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Summary

 

Comparative mapping studies have revealed a great deal about the patterns of gene
order and gene content evolution in plants. These findings have practical importance
for leveraging genomic information from model to nonmodel plant species. However,
there is much to be learned about the processes by which gene order and content
evolve. The role of gene duplication and loss in the evolution of plant gene order, in
particular, appears to be more important than commonly appreciated. An exciting
area of current research is the study of gene order and content polymorphism within
species. Some recent findings suggest that there may be a functional, and adaptive,
relationship between gene order and phenotype that is mediated by the effects of
gene order on transcriptional regulation.
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Introduction

 

We have come to take for granted that genes are arranged
in a linear order along chromosomes. But this very basic fact
raises some difficult and unanswered questions. While the linear
(and higher-order) packaging of genes into chromosomes
is undoubtedly critical to ensure the stable replication,
recombination and segregation of genetic material during
mitosis and meiosis, what rules, if any, govern the specific
gene order, and how does this order evolve? Does gene order
actually affect the functioning of the cell, or is it arbitrary?
Is the three-dimensional arrangement of chromatin during
interphase perhaps more important? If the linear order does
matter, how much does variation in gene order provide raw
material for adaptation and phenotypic diversification? We are
regrettably ignorant about the answers to these questions. However,
recent discoveries about patterns of gene order rearrangement

at both microevolutionary and macroevolutionary time-scales
have renewed interest in this area and suggested directions
that are ripe for further investigation.

Another, very practical, motivation for understanding gene
order evolution in plants is to better utilize this information
for the genetic dissection of traits of agronomic importance.
Simmonds (1976) estimated that there are over 100 major
crops in 37 different taxonomic plant families (primarily in
the angiosperms), plus a larger number of timber species.
Yet only a small number of angiosperms are in the pipeline
for large-scale genomic sequence (e.g. 

 

Medicago truncatula

 

and tomato) or have already been sequenced (e.g. 

 

Arabidopsis
thaliana

 

, rice and poplar). Because of a large genome and
an abundance of repetitive DNA, comprehensive genomic
sequence will not be available in the foreseeable future for
many of the remaining species. Furthermore, for successful
map-based cloning of Mendelian and quantitative trait loci
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(QTL), one would like to have a small ratio of physical to
genetic map distance within a target genome; unfortunately,
many crops have large genomes with relatively little recombi-
nation. For instance, 1 cM in wheat corresponds on average
to approx. 5 Mb compared to only approx. 0.3 Mb in 

 

Arabi-
dopsis

 

. However, if a closely related and more tractable species
can be found for which a dense map or genome sequence
exists (what one might call an 

 

informant genome

 

) a 

 

comparative
map

 

 might allow one to ‘borrow’ molecular markers and
candidate genes from the informant genome and apply them
to the (less tractable) target (Ku 

 

et al

 

., 2001; Stracke 

 

et al

 

.,
2002). Comparative mapping can even enable surrogate clon-
ing, in which the gene is first isolated from the more tractable
relative. Thus, the conservation of gene order among related
plants has been a topic of great interest to crop geneticists.
Such conservation is sometimes called synteny, though the
term more properly refers only to the occurrence of two pairs
of homologous genes on the same pair of chromosomes.

Despite a number of success stories, there has been some
debate over whether gene order conservation in plants is
sufficient to be of practically utility. Gaut (2002) has shown, by
analysis of a number of relatively sparse pairwise comparative
maps between grass species, that the probability of two adjacent
markers being syntenic is considerably less than 100%. In
the worst case (foxtail millet compared with rice) the prob-
ability was below 50%. Whether such imperfect conservation
can still be useful depends largely on how, and how carefully,
researchers use comparative mapping information. It needs to
be recognized that naively assuming perfect conservation of
order among homologous genes is a recipe for frequent disap-
pointment. The better we understand the processes by which
genomes evolve, the better we will be able to make predictions
about gene content and order and, just as importantly,
accurately assess how confident we are in our predictions.

