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Abstract

We review some general points about comparative mapping, the evolution of gene families and recent advances in
the understanding of angiosperm phylogeny. These are considered in relation to studies of large-genome cereals,
particularly barley (Hordeum vulgare) and wheat (Triticum aestivum), with reference to methods of gene isolation.
The relative merits of direct map-based cloning in barley and wheat, utilization of the smaller genome of rice (Oryza
sativa) and gene homology methods that utilize information from model species such as Arabidopsis thaliana are
briefly discussed.

Introduction

‘The day does not seem far off when nearly all experi-
mental biology will be driven by some kind of compar-
ative genome suggested hypothesis.’ This quote, from
Smith (1998), illustrates two general trends in genet-
ics. The first is an increasing reliance on genomics as
the starting point for investigation and the second is the
integration of knowledge from different species to un-
derstand how the genetic control of traits evolves and
diversifies. The latter (comparative genetics) seeks to
understand characters in an evolutionary context and
the extent to which similar phenotypes are the result
of variation in orthologous genes. To quote from Smith
(1998) again, ‘... as we begin to try to understand the
regulatory circuitry of the cell, one assumes that by
comparison of closely related organisms we will learn
much about how these circuits have been modified
and augmented to carry out distinct developmental and
other programs’.

Comparative genetics focuses on three aspects of
biology. The first is the conservation of gene sequence
in different organisms, and investigates the extent to
which conservation of sequence is paralleled by con-
servation of function. The second aspect utilizes the
existence of conserved sequences, typically cDNA
clones, for the development of genetic maps in differ-

ent species that contain shared ‘anchor’ markers (Van
Deynze et al., 1998). This enables the linkage groups
of different species to be aligned and the number of
rearrangements between them to be defined. The re-
sulting comparative genetic maps provide information
on chromosome evolution and identify cases where
equivalent phenotypes in different species are likely
to be controlled by orthologous genes. The third as-
pect, which we will not consider here, studies the
overall physical organization of chromosomes and en-
compasses the role of repeated sequences, including
transposable elements, in genome evolution.

How can comparative genetics help our
understanding of barley and wheat?

Cereals are a staple food for a large proportion of
the world’s population and it is therefore important
to understand the genetic basis of yield, yield sta-
bility and grain quality. But, because of the cost
and effort of analysis, a major issue for cereals,
and other crops, is the extent to which information
can be integrated between species. A common ge-
netic basis for specific traits is a logical consequence
of evolutionary divergence from common ancestors,
but commonality will obviously decrease as more di-
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verged species are considered. Comparative genetics
seeks to utilize evolutionary conservation, avoiding
unnecessary duplication of effort and exploiting the
technical advantages of individual species including
model plants such as Arabidopsis thaliana. Identifi-
cation of conserved mechanisms of growth and devel-
opment between species potentially offers rapid and
cost-effective ways of understanding the genetic ba-
sis of performance in crop species. What is unclear at
present is the extent of conservation of gene sequence
and function within the grasses and within plants as a
whole.

Comparative approaches are of particular interest
in wheat (Triticum aestivum) and barley (Hordeum
vulgare) because they have common features that
hamper gene isolation. The first is genome size. Bar-
ley, although a diploid species (2n = 2x = 14), has
a genome of about 5400 Mb compared to 130 Mb
in Arabidopsis and 450 Mb in rice (Oryza sativa).
Wheat is a hexaploid (2n = 6x = 42) with each con-
stituent genome about the size of barley, giving a total
of ca. 17 000 Mb. This has discouraged map-based
cloning. However, high-quality large-insert libraries
now exist for barley (Yu et al., 2000) and the A and D
genome diploid relatives of wheat (Lijavetzky et al.,
1999 and Moullet et al., 1999, respectively). Map-
based gene cloning in barley has been proved feasible
by the isolation of the mlo and rar1 disease resistance
genes (Büschges et al., 1997 and Shirasu et al., 1999,
respectively).

