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Recombination: an 
underappreciated factor in the 
evolution of plant genomes
Brandon S. Gaut, Stephen I. Wright, Carène Rizzon, Jan Dvorak and 
Lorinda K. Anderson

Abstract | Our knowledge of recombination rates and patterns in plants is far 

from being comprehensive. However, compelling evidence indicates a central 

role for recombination, through its influences on mutation and selection, in 

the evolution of plant genomes. Furthermore, recombination seems to be 

generally higher and more variable in plants than in animals, which could 

be one of the primary reasons for differences in genome lability between these 

two kingdoms. Much additional study of recombination in plants is needed to 

investigate these ideas further.

The nuclear genomes of plants are remark-
ably variable in terms of characteristics such 
as genome size, chromosome number, gene 
order and gene density. The grass family 
(Poaceae) serves as a fitting example. Since 
their origin ~77 million years ago1, the grasses 
have diverged to range ~55-fold in diploid 
genome size and at least 10-fold in diploid 
chromosome number2. Some of this genome 
lability can be attributed to ancient polyploid 
events3. But paleopolyploidy by itself cannot 
explain the structural variation that exists 
among the genomes of extant plants. For one 
thing, paleopolyploid events might be too 
infrequent4. The most recent polyploidy event 
in the evolutionary lineage of Arabidopsis 
thaliana occurred anywhere from 25 million 
years to 100 million years ago5,6, too long 
ago to contribute to differences in genome 
size and chromosomal number between 
A. thaliana and its closest relatives.

In addition to changes in ploidy, ongoing 
mechanisms of gene deletion, genome 

rearrangement and localized gene duplica-
tions that do not involve changes in ploidy 
undoubtedly contribute to genomic flux. In 
A. thaliana, for example, the proportion of 
genes that have been duplicated by local-
ized events is comparable to that of genes 
that have been duplicated by polyploidy. 
These mechanisms might accelerate after 
polyploidy events occur, but also function 
in their absence7.

In recent years, plant evolutionary 
genomicists have focused primarily on 
paleopolyploid events. However, one 
process that we believe has not received 
adequate attention is recombination, which 
generates mutations and influences the 
strength of natural selection. Here we high-
light the increasing body of evidence that 
indicates that recombination has had an 
important role in plant genome evolution. 
We begin by briefly reviewing the muta-
tional properties of recombination, its 
role in natural selection and genome-wide 
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patterns of recombination in plants. We 
then explore the extent to which plant 
genome characteristics such as gene density 
and repetitive DNA are organized along 
recombinational gradients. Last, we discuss 
initial evidence that rates of recombination 
might be both greater and more variable 
in plants than some animals, thereby 
contributing to the increased variability 
of genomic characteristics of plants. We 
argue that these potentially crucial roles of 
recombination in plant genome evolution 
make it essential to improve our under-
standing of the dynamics of recombination 
in this kingdom.

Recombination causes mutation

Recombination is typically initiated by 
double-strand breaks that trigger strand 
exchange8. The resolution of this exchange 
can generate several types of mutation, 
particularly when recombination occurs 
between misaligned repeats. For example, 
unequal crossing over between sister chro-
matids — or between homologous 
chromosomes — can increase or decrease 
the copy number of a repetitive element 
(FIG. 1). Unequal crossing over can be sur-
prisingly common. A single experimental 
tandem array of three genes generated copy-
number variants between sister chromatids 
at the rate of ~10–6 per array per plant per F1 
meiosis in A. thaliana9. To put this number 
in perspective, consider that the A. thaliana 
genome contains ~1500 tandem arrays of 
two or more genes10. If the rate of ~10–6 is 
similar among arrays, at least one copy-
number variant is expected to be produced 
in 1 out of ~700 seeds. This calculation 
is undoubtedly conservative, because it 
ignores other sources of copy-number vari-
ation, such as unequal crossing over among 
non-genic repetitive elements, illegitimate 
(non-homologous) recombination events, 
and meiotic recombination between 
homologous chromosomes, which occurs 
much more frequently than recombination 
between sister chromatids11. Recombination 
alone is therefore expected to generate sub-
stantial copy-number variation within plant 
populations.

Mutation by recombination is not 
limited to unequal crossing over between 
homologous chromosomes. Intrachromatid 
recombination between direct or inverted 
repeats can lead to sequence deletions and 
inversions and, perhaps most frequently, 
gene conversion8,12 (FIG. 1). Recombination 
between different genomic regions (ectopic 
exchange) can also produce large chro-
mosomal rearrangements. In Drosophila 
melanogaster and yeast, this mechanism has 
been used to engineer rearrangements, such 
as pericentric and paracentric inversions, and 
translocations13. To our knowledge, large-
scale chromosomal events that are mediated 
by recombination have not been directly 
demonstrated in plants. Nonetheless, 
indirect evidence indicates that ectopic 
recombination contributes to rearrange-
ments in plant genomes. For example, 
chromosome-specific probes have been 
used to ‘paint’ chromosome segments 
using fluorescence in situ hybridization (FISH) 
among Brassica species14. Most of the 
chromosomal differences between species 
could be explained by rearrangement of 

chromosome segments at or near repetitive 
sequences, indicating that ectopic recom-
bination between repeat sequences leads to 
rearrangement. Similar evidence for ectopic 
recombination has been uncovered at the 
sequence level15. In fact, opportunities for 
ectopic exchange might be higher in plants 
than other eukaryotes because plants have 
more and larger gene families16 that can 
function as templates for this process.