 

The arrival of deep-time comparative maps

 

A number of studies have shown that recognizably conserved
DNA sequences outside of protein and RNA coding genes are
small and rare in comparisons between divergent plant genomes
relative to the more extensive conservation of noncoding
sequence seen in mammals (Lockton & Gaut, 2005). Intergenic
sequence can evolve rapidly and dramatically, even varying in
size substantially within a genus (Wendel 

 

et al

 

., 2002). It has
been shown, at least in some systems, that this dynamism in
intergenic spacer length results from rapid turnover among
transposable elements, particularly retroelements (Bennetzen

 

et al

 

., 2005). Consequently, treating the chromatin as
simply a linear order of genes, what might be called the ‘beads-
on-a-string’ approach, is a reasonable simplification, one that
greatly facilitates the task of aligning distantly-related plant
genomes.

For technological reasons, comparative maps were, until a
few years ago, restricted to closely related species. The first

dense and genome-wide comparative maps in plants were
constructed using unsequenced molecular markers that needed
to be experimentally genotyped in multiple species, namely
gene-based restriction fragment length polymorphism (RFLP)
hybridization probes. These RFLPs were used to construct
comparative maps between species within the same taxonomic
family, such as the cereals (Gale & Devos, 1998), nightshades
(Doganlar 

 

et al

 

., 2002) and others. However, it has proven
difficult to use heterologous probes for studies involving
different taxonomic families because, in order for such RFLP
probes to cross-hybridize, the sequences must have greater than
70–80% identity at the DNA level.

The ‘family barrier’ was overcome by the advent of
large expressed sequence tag (EST) collections. These are sequ-
ences derived more or less randomly from large collections of
expressed transcripts, and so provide a sample of protein
coding genes; they provide a convenient and useful pool of
markers with which to construct a dense linkage map (Rudd,
2003). There are now dozens of species that have > 5000
ESTs in GenBank; in many of these species, the ESTs are
being mapped using an assortment of different experimental
techniques. Importantly, putative homology between ESTs
mapped in different species can be determined 

 

in silico

 

 (i.e.
computationally). Computational techniques permit detec-
tion of statistically significant similarity between protein-
coding sequences even when their amino acid identity is as
low as 30%. For many proteins, homologs can be detected
that diverged as far back as the common ancestor of eukaryotes
and prokaryotes, much less the common ancestor of land
plants. Thus, mapped ESTs (or otherwise sequenced protein-
coding sequences) can serve as 

 

anchors,

 

 or putatively homolo-
gous markers, in comparative maps between highly divergent
species. In fact, the large gene families that are often revealed
by analysis of sequenced markers present a new kind of
challenge: one must sift through the pile of irrelevant (and
sometimes spurious) homologies to find those few that inform
the comparative map. This has helped motivate the develop-
ment of increasingly sophisticated computational techniques for
identifying chromosomal segments sharing common ancestry
from different kinds of map data (Calabrese 

 

et al

 

., 2003;
Simillion 

 

et al

 

., 2004; Hampson 

 

et al

 

., 2005).
Another development that has helped to revolutionize our

understanding of the evolution of gene order in plants has
been the wide adoption of large insert cloning vectors (e.g.
bacterial artificial chromosomes, or BACs), which allow
cloning of well over 100 kb of contiguous sequence. As with
ESTs, libraries of BAC clones are being developed for a phylo-
genetically diverse set of plant species. While ESTs placed on a
genome-wide linkage map allow one to explore macrosynteny
(gene order conservation on a coarse scale), the sequencing or
physical mapping of BACs from homologous regions allows
one to explore microsynteny, in which even very small
rearrangements are detectable. Finally, the handful of publicly
available large-scale plant genome sequences that have been
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completed and are underway allow both genome-wide
and high-resolution comparisons of gene order. All told, the
democratization of genomic technology to more plant
species through the increasing availability of EST sequences,
genetic maps, large-insert clone sequences, and whole-genome
sequences has allowed the characterization of gene order
conservation and rearrangement over much wider phylogenetic
distances, and at much finer resolution, then was possible a
decade ago.

 

The conundrum of novel genes

 

In addition to changes in gene order, distantly related plant
species can differ dramatically in gene content. At the simplest
level, genes may be present in one species that have no
detectable homolog in another. Allen (2002) identified 154
genes that do not appear to be present in 

 

Arabidopsis

 

 but are
known from other plant genomes. These may represent actual
deletions of the genes. Alternatively, some may be present in
the genome but still absent from the available sequence data,
or may be unrecognized due to rapid sequence evolution.