The second major problem is that although a large
proportion of the wheat and barley genomes contain
retrotransposons of various kinds, they differ from
maize in lacking transposable elements suitable for
gene tagging. Retroelements are being used in rice
(Hirochika, 1997; Sato et al., 1999) but in that case
the starting copy number is much lower, enabling
transposition to be monitored efficiently. These diffi-
culties, although not insurmountable, have encouraged
comparative approaches that utilize the experimental
advantages of other species. But to make best use of
comparative methods it is advantageous to have an
accurate phylogeny of plants.

Recent advances in angiosperm phylogeny and
their implications for comparative analyses

Recently, extensive comparisons of nuclear and or-
ganelle DNA sequences in plants have been made with
the aim of developing a robust angiosperm phylogeny

(Soltis et al., 1999, 2000; Qiu et al., 1999; Kuzoff and
Gasser, 2000; Mathews and Donoghue, 2000; Soltis
and Soltis, 2000). In some cases this is with the ex-
press aim of developing a tool for comparative biology
(Soltis et al., 1999).

Figure 1 illustrates current views on the phylo-
genetic relationships of seed plants and the positions
of some important model and crop species. Recent
studies show that gymnosperms are a monophyletic
group that is sister to all angiosperms. Within the an-
giosperms the Amborellaceaea (with only one species,
Amborella trichopoda, native to New Caledonia) is
the sister group to all others and the next two suc-
cessive branches are the Nymphaeaceae (water lilies)
and a group including the Illiciaceae, Schisandraceae
and Austrobaileyaceae. Together, these three basal
branches include seven families and about 177 species.
The next branch is the magnoliids which include the
monocots (102 families and 65 000 species) which, in
turn, include the grasses, and within these the cereals.
Other large groupings of species include the Cerato-
phyllales (26 familes and 9400 species), asterids (107
families and 87 000 species) and rosids (149 families
with 77 000 species; numbers of families and species
quoted here are from Kuzoff and Grasser, 2000). Fig-
ure 1 also shows the phylogenetic positions of several
model and crop species.

Arabidopsis is the first plant for which complete
genomic sequence has been produced and sequenc-
ing of the rice genome is in progress. The com-
plete sequences of these species will provide valuable
new opportunities for comparative analyses because
they represent highly diverged lineages within the an-
giosperms. Analyses of Arabidopsis and rice are com-
plemented by extensive EST programmes that have
already generated large amounts of information from
a range of other species (Figure 1). This will reveal
much about the commonality of gene sequences.

Within the grasses, taxonomists recognize four ma-
jor lineages (Kellogg, 1998; inset in Figure 1). All
contain important crop species and large-scale ge-
nomics programmes are under way in the Pooideae
(wheat, barley, oats, rye and the Festuca and Lolium
forage grasses), the Oryzoideae (rice) and the Pani-
coideae (maize, sorghum and pearl millet). Informa-
tion from these projects will contribute to our knowl-
edge on the grasses as a whole and will significantly
assist analysis of the fourth group, the Chloridoideae,
which contains crops such as finger millet (Eleusine
coracana) and tef (Eragrosis tef). A robust phylogeny
assists comparative genetic analysis in two ways. First,
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Figure 1. Phylogeny of seed plants illustrating the positions of several model and crop species. The overall phylogeny (left) is redrawn from
Soltis et al. (1999) and that of the grasses (inset) from Kellogg (1998). Horizontal distances between branch points are all drawn to the same
size and do not represent time scales. Figures in square brackets are thousands of EST sequences deposited in GenBank by mid August 2001.
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it provides a logical framework for comparing gene
action and chromosome evolution. Second, it helps
identify the most likely origins of conserved and novel
developmental and biochemical processes. Compari-
son of genetic information from different species will
therefore provide valuable insights into cellular, devel-
opmental and biochemical processes that are deeply
rooted in angiosperm evolution. An interesting ques-
tion, therefore, is how much of plant biology will
prove to be shared and how much will be novel to
individual lineages.

