expected that more duplica-
tions will be identified as sequencing information becomes
available. Indeed, the availability of the near-complete se-
quence of the Arabidopsis genome, for example, has re-
vealed the presence of both intra- and interchromosomal
duplications. Although considered a true diploid, 

 

.

 

60% of
the predicted proteins on Arabidopsis chromosome 2 were
shown to have a significant match to at least one other pro-
tein on the same chromosome. In addition, large interchro-
mosomal duplications have been identified between two
segments of chromosomes 1 and 2 and between regions of
chromosomes 2 and 4 (Lin et al., 1999). Gene multiplication
is a common event in genome evolution, although it is not
clear at this stage whether this occurs mainly through dupli-
cation of individual genes or larger chromosome segments.
After duplication, redundant gene copies are likely to be
more prone to accumulate mutations, which may eventually
lead to altered gene functions. It is probable that all living or-
ganisms will have undergone a certain level of chromosomal
duplications.

 

ORGANIZATION OF THE WHEAT AND BARLEY 
GENOMIC SEQUENCES

 

Species with large genomes, such as the Triticeae cereals,
have long been deemed unamenable to gene isolation by
map-based methods. More than 80% of the wheat and bar-
ley genomes consist of highly repetitive DNA, which may
cause problems in the construction as well as analysis of
large insert libraries. YACs containing repeats are often un-
stable, and isolation of single-copy YAC end or subclones
suitable for chromosome walking is difficult (Dunford et al.,
1993; Edwards et al., 1996). With the advent of comparative
genomics and the realization that gene orders are highly
conserved among grass genomes, the small rice genome
has become a tool for cross-genome gene isolation. It is
clear, however, that although levels of colinearity are in gen-
eral highly conserved, the degree of gene order conserva-
tion may vary, depending on the region, and is unlikely to be
perfect. So, is comparative genomics the only option?

Recent advances in the construction of large insert librar-
ies, particularly in the development of BAC vectors, which
have largely replaced YACs, and the availability of enhanced
robotics capability have made the construction and mainte-
nance of stable libraries of the entire wheat genome
feasible. Currently, BAC libraries are available for several
Triticeae species, including 

 

T. monococcum

 

 (Lijavetzky et

al., 1999), 

 

A. tauschii

 

 (Moullet et al., 1999), and barley

 

 

 

(http:
//www.genome.clemson.edu/lib_frame.html). A barley YAC
library is also available, and a hexaploid wheat library has
been constructed in a transformation-competent artificial
chromosome (TAC) vector (Ogihara et al., 2000; http//www.
intl-pag.org/pag/8/abstracts/pag81031.html).

Physical mapping of molecular markers using a series of
wheat deletion lines had demonstrated the existence of
gene-rich regions in the wheat genome, indicating that
genes were not randomly distributed (Gill et al., 1996). A
more precise picture of the detailed organization of the
wheat genome has been provided by analysis of large insert
clones. Hybridization of an 

 

A. tauschii

 

 BAC clone containing

 

z

 

100 to 105 kb around the 

 

Cre3

 

 locus (i.e., from the distal
region of chromosome 2D) to a cDNA library identified six
genes (O. Moullet and E.S. Lagudah, personal communica-
tion), thereby establishing a gene density around the 

 

Cre3

 

locus of at least one gene every 17 kb, and possibly much
less. In other regions, gene densities varied from one gene
per 33 kb for the proximal region of chromosome 4DL (W.
Powell, O. Moullet, and E.S. Lagudah, personal communica-
tion) and one gene per 25 kb around the 

 

Ha

 

 locus on 5AS
(Tranquilli et al., 1999) to as high as one gene per 5 kb
around the 

 

Lrk10

 

 locus on 1AS (Feuillet and Keller, 1999).
The observed gene density in barley was very similar, with a
value of one gene per 20 kb around the 

 

Mlo

 

 gene (Panstruga
et al., 1998) and one gene per 15 kb around the 

 

Lrk–Tak 

 

loci
(Feuillet and Keller, 1999). These values are seven to 40
times higher than expected based on a random gene distri-
bution, and they agree with the hypothesis that genes are
organized in islands.

Analysis of 60 kb of contiguous sequence around the 

 

Mlo

 

gene in barley showed the presence of three genes, which
made up 11.7% of the region. Interestingly, only a single re-
trotransposon was found, accounting for 24% of the region
(Panstruga et al., 1998). This is very different from the struc-
tural organization of the distinctive maize genome, in which
genes are often located between retroelements or retroele-
ment blocks. Another detailed analysis of 340 kb of rice ge-
nomic sequence revealed that 28.5% of the region
consisted of repetitive DNA, half of which was represented
by retrotransposons and 

 

z

 

18.8% by miniature inverted re-
peat transposable elements. In contrast to the situation in
maize, no clustering of the retroelements was evident
(Tarchini et al., 2000). As the genomic sequence begins to
emerge, gene densities in rice are being found to be of the
order of one gene every 5 to 10 kb (http://www.staff.or.
jp/genomicdata/GenomeFinished.html; Han et al., 1999;
Tarchini et al., 2000), which is also 1.5 to 2.5 times higher
than expected.

Sequence data from plant species with large genomes are
still very limited. All available data suggest that genes in
wheat and barley are clustered within the genome. If these
gene islands can be targeted, then direct gene isolation
should be greatly facilitated. The current approach for gene
isolation is to identify molecular markers that are tightly
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linked to a target trait in large populations (1000 to 10,000
plants). Markers tightly linked to and flanking the gene are
then used to identify BAC or YAC clones spanning the gene.
With gene densities of approximately one gene per 20 kb, it
should be feasible to have both flanking markers located on
a BAC contig of a few hundred kilobases, if not within a sin-
gle BAC clone (Büschges et al., 1997; Wei et al., 1999).

 

MODEL PLANTS VERSUS CROP PLANTS

 

Over the years, there has been a shift in our approach to an-
alyzing large genomes. Fifteen years ago, large genomes
were considered essentially intractable. This view has
changed during the 1990s with the development of compar-
ative genetics. The high degree of conservation of gene
content and order between species within taxonomic
groups allowed the use of species with smaller genomes as
models for crop traits. Now, at the turn of the century, scien-
tists are faced with another dilemma. As more data become
available, it is clear that the efficiency with which model or-
ganisms can be employed will depend on our knowledge of
the trait itself and the genome region carrying the gene. It is
thus pertinent to ask whether the exploitation of conserved
colinear relationships is the best approach to crop plant re-
search or whether we should focus research on the crop
plant genomes themselves. The recent advances in technol-
ogy and our knowledge of the structural organization of crop
genomes definitely make the latter option feasible, as exem-
plified by the isolation of the barley Mlo gene. On the other
hand, the isolation of the wheat Rht1 dwarfing genes, using
the Arabidopsis gene GAI, underlines the contribution that
model species can make to crop plant research. Whatever
route is taken, comparative genomics will continue to play a
major role. The sequencing of the entire rice genome and
selected regions of other crop genomes will provide a ready
pool of candidate genes relevant to both agronomic and
evolutionary considerations of grass genomes. It is impor-
tant, however, that the progress in genome research be par-
alleled by developments in trait mapping and bioinformatics.
Maximum exploitation of the vast pool of genome data will
only be possible when suitable management systems and
search and display tools are available.
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