Novel genes have also been identified that appear to
represent lineage-specific acquisitions; Graham 

 

et al

 

. (2004)
recently reported over 2500 EST-derived gene predictions
that lack any clear homologs outside of the legumes. Gains or
losses of entire families of related genes may also be identified.
Over 600 potentially legume-specific families were identified
in the same study by Graham 

 

et al

 

. (2004). The authors propose
that many of these genes and gene families are functionally
related to the ability of legumes to enter into a symbiotic rela-
tionship with nitrogen-fixing bacteria. One caveat, though, is
that EST sequencing in the legumes has been heavily biased
toward root-derived cDNA libraries precisely because of the
interest in the biology of nitrogen fixation. If comparable
attention to roots were paid in other plant families, homologs
to some of these novel genes and gene families might be found.

Apparently novel lineage-specific genes may be annotation
artifacts. For example, early analyses of the draft rice sequence
predicted 40 000–60 000 genes, up to two times the number
predicted in 

 

Arabidopsis

 

 (Goff 

 

et al

 

., 2002; Yu 

 

et al

 

., 2002).
Suspiciously, about half of the predicted rice genes had no
homolog in 

 

Arabidopsis

 

 while over 80% of 

 

Arabidopsis

 

 genes
had a homolog in rice. Bennetzen and colleagues (2004) argue
that the vast majority of these putatively novel rice genes are
fragments of long-terminal repeat retrotransposons, and do
not belong in the gene count. They advocate using compara-
tive sequence analysis to flag predicted genes that have no
homologs in related species. This unfortunately results in a
strong bias against the discovery of lineage-specific genes, but
the problem of gene overprediction is arguably the greater one
in complex plant genomes.

There are several possible biological explanations for a
novel gene, assuming it is not simply an annotation artifact.
As suggested above, it might represent a protein undergoing

extremely fast amino acid substitution. Thus, its homologs,
though present in other species, are simply not recognized
(Domazet-Loso & Tautz, 2003). More exotic possibilities can
be considered, however. One is that the gene was introduced
via horizontal transfer from another organism. Although
there is evidence for horizontal transfer from the genomes of
other organisms into land plants (Aoki, 2004), such events
appear to be very rare, and therefore are unlikely to explain the
acquisition of a large number of novel genes. Other processes
might include the construction of a new gene from noncoding
sequence or, more plausibly, from the parts or wholes of two
or more pre-existing genes (Long 

 

et al

 

., 2003). Chimeric genes
do occur, though they would not necessarily lack detectable
homology with their ancestral genes. A recent report suggests
that the rate at which chimeras are generated in eukaryotes is
low, roughly one-tenth the rate of gene duplication (Conant
& Wagner, 2005), although no plant genomes themselves
have been analysed in this way. The mechanisms by which
chimeras arise are in need of more study. Recently, Jiang 

 

et al

 

.
(2004) reported the existence of a new class of DNA trans-
posons in rice called Pack-MULEs that are able to capture and
concatenate pieces of DNA from multiple genes. However,
the concatenated pieces tend to be small, unlike those found
in many functional chimeras.

 

The consequences of gene duplication and loss

 

More subtle changes in gene content can be generated by
lineage-specific expansions and contractions of a gene family
that is shared between species (Shiu 

 

et al

 

., 2004). If turnover
(i.e. duplication and loss) within a gene family is happening
sufficiently rapidly (Durbin 

 

et al

 

., 2000), it may not be
possible to identify one-to-one correspondence between
the members of the family in two different species. This
phenomenon poses a challenge to current methods for
comparative mapping between distantly related species (Sankoff,
1999). Thus, an important area for future methodological
research is to consider phylogenetic relationships among
potential anchor genes in the analysis of comparative map
data. In fact, much of the disturbance to synteny in plants
appears to be a secondary result of gene duplication. However,
not all gene duplications are created equal. In particular,
they differ in their effect on gene order depending on their
chromosomal context.