Conserved genes and conserved functions

Single/low-copy genes

It is well known that many fundamental aspects of cel-
lular metabolism are highly conserved throughout eu-
karyotes, reflecting their early origin and importance
to cell viability. A recent example is provided by the
analysis of proteins controlling translation termination
(Inagaki and Doolittle, 2000). However, our inter-
ests in comparative genetics focus more on processes
that are conserved, or diverged, between angiosperm
groups.

An interesting example of conserved gene func-
tion comes from recent work on growth responses to
gibberellin (GA) phytohormones. The GA-insensitive
GAI gene of Arabidopsis was cloned by transposon
tagging of the semi-dominant gai mutant that con-
fers a dwarf phenotype (Peng et al., 1997). The
GAI gene was shown to have a distinctive 5′ domain
and a 3′ region with homology to SCARECROW, a
member of a family of transcription factors in Ara-
bidopsis. Cereal homologues of GAI were cloned with
the aid of sequence information from a rice EST and
shown to correspond to the Rht-1 semi-dwarfing genes
of wheat and the d8 dwarf mutant of maize (Peng
et al., 1999). A rice GAI homologue has recently
been described by Ikeda et al. (2001). GA-insensitive
semi-dwarf phenotypes in Arabidopsis and cereals
resulted from deletions in the 5′ part of the gene,
showing that equivalent mutations resulted in equiva-
lent phenotypes. This provides strong evidence for the
conservation of GA-mediated growth regulation dur-
ing angiosperm evolution. Interestingly, recent work
in maize identified a SCARECROW homologue which,
as in Arabidopsis, has a role in regulating root or-
ganization (Di Laurenzio et al., 1996; Lim et al.,
2000). Thus, SCARECROW and GAI evolved before

the separation of monocot and dicot lineages and their
respective functions have been conserved.

Gene families

A factor that significantly complicates comparative
analysis is the presence of gene families. These evolve
by duplication (which may be of individual genes,
chromosome segments or whole genomes) and sub-
sequent divergence. Gene families are therefore sig-
nificantly affected by polyploidy, which is a common
feature of angiosperm evolution. Gene duplication and
divergence have long been recognized as important
components of evolution, contributing to the develop-
ment of increasingly complex forms (Holland, 1999;
Wendel, 2000). It is estimated that at least 50% and
possibly 70% of existing angiosperm species are poly-
ploids (Wendel, 2000). The true figure is hard to
estimate because ancient polyploids may be difficult
to recognize and because genomes may appear poly-
ploid due to internal duplications. This problem is
illustrated by the genome sequence of Arabidopsis
which shows extensive duplication (Blanc et al., 2000;
TAGI, 2000). This may be the result of ancient poly-
ploidy but analysis of sequence divergence by Vision
et al. (2000) favours a model in which there have been
at least four large-scale internal duplication events
followed by additional rearrangements and deletions.

Comparative approaches to the analysis of gene
families are well illustrated by the extensive work that
has been carried out on MADS-box transcription fac-
tors (for recent reviews see Hasebe, 1999; Blázquez,
2000; Lawton-Rauh et al., 2000; Theissen et al.,
2000; Gutierrez-Cortines and Davies, 2000). Origi-
nally identified in plants as regulators of flower devel-
opment they have long been known to have an ancient
evolutionary origin as they are present in plants, ani-
mals and fungi (see recent review by Theissen et al.,
2000). In plants they have been most fully described in
Arabidopsis where genomic sequence has allowed the
family to be analysed in detail (Alvarez-Buylla et al.,
2000; Vergara-Silva et al., 2000).