Gene duplications may be classified as: tandem, when a single
gene is duplicated and the two daughters occur adjacent to
one another in the genome; dispersed, when a single gene is
duplicated but one of the daughters moves to a novel position;
and segmental, when a contiguous tract containing multiple
genes is duplicated (Remington 

 

et al

 

., 2004). Special cases of
segmental duplication include duplication of one or a limited
number of chromosomes (a class of aneuploidy), as appears to
have happened in the recent history of rice (Wang 

 

et al

 

.,
2005), or of an entire genome (polyploidy), as appears to have
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occurred several times in the history of Arabidopsis (Simillion

 

et al

 

., 2002).
A tandem duplication does not appreciably disturb gene

order as long as both daughter genes occur at the same posi-
tion as their common ancestor, a dispersed duplication results
in the insertion of a gene into a novel position, and a segmen-
tal duplication preserves the local order within the duplicated
tract but not the identity of the neighbors outside of the tract.
Obviously, chromosomal and genome duplications are special
in this respect, since the duplicated tracts do not have neigh-
bors. However, two daughter chromosomes can subsequently
be affected by large-scale rearrangements that place their
constituent genes in the proximity of different neighbors.

Dispersed and segmental duplications can both lead to
much greater disturbances of gene order when coupled with
gene loss. In the case of a dispersed duplication, if the lost
copy were the ancestral one, then it would be impossible to
discern that the gene has not simply been transposed from one
genomic location to another. Segmental duplication results in
a different pattern. If one member of each segmentally dupli-
cated gene pair is lost, and the segment in which the gene is
retained differs among the gene pairs, then a distinctive
pattern of rearrangement results in which the neighbors of each
gene are a only a subset of the neighbors in the ancestral
segment.

How segmental duplication and gene loss reveals itself in a
comparative map depends on whether the duplication event

occurred (1) along one of the two lineages being compared or
(2) in their common ancestor. In the first case (Fig. 1a), the
genes within the unduplicated genome are distributed within
two different segments in the duplicated genome, though some
genes may remain in all three segments. Those genes that
do remain will be collinear and have conserved transcrip-
tional orientation. This pattern has been dubbed a ‘network of
synteny’ (Ku 

 

et al

 

., 2000; Mayer 

 

et al

 

., 2001). In the second
case (Fig. 1b), the two species being compared diverged after
the genome duplication event, in which case genes still
present in duplicate at the time of divergence may be lost from
different segments in the two species. Thus, although there
would be a one-to-one correspondence between the homolo-
gous segments in the two species, there might be a number of
genes that are discordant with the overall pattern.

A recent analysis of the distribution of synonymous
nucleotide divergence among duplicated genes in a variety of
EST datasets by Blanc & Wolfe (2004b) strongly suggests
that large segmental duplications (aneuploidy or polyploidy
events) have occurred within the last few tens of millions of
years in many different flowering plant lineages. Between each
polyploidy event, one might anticipate that hundreds to thou-
sands of individual gene duplications would become fixed,
judging by the average rate of such fixations in eukaryotic
genomes (Lynch & Conery, 2003). Nonetheless, polyploidy
events still appear to play a more important role in shuffling
gene order simply because of the much larger number of genes

Fig. 1 Two different consequences of 
segmental duplication followed by gene loss. 
(a) A network of synteny resulting from 
segmental duplication after the divergence of 
the species being compared. Letters within 
chromosome segments represent genes. The 
segments evolve within the organismal 
phylogeny at left; the comparative map is 
shown at right. 1, speciation; 2, segmental 
duplication; 3, reciprocal gene loss. 
(b) Nonsyntenic markers resulting from 
differential resolution of a duplicated gene in 
two lineages that diverged after a segmental 
duplication. 1, segmental duplication; 2, 
incomplete reciprocal gene loss; 3, differential 
resolution of duplicate gene E leads to 
discordance between this gene and the 
overall pattern of synteny.
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that are duplicated during each event. Maere 

 

et al

 

. (2005) esti-
mate that the three genome duplications in the lineage leading
to 

 

Arabidopsis

 

 have been responsible for 

 

c

 

. 59% of the gene
duplications that have been retained in during the last
350 Myr. If the vast majority of genes revert to single copy
afterward, as appears to have been the case in 

 

Arabidopsis

 

(Maere 

 

et al

 