Analysis of other angiosperms shows general con-
servation of floral MADS-box gene roles (for example,
Ambrose et al., 2000; Kyozuka et al., 2000), but
with significant variation in some lineages (Theissen
et al., 2000). For example, in the ABC model of flower
development (see Bowman, 1997 and Ng and Yanof-
sky, 2000 for recent reviews), C function (defining
stamen and carpel identity and floral determinacy) is
represented by a single gene in Arabidopsis (AGA-
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MOUS) and two genes in maize (ZAG1 and ZMM2)
with partially redundant roles (Mena et al., 1996). The
B function genes of Arabidopsis (APETALA3 and PIS-
TILLATA) have overlapping expression patterns and
function as a heterodimer that defines petal and sta-
men identity. Generally they show similar patterns of
expression in other species but with some distinctive
variants such as their expression in petals of plants
from the Ranunculales, a group of distantly related
eudicots (see Figure 1) (Kramer and Irish, 1999).
It is likely that APETALA3 and PISTILLATA arose
by duplication of an ancestral B type gene and that
APETALA3 has been duplicated again in the evolution
of the higher eudicots (Kramer et al., 1998).

Some MADS-box genes that control floral organ
identity in angiosperms have orthologues in gym-
nosperms, showing that their origins predate the evo-
lution of flowers. For example, B function genes of an-
giosperms have been shown to have homologues that
are expressed in reproductive tissues of gymnosperms,
suggesting that their angiosperm functions represent
an elaboration of a pre-existing role, in this case
the development of pollen-bearing organs (Mouradov
et al., 1999; Sundstrom et al., 1999). Becker et al.
(2000) estimate that at least seven MADS-box genes
were present in the common ancestor of angiosperms
and gymnosperms and that the MADS-box family
has evolved to similar levels of complexity in mod-
ern members of both groups. Recent work on club
mosses (a sister group to other vascular plants) showed
that the LAMB1 gene is expressed in the strobilus,
suggesting an ancient role for MADS-box genes in
regulating the development of reproductive structures
(Svensson et al., 2000). Furthermore, analysis of
MADS-box genes from the bryophyte Physcomitrella
patens showed that they have a structure typical of
higher plants and that the overall structure of the
genes had evolved before mosses, ferns and seed
plants diverged (Krogan and Ashton, 2000). However,
the bryophyte genes are not obvious orthologues of
existing higher-plant genes suggesting, as might be ex-
pected, that considerable evolution of the higher plant
genes occurred after divergence.

The picture that emerges from the MADS-box
studies is one of an evolutionarily ancient group in
which gene duplication and divergence has allowed
a progressive elaboration of existing functions. These
changes are likely to be continuing in extant lineages,
contributing to variation in plant form. A similar ex-
ample comes from actin genes which are present as
single-copy sequences in most green algae, in two

or three copies in bryophytes and in increasingly
larger families in ferns and seed plants, reflecting the
development of increasing numbers of tissue types
(Bhattacharya et al., 2000).

Studies also show, as might be expected, that dif-
ferent gene families (as well as regions within genes)
evolve at very different rates. For example, the CON-
STANS (CO) gene, which regulates flowering in re-
sponse to long days in Arabidopsis (Putterill et al.,
1995), has homologues in a range of plants including
barley (Griffiths, Coupland and Laurie, unpublished),
rice (Song et al., 1998; Yano et al., 2000) and gym-
nosperms. These homologues are characterized by
conserved 5′ and 3′ domains but the intervening region
is much more diverged, suggesting that it is sub-
ject to fewer evolutionary constraints (Lagercrantz and
Axelsson, 2000; Griffiths, Coupland and Laurie, un-
published). Thus, while genes are clearly recognizable
as members of a CO-like family, the relationship to
individual Arabidopsis genes is not always clear. Nev-
ertheless, the rice heading date gene Hd-1 has recently
been shown to be a close homologue of CO (Yano
et al., 2000). Thus, CO-like genes have a conserved
role in regulating flowering time.

The identification of Hd-1 as a CO homologue
is interesting because rice is a quantitative short-day
plant while Arabidopsis, like barley, is a quantitative
long-day plant. This suggests that a common pho-
toperiod pathway promotes flowering in these species
after exposure to inductive day lengths. How inductive
day lengths are recognized in long-day and short-
day plants remains to be established but recent work
on Arabidopsis suggests that gene expression in rela-
tion to the circadian clock is important (Samach and
Coupland, 2000; Barak et al., 2000). Intriguingly,
the Arabidopsis TOC1 gene, which regulates circa-
dian rhythm, has a basic C-terminal region of about 45
amino acids that is similar to a 3′ region of CO (Strayer
et al., 2000), although the functional significance of
this is currently unclear.

CO is one of about 80 genes so far implicated in
the control of flowering time in Arabidopsis (Simpson
et al., 1999). Many of these genes can be assigned to
the gibberellin, photoperiod, autonomous or vernaliza-
tion promotion pathways (Simpson et al., 1999). Re-
cent work has shown that MADS-box genes play key
roles in regulating timing of flowering in Arabidopsis,
as well as in regulating floral structure. The FLC gene
acts as a repressor of flowering whose expression is
reduced by the action of genes in the autonomous path-
ways and by vernalization (Michaels and Amasino,
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1999; Sheldon et al., 1999). A second MADS-box
gene (SOC1 or AGL20) has been identified as a tar-
get of both CO and FLC (Samach et al., 2000; Lee
et al., 2000). This, together with work on the meristem
identity gene LEAFY (Blázquez and Weigel, 2000),
is revealing how different pathways regulating flower-
ing are integrated. An interesting question is whether
the genetic control of flowering time will prove to
be as conserved as the mechanisms regulating flower
structure.

LEAFY homologues have been identified in several
species and a particularly interesting analysis has been
carried out in pea (Pisum sativum). The UNIFOLIATA
(UNI) gene of pea was shown to be a LEAFY homo-
logue but, in addition to effects on flower develop-
ment, uni mutants also simplify the normal compound
leaf to a single leaflet (Hofer et al., 1997). A role in
leaf development was not observed or predicted from
the behaviour of LEAFY in Arabidopsis or the ortholo-
gous FLORICAULA gene in Antirrhinum (Coen et al.,
1990). Studies on uni show how genes can be used
for additional functions in plant development and the
value of comparative analyses of gene function in a
range of diverse plants.

Rapidly evolving genes

Comparative mapping and sequence analysis has iden-
tified classes of genes that are evolving rapidly. A
prime example of these are disease resistance genes
which probably reflects the need for plants to maintain
resistance to pathogens. An evolutionary ‘arms race’
between hosts and pathogens is a plausible reason for
strong selection pressures favouring the evolution of
novel sequences. An interesting question is whether
the mechanisms that generate diversity are the same
for all genes or whether some are specific to rapidly
evolving types.

Analysis of disease resistance genes and related
sequences within the genomes of diverse plants shows
that gene duplication, intra- and intergenic recombina-
tion and gene conversion contribute to the formation
of novel variation (Ellis et al., 2000; Richter and
Ronald, 2000). For example, the nucleotide-binding
site/leucine-rich repeat (NBL-LRR) class of genes in
several species shows a tendency to clustering, sug-
gesting that tandem duplication and subsequent di-
vergence of the gene copies are important factors in
their evolution (Leister et al., 1998; Pan et al., 2000).
Despite rapid sequence evolution these genes are still
recognizably members of the same family, showing

that some selective constraints remain. Indeed, the
presence of conserved domains was used to isolate
barley and rice genes using PCR-based approaches
(Leister et al., 1998).