., 2005), then a gene has only a very small chance
of retaining both of the immediate neighbors that flanked it
before the polyploidy event. Incidentally, Maere 

 

et al

 

.’s analysis
assumes a constant background rate of gene duplication and
a fixed distribution of synonymous sequence divergence rates
among those duplicates, assumptions brought into doubt
by Blanc & Wolfe’s (2004b) analysis of tandem duplications
in 

 

Arabidopsis

 

. This violation, however, is unlikely to greatly
influence Maere 

 

et al

 

.’s results.
The predominant role of segmental duplication followed

by gene loss in shuffling gene order between distantly related
plant genomes is supported by a burgeoning number of mic-
osynteny studies, some of the earliest of which were between
tomato and 

 

Arabidopsis

 

, which diverged early in the history
of eudicots (Ku 

 

et al

 

., 2000) and rice and 

 

Arabidopsis

 

, which
diverged even earlier (Mayer 

 

et al

 

., 2001). In the latter study
of a 333-kb genomic sequence from rice, five syntenic seg-
ments were identified in 

 

Arabidopsis

 

. Assuming that there
have been three polyploidy events in the 

 

Arabidopsis

 

 lineage
since its divergence with rice, then three unidentified syntenic
segments must remain to be identified in 

 

Arabidopsis

 

. Of the
56 annotated rice protein-coding genes, 22 had homologs
present on one or more of the 

 

Arabidopsis

 

 segments; the largest
number for any single 

 

Arabidopsis

 

 segment being eight. Only
one pair of homologs showed evidence of having an inverted
order between segments, and the majority of genes had
conserved transcriptional orientation.

A different prediction of the segmental duplication-gene
loss model is that single genes discordant with the overall pat-
tern of synteny will be particularly common in comparisons
between two species whose common ancestor had recently
undergone polyploidy (Fig. 1b). Livingstone 

 

et al

 

. (1999)
noted that, in comparative maps among species of the same
ploidy, both within the Poaceae and the Solanaceae, 20–40%
of markers were discordant. In both groups, there is evidence
for polyploidy in the common ancestor having occurred
shortly before the divergence of the species being compared
(Blanc & Wolfe, 2004b; Paterson 

 

et al

 

., 2004). In fact, Paterson

 

et al

 

. (2004) found that rice markers present on a comparative
map with sorghum, but at a nonsyntenic locus, were twice as
likely to be found within the duplicated region of the rice
genome. Thus, independent loss of segmentally duplicated
genes along two lineages that diverged following a polyploidy
event (as illustrated in Fig. 1b) does appear to explain some,
if not all, cases of synteny violation between such species.
The results of Paterson and colleagues also suggest that, while
some gene losses may occur within the first few generations
of polyploid establishment, at least in allopolyploids (Kashkush

 

et al

 

., 2002), a substantial fraction of the duplicated genes
are resolved only on longer evolutionary time-scales. This
phenomenon may also help to explain Gaut’s (2002) findings
of unusually frequent violations of synteny in the grasses, cited
above.

One of the more surprising findings to come out of the
recent studies on the complex history of gene duplication and
loss in 

 

Arabidopsis

 

 is that the retention of different classes of
duplicate genes is highly nonrandom. While the overall rate
of gene loss following small-scale (tandem and dispersed)
and large-scale (segmental) duplication in 

 

Arabidopsis

 

 is not
grossly different, there is evidence that some polyploidy events
had higher retention rates than others (when corrected for the
time since duplication) (Maere 

 

et al

 

., 2005). The products of
the genes retained from large-scale segmental duplications are
greatly enriched in transcription factors, signal transduction
proteins and other classes of regulatory proteins, while those
retained by small-scale duplication are greatly enriched in
genes coding for proteins involved in secondary metabolism,
or implicated in responses to biotic and abiotic stresses (Blanc
& Wolfe, 2004a; Maere 

 

et al

 

., 2005). This functional bias
persisted over multiple rounds of polyploidization and gene
loss in 

 

Arabidopsis

 

 (Seoighe & Gehring, 2004; Maere 

 

et al

 

.,
2005). There is considerable variation among gene families
in the extent to which proliferation involved small-scale vs
large-scale duplication (Cannon 