The results described in the above sections show
how comparative approaches based on sequence ho-
mology can be used to isolate genes from cereals and
other crop plants. This approach is most straightfor-
ward in cases where there are single genes or small
gene families. For large gene families the situation
is more complex. Thus, while members of families
may be readily identified, as in the case of MADS-
box transcription factors, it may be difficult or time-
consuming to determine if homologues of individual
members of the family exist in other species and, if so,
whether they retain conserved roles. The interpreta-
tion of homology will be further complicated if genes
have been duplicated in evolution and recruited to
related but distinct functions. Homology-based gene
isolation may be particularly problematic in disease
resistance, where function is expected to be evolving
more rapidly. In such cases, direct map-based cloning
in the species of interest may be the preferred op-
tion. Whatever method is used it will be valuable to
have efficient methods of integrating genetic maps and
trait data across species. This is discussed in the next
section.

Comparative mapping

Large-scale organization

Comparative mapping, recently reviewed by Gale and
Devos (1997), Devos and Gale (2000) and Paterson
et al. (2000), utilizes the existence of conserved se-
quences, usually cDNAs, to develop genetic maps that
share common markers. Alignment of maps allows
the structure of linkage groups in related organisms
to be defined and this provides information on the
taxonomic relationship between organisms and the
common genetic control of specific aspects of plant
phenotype in different species.

As would be expected, closely related species tend
to have well conserved linkage groups, as revealed by
studies of wheat and other Triticeae members. In this
group, genomes are distinguished by a relatively small
number of rearrangements (translocations and inver-
sions) but the number of these varies among lineages.
For example, Aegilops longissima and the closely re-
lated A. umbellulata differ from A. tauschii by 1 and
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11 rearrangements, respectively, while A. tauschii dif-
fers from the more distantly related barley by only
two (Devos and Gale, 2000). Variation in rates of
chromosomal rearrangements have also been reported
in comparisons of mammalian lineages (Burt et al.,
1999; Stanyon et al., 1999).

Comparative maps naturally gravitate to the most
extensively studied species. Rice has therefore be-
come increasingly central to cereal comparisons be-
cause of its extensive RFLP maps and, more recently,
the international commitment to genomic sequencing
(Sasaki and Burr, 2000). The linkage groups of all
grasses studied so far can be described in relation to
a fairly small number of rice ‘linkage segments’, often
bounded by centromere or telomere regions (Moore
et al., 1995; Devos and Gale, 2000) but it is not
known whether this reflects functional constraints on
how genes can be organized or merely a low rate of
rearrangement fixation in grasses. As sequencing de-
velops it will be interesting to analyse junction regions
to determine if these show specific properties. Similar
analyses in mammals have given mixed results with
a variety of repeats interspersed with gene sequences
in one case (Pletcher et al., 2000) and a region rich
in simple tandem repeats in another (Puttagunta et al.,
2000).

Fine-scale organization

Although the gross arrangements of chromosomes can
be defined relatively easily, recent studies of cere-
als show that fine-scale collinearity is often disrupted
(Keller and Feuillet, 2000; Tarchini et al., 2000).
This is most obvious for the candidate disease resis-
tance genes in these studies but other more conserved
sequences, such as alcohol dehydrogenase genes in
the study of Tarchini et al. (2000), may also be
affected. Similarly, although Arabidopsis genomic se-
quence is generally predictive of gene order in the
Brassicaceae, which are closely related, comparison
is complicated by duplications and divergence of gene
content (Jackson et al., 2000; O’Neill and Bancroft,
2000).

Not unexpectedly, loss of collinearity increases as
more distantly related species are considered. Thus,
a recent comparison of the gene content of a tomato
BAC with Arabidopsis reveals seven genes collinear
with a region on Arabidopsis chromosome IV and with
the remainder on Arabidopsis chromosomes II, III and
V. These are not likely to be the result of translocations
but probably reflect patterns of duplication and sub-

sequent deletion which may be common features of
plant genome evolution (Ku et al., 2000). Arabidopsis
and tomato are in the rosids and asterids, respectively
(Figure 1) and, therefore, it is not surprising that com-
parisons between Arabidopsis and the more distantly
related genome of rice have produced little evidence
of the maintenance of extensive collinearity (van Do-
deweerd et al. 1999; Devos et al. 1999; Paterson et al.
2000). However, these conclusions need to be seen in
the light of possible biases in the regions selected for
study. If the regions are rich in rapidly evolving se-
quences, such as resistance genes, loss of collinearity
might appear more severe than in other regions of the
genome. Therefore, it will be important to investigate
other regions and in cereals this can be based on the
emerging rice genomic sequence.