 

et al

 

., 2004; Remington

 

et al

 

., 2004).
There are a few possible explanations for nonrandom

patterns of retention among functional classes of genes. One is
that polyploidy allows the simultaneous coevolutionary diver-
gence of many genes within the same tightly interconnected
developmental or regulatory pathway. Conversely, genes
retained after small-scale duplication are those that can con-
tribute to an adaptive phenotype without requiring compen-
sating changes at other loci (such as many enzymes involved
in secondary metabolism, for example). There is evidence sug-
gesting coevolutionary divergence of whole pathways follow-
ing polyploidy from the work of Blanc & Wolfe (2004a). The
expression profile of a gene may be defined as the relative
abundance of its mRNA in different cells, under different
conditions, and at different stages of development. The
authors searched for sets of genes retained from the most
recent polyploidy event in 

 

Arabidopsis

 

 for which the two cop-
ies had only weakly correlated expression profiles (Pearson

 

r

 

 < 0.1), but for which there was a high correlation in the
expression profiles between the copies from different pairs
(

 

r =

 

 0.7). Several sets of gene pairs were discovered that satis-
fied this criterion, the largest involving 13 pairs. However, the
functional significance in these cases of putative concerted
divergence has yet to be determined.

An alternative explanation for the biased retention of
certain classes of genes following small-scale vs segmental
duplication would be the presence of long-range 

 

cis

 

-regulatory
elements. Those genes that rely on distantly placed transcription
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factor binding sites for their appropriate regulation would be
less likely to be retained following small-scale duplication for
the simple reason that the necessary sequence would not be
copied intact. Genes that are larger, on average, would have a
similar bias. Studies in 

 

C. elegans

 

 (Katju & Lynch, 2003) and

 

Arabidopsis

 

 (Moore & Purugganan, 2003) both suggest that
duplications may often be truncated or include only a limited
amount of intergenic spacer sequence. Whatever the reason
for the functional biases among retained genes, it reinforces
the idea that the kinds of evolutionary change enabled by
polyploidy may be qualitatively different from that enabled by
the accumulation of many small-scale duplication events. An
exciting area of future work is to determine what lineage-
specific phenotypic innovations were enabled by each of the
ancient large-scale duplications.

The pattern of segmental duplication followed by gene loss
also leads to methodological challenges in comparative map-
ping. The problem is that multiple segments in one genome
may map to multiple segments in another, and that the
number of anchors in common between any pair of segments
is only a fraction of the number of genes present in the com-
mon ancestor. This makes syntenic segments harder to detect,
especially when maps are sparse, and has limited the utility of

 

Arabidopsis

 

, in particular, for comparative mapping in the
eudicots. Segments that descended from a common ancestor
may only be revealed by comparison with a third segment
from the same or a different species that is syntenic to them
both (Simillion 

 

et al

 

., 2002; Vandepoele 

 

et al

 

., 2002). Compu-
tational methods for comparative mapping have begun to
address this issue by directly or indirectly reconstructing the
gene order in the ancestor and thereby improving the power
to detect highly divergent syntenic segments (Blanc 

 

et al

 

.,
2003; Bowers 

 

et al

 

., 2003; Huan 

 

et al

 

., 2003; Langham 

 

et al

 

.,
2004; Simillion 

 

et al

 

., 2004). As an example of the power of
this approach, Simillion 

 

et al

 

. (2004) report that over 25% of
the Arabidopsis genome is segmentally duplicated with five or
more copies (suggestive of at least three rounds of segmental
duplication), compared with c. 8% of the genome that fell
into this class when only pairwise alignments between con-
temporary syntenic segments were considered.

Other mechanisms of gene order evolution

While duplication does appear to be a major driver of gene
order evolution, it is not the only way that changes in gene
order can happen. Chromosomal rearrangements such as
translocations, large inversions, and fusion/fission events have
been known as engines of karyotypic evolution in eukaryotes
for many years (Levin, 2002; Eichler & Sankoff, 2003). However,
unless they are accompanied by additional rearrangements,
which they sometimes may be (Livingstone et al., 1999), they
only affect local gene order at the breakpoints of the rearrange-
ment. Estimates from different plant comparative maps suggest
that these types of rearrangements cumulatively occur at an

average rate of 1–10 per Myr, though the rate clearly varies
with the species being compared and the methodology
used (Kellogg & Bennetzen, 2004). Such rearrangements do
have a notable effect on patterns of macrosynteny: the more
rearrangements, the smaller the syntenic blocks (Nadeau &
Sankoff, 1998); in fact, the size distribution of syntenic blocks,
together with estimates of divergence time, is what is used to
derive these estimates. Such macrorearrangements occur too
slowly to affect the positions of most genes relative to their
near neighbors.

An additional class of gene order rearrangement is small-
scale inversion involving only a few genes. Such inversions
could be happening at a much faster rate than the macrorear-
rangements discussed above and therefore be responsible
for considerable churning of local gene order. It has been
suggested that small (several kilobase-sized) inversions are an
important factor in yeast gene order evolution (Seoighe et al.,
2000). However, comparisons of syntenic segments at the
sequence level have shown that small-scale inversions, at
least as evidenced by the occurrence of occasional violations of
gene order colinearity and flips of transcriptional orientation
between syntenic segments (Mayer et al., 2001), are compar-
atively rare in plants.

Gene order polymorphism: are we at the tip of the 
iceberg?

While patterns of single nucleotide polymorphisms are being
characterized within small regions in several different plant
systems, and karyotypic polymorphisms in plants have been
studied for many years (Levin, 2002), only recently has much
attention been given to the possibility of polymorphism
in gene content and order at an intermediate scale. This is
somewhat surprising. Since local gene order differences can
be observed between species, there must have been a point
in time when they were polymorphic within species, and
it is thus reasonable to suppose that some polymorphism
in gene order is present within contemporary species as
well. However, because of the difficulty of observing such
polymorphisms, only a few scattered cases have been reported
(Ziolkowski et al., 2003).

A number of recent studies, primarily in maize, have
attempted to characterize patterns of polymorphism in small-
scale genome structure, precipitated by the discovery of dra-
matic divergence in gene and other sequence content between
alleles at the bronze locus of maize (Fu & Dooner, 2002).
Brunner et al. (2005), in the most extensive study to date,
sequenced several 100 kb of two alleles from four arbitrarily
chosen genomic loci plus the aforementioned bronze locus.
Genes, or gene fragments, unique to one of the alleles were
commonplace; at one locus, unique genes were nearly three
times more abundant than shared genes. The unique genes
were physically clustered and generally found scattered in
nonsyntenic positions within the rice genome. To what extent
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these polymorphisms reflect the kind of variation that would
evolve into fixed changes in gene order, as opposed to simply
reflecting an accumulation of random and nonfunctional
genomic fragments within intergenic spacer regions, remains
to be determined. Fu & Dooner (2002) have hypothesized
that complementation of unshared genes could be one of the
factors contributing to heterosis, or the elevated performance
of hybrids between inbred maize lines. However, empirical
studies of the phenotypic consequences of this class of
polymorphism are in their infancy (Song & Messing, 2003).
The clearest functional links to date come not from large-scale
comparative sequencing studies, but rather involve disease
resistance polymorphisms that are known to result from
the presence or absence of particular genes (Tian et al., 2002;
Scherrer et al., 2005).

Genome structural polymorphism has also been studied
in wheat by Jan Dvorak and colleagues (Akhunov et al.,
2003a,b; Dvorak et al., 2004). His group has shown that
perturbations of microsynteny among the three genomes of
hexaploid wheat are largely because of small duplications and
deletions that occurred in wheat’s diploid ancestors before
hybridization. Many of the duplications and deletions involved
genes. Interestingly, the rates at which duplicated genes are
inserted and deleted genes are lost has been found to be
correlated with the rate of recombination along the chromo-
some. This may result from a mechanistic link between
recombination and insertion/deletion events, or it may reflect
the sensitivity of natural selection on both deleterious and
advantageous polymorphisms to the local recombinational
environment (Gordo & Charlesworth, 2001). Whatever the
cause, this bias would lead to a faster erosion of synteny in
high recombination regions. A large number of genotypes
have been surveyed in these studies, revealing that deletion/
duplication polymorphisms have a range of frequencies,
though most are close to fixation.