A further complication for comparative mapping is
the possibility of convergent evolution, in which genes
with equivalent functions have evolved independently
in different lineages. It is not clear how widespread
this phenomenon is in plants but it has been clearly
demonstrated in secondary metabolite synthesis (Pich-
ersky and Gang, 2000). In these cases, genes identified
on the basis of similar effects on phenotype may be
unrelated in sequence. However, a particular com-
plication for comparative mapping is that in several
examples enzymes with the same biochemical role
have evolved from paralogous members of gene fami-
lies (Alfenito et al., 1998; Pichersky and Gang, 2000).
In these cases the genes will be related in sequence but
will probably show no collinearity.

The complications outlined above will proba-
bly discourage comparative map-based approaches to
gene isolation from wheat and barley. If a trait can be
mapped in a small genome species such as rice then
cloning from that species is the logical route. Genes
in other species can then be isolated by sequence ho-
mology. If the trait is not mapped in the small genome
species then this approach becomes much riskier be-
cause the relevant gene may be absent. In such cases,
map-based cloning in wheat or barley may be pre-
ferred because the target gene is certain to be present.
However, even in these cases comparative mapping
can provide useful markers even if it does not pro-
vide candidate genes. The use of rice genes as markers
to home in on target regions of barley or wheat will
become increasingly easy as rice genomic sequence
becomes available.
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Conventional trait mapping and comparative analysis

Comparative mapping needs to be interpreted with
caution, for the reasons described above, but it should
be emphasized that it remains valuable, especially in
groups of related species such as the Triticeae or Bras-
sicaceae. It identifies candidate orthologous trait loci
and provides a valuable source of additional markers
which may be useful even when fine-scale order is not
preserved. However, an increasing proportion of com-
parative research is likely to be driven by knowledge
of gene function in model organisms and in these cases
it is gene sequence homology, not collinearity, that is
the issue. The example of GAI illustrates this as the
wheat Rht gene was isolated without the need for any
comparison of Arabidopsis and cereal genetic maps.
More important was the existence of segregating popu-
lations that confirmed co-segregation of the candidate
gene and the trait.

This emphasizes the need to continue the develop-
ment of wheat and barley populations that maximize
the number of trait loci that are mapped. The need
to analyse many populations will lead to an increas-
ing use of high-throughput marker systems which, in
contrast to RFLPs, may not be directly transferable
between species. This difficulty can be reconciled with
the desirability of aligning maps of related species by
locating anonymous markers (such as simple sequence
repeats derived from random genomic clones) on maps
already characterized for RFLPs, and by developing
additional markers within sequenced genes. Single-
nucleotide polymorphisms (see Blake, this issue) are
an attractive choice for the latter approach. New high-
throughput marker systems will also enable much
greater sampling of allelic variation within species and
its relationship to trait variation (see Rafalski, this
issue).

Allelic variation and its relationship to traits is
attracting increasing attention in model species such
as Arabidopsis as well as in crops. For example,
many Arabidopsis ecotypes are winter annuals and re-
quire a period of low temperature (vernalization) to
promote flowering. Early-flowering forms with no ver-
nalization requirement occur and variation at FLC (see
above) and FRIGIDA (FRI) are major determinants of
this difference (Johanson et al., 2000). Analysis of
early-flowering alleles of FRI in a range of ecotypes
revealed two mutant forms, showing that earliness has
evolved at least twice. Given the number of flowering
time genes that have been identified by mutagenesis
of Arabidopsis, the involvement of just two suggests

that mutation at other loci may be incompatible with
survival in the wild.