Evidence for nonrandom gene order

It is of obvious practical utility to know the extent of gene
order conservation between crops and sequenced model
organisms. But does gene order itself affect function at the
cellular and organismal level, and can it contribute to
variation in fitness? There are a number of ways in which it
could, and some intriguing lines of evidence that gene order
is, at the very least, not random.

There are a few special instances in which gene order,
or at least gene neighborhood, clearly matters. One case
is the self-incompatibility locus in the mustard family Brassi-
caceae, where essentially complete linkage between genes
controlling recognition and display of pollen genotype is
required for proper functioning (Kusaba et al., 2001). A similar
pressure exists for very tight linkage between sex deter-
mination loci on the X and Y chromosomes (Charlesworth,
2002).

More generally, in a number of eukaryotes, including
Arabidopsis, it has been observed that the transcriptional profiles
of neighboring genes are more similar to one another than
would be expected by chance (Williams & Bowles, 2004).
It is not yet clear whether this is a result of selection on gene
order polymorphism that favors transcriptional similarity
of neighboring genes, or whether it is simply a side-effect of
regional transcriptional controls. There is some evidence for
a selective explanation, though not in plants, from a recent
study by Singer et al. (2005) reporting that clusters of coex-
pressed genes tend to contain fewer macrorearrangements
than expected by chance in comparisons between the mouse
and human genomes. This is consistent with the idea that
clusters of coexpressed genes are preferentially conserved
intact. Yet, a testable mechanistic hypothesis for the adaptive
significance of these clusters has yet to be proposed.

There have also been reports of clusters of functionally related
genes in the genomes of eukaryotes. Lee & Sonnhammer,
2003) analysed Arabidopsis, as well as other completed
genomes, and found genes associated with several biochemi-
cal pathways to be more closely spaced in the genome than
expected by chance. However, the clusters were very loose,
consisting of a few genes interspersed with others and extend-
ing over many megabases. Such loose clusters of functionally
related genes may well be the result of the many gene dupli-
cations in Arabidopsis that, while not tandem, still tend to be
found on the same chromosome and closer to each other than
random loci (Vision et al., 2000). If that is true, then it might
be more useful to study the mechanisms by which dispersed
gene duplications arise than the functional relationships
among the genes in such dispersed clusters.

Gene order polymorphism within a species may also have
indirect consequences, though these are even more specula-
tive. Imagine two diploid genotypes that differ from each
other in the location of a critical gene. One-sixteenth of the
F2 hybrids from a cross between these genotypes would lack
both copies of the gene. If there are many such polymor-
phisms segregating, then gene order differences could contrib-
ute to substantial reductions in hybrid fitness (Lynch &
Conery, 2001). This is similar to the idea put forward by Fu
& Dooner (2002), mentioned above, that the complementa-
tion of deficiencies in crosses between inbred lines might
contribute to heterosis in maize.

To make further progress in this area, it would be very useful
to overcome the technical challenge of identifying intraspecific
polymorphisms systematically and genome-wide, since physically
mapping or sequencing large numbers of allelic BAC clones is
not currently feasible. Having a map of such polymorphisms
among a wide sample genotypes would allow researchers to
explore the phenotypic consequences of such polymorphisms
at the cellular and organismal levels using tools such as QTL
and association mapping. It will be very interesting to discover
to what extent quantitative variation in nature is underlain by
segregation for alleles that differ in gene content.
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Conclusion

Comparative mapping has historically been a largely descriptive
enterprise. Yet, the macroevolutionary forces involved in gene
order evolution, namely different modes of gene duplication and
loss, are now sufficiently well characterized that comparative
mapping is also poised to become a predictive enterprise.
This will have enormous practical benefit to map-based
studies of orphan plant species. In order to truly understand
the significance of gene order evolution, however, increased
attention will need to be paid to the molecular processes
that generate the polymorphism and the microevolutionary
processes that govern its fate. This necessitates studies not
only of patterns of polymorphism but also the potential
for such polymorphisms to affect the phenotype and be
acted upon by natural selection. Advances in experimental
methodology that facilitate the study of this new form of
variation are likely to open up the field in coming years. The
time is ripe to understand better the gene order shuffle and
what it means to the organism.
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