Similar conclusions come from studies of vernal-
ization response in crosses between winter (vernalization-
requiring) and spring (non-vernalization-requiring)
cereals. A major gene regulating this response has
been mapped in a similar position on the long arms
of the homoeologous group 5 chromosomes of wheat
(Galiba et al., 1995), rye (Plaschke et al., 1993), bar-
ley (Laurie et al., 1995) and Triticum monococcum
(Dubcovsky et al., 1998). This clearly suggests the
involvement of a common gene. It is not surprising
that these species share a genetic pathway regulating
vernalization response. The surprise is that the same
step in the pathway appears to have been affected dur-
ing the domestication of at least four different species.
This suggests that few genes affecting vernalization
can be mutated without unacceptable loss of perfor-
mance in agriculture. Thus, comparative mapping of a
range of crops may be useful for identifying genes that
are particularly suitable for manipulation in breeding
programmes.

Summary points

Comparative analysis is likely to become more im-
portant to wheat and barley as the genetic control of
diverse aspects of plant biology is revealed in model
systems, and will become progressively easier as ge-
nomic resources develop. Thus, wheat, barley or rye
ESTs can be searched for homologues of genes iden-
tified in other species. Clones can then be mapped
to determine if they are potential candidates for spe-
cific traits. Similarly, rice genomic sequence can be
searched and used as a source of probes or related
directly to wheat and barley using comparative maps.
However, there remains the risk that homologues will
not be identified in EST collections or will be absent
or diverged in rice. An alternative, direct map-based
approaches in wheat or barley, has the advantage
that the gene of interest is certain to be present, but
the disadvantage that considerable mapping, cloning
and sequencing effort is required. A combined strat-
egy, utilizing comparative information to expedite the
isolation of relevant regions of the wheat or barley
genome, looks like an attractive option.

To make best use of the information from model
species we need to understand more about intraspe-
cific variation in crops and to increase efforts on trait
mapping. Furthermore, not all genes of interest will



737

be accessible via model systems, and in these cases
genomic resources can be used for direct map-based
cloning approaches. This makes the development of
physical maps an important priority (see Morgante,
this volume).

Although comparative analysis is likely to focus
increasingly on genes regulating specific traits, com-
parative mapping will continue to be useful. As well
as providing insights into species such as barley and
wheat, comparative mapping will benefit crops such
as pearl, foxtail and finger millets, which are impor-
tant for the agriculture of developing countries but
are relatively under-resourced in terms of research
budgets.

Intuitively, we might expect that pathways regulat-
ing specific aspects of plant growth and development
are most likely to be conserved between model species
and the wild ancestors of crops. This is because an-
cestors often have attributes that are lost during do-
mestication. Furthermore, crops are generally thought
to have been domesticated on one to few occasions,
probably from relatively small starting gene pools, and
they have been subject to intense selection for yield
and ease of cultivation. This has included selection for
adaptation to regions well outside the ecogeographical
limits of the progenitor species. These special evolu-
tionary pressures may have resulted in novel variation.
Therefore, comparative analysis would benefit from
greater understanding of the mutations distinguishing
domesticated forms from their wild ancestors.

Candidate genes can be identified in several ways
but in all cases proof of function will be necessary.
In addition to the identification of allelic variants in
germplasm and mutant populations, there is a need
to develop efficient ways of inactivating and over-
expressing target genes. Gene function assays using
transgenic lines can also be used to investigate the ef-
fect of changing levels or patterns of gene expression.

Comparative genetics is very much dependent on
continued developments in bioinformatics. Good data-
bases are needed to manage the vast amount of data
produced by the sequencing and EST projects, the
genetic and physical maps, the comparative data and
the large sets of functional data gathered from micro-
array studies. The establishment of data management
systems needs to be paralleled by the development of
efficient visualization and data analysis tools so that
variation in gene sequence and gene expression can be
correlated with variation in key agronomic traits. This
will allow scientists in all areas of science to benefit
from the wealth of information that is available.
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