Although recombination is known to 
contribute to gross chromosomal rear-
rangements, changes in the copy number 
of repeats and even microsatellite instability17, 
its role in generating single-nucleotide 
mutations is equivocal. Much research has 
been dedicated to this question in animals, 
primarily using molecular evolution-
ary approaches, which are based on the 
simple prediction that if recombination is 
mutagenic, genes in chromosomal regions 
with higher recombination rates will evolve 
more rapidly at the nucleotide level. Weak 
positive correlations have been documented 
in humans18,19, which is consistent with the 
idea that recombination introduces single-
nucleotide mutations, perhaps by error-prone 
polymerases during repair of double-strand 
breaks20. The evidence is strengthened by the 
observation that recombination hotspots in 
humans are associated with high nucleotide 
diversity, but these correlations could also be 
caused by covariates such as GC content21. It 
is even less clear whether recombination 
contributes to single-nucleotide mutations 
in D. melanogaster22,23. This question also 
remains unanswered in plants, for which the 
data are far less comprehensive than for either 
humans or D. melanogaster24,25.

Once mutations are produced, recombina-
tion also helps to guide their evolutionary fate 
through its effect on natural selection. In high 
recombination regions, advantageous muta-
tions rise rapidly in population frequency and 
deleterious mutations are purged effectively; 
the reverse is true in low recombination 
regions. To see why this is the case, imagine 
two new beneficial mutations that have 
arisen at two different loci on the same 
chromosome, in two different individuals of a 
population. In the presence of recombination, 
fixation of the two mutations will be more 
or less independent; they can recombine 
onto the same genetic background and can 
therefore be fixed simultaneously by natural 
selection. When there is no recombination, 
no single individual can contain both muta-
tions. As a result, the two beneficial mutations 
compete, they cannot be simultaneously fixed 
in the population26, and the efficacy of selec-
tion is low27,28.

Figure 1 | Types of mutation caused by 
homologous crossing over between repeated 
sequences. Repeats of the same or similar 

sequence are shown as red boxes. Gene conver-

sion can also occur among these related 

sequences. In a–c, each line represents a DNA 

strand from a single chromatid. a | Unequal 

crossing over between misaligned repeats on 

homologous chromosomes (or sister chroma-

tids) yields an increase in repeat number for one 

chromosome and a decrease in repeat number 

for the other chromosome. b | Intra-strand 

crossing over between inverted repeats yields 

an inverted segment (bracket). c | Intra-strand 

crossing over between direct repeats causes a 

‘pop-out’ of the segment of DNA between the 

repeats. d  |  Homologous recombination 

between repeated sequences on different chro-

mosomes (represented here as unreplicated G
1
 

chromatids) yields a translocation.
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Genome-wide patterns of recombination 

To understand how the effects of recom-
bination on mutation and selection have 
shaped plant genome evolution, it is first 
essential to understand how recombination 
rates vary between and within genomes. 
Recombination is known to vary among 
genomic regions in both plants and 
animals29,30, but genome-wide patterns of 
recombination are available for only a few 
plant species. To estimate recombination 
rates, both genetic (centimorgan (cM)) 
and physical (usually base pair) distances 
are required (BOX 1). Little is known about 
physical distances along plant chromosomes, 
apart from a few model species (BOX 2).

For plant species in which genome-wide 
recombination estimates are available, one 
obvious feature is the suppression of recombi-
nation in heterochromatin. The proportion of 
heterochromatin and the degree of suppres-
sion varies widely among species (BOX 3). For 
example, heterochromatin comprises 50% of 
the sorghum genome, with 34-fold suppres-
sion of recombination on average in hetero-
chromatic versus euchromatic regions31. By 
contrast, pericentromeric heterochromatin 
comprises 75% of the tomato genome, with 
apparently up to 1000-fold suppression of 
recombination in some heterochromatic 
regions32,33. Heterochromatin is not always 
pericentromeric; maize (Zea mays) contains 
a substantial proportion of its genome 
in heterochromatic knobs, which influence 
recombination rates in nearby regions34. The 
mechanisms that govern heterochromatic 
suppression remain unclear, but might be 
related to epigenetic modification35.

In euchromatin, recombination tends to 
be highest in distal chromosome regions, 
such as subtelomeres and telomeres10,36–38 
(BOX 2). However, this observation is not 
universal. In Allium fistulosum, recom-
bination is highest in proximal regions 
and the recombination-rate gradient 
along chromosomes is reversed39. These 
broad-scale chromosomal patterns might 
be heterogenous on smaller scales, which 
could depend, in part, on a mechanistic 
relationship between genes and recombina-
tion events40. For example, recombination 
within the maize bronze gene can be up to 
100 times higher than the genome average 
(but see BOX 3 for a discussion of caveats 
relating to recombination-rate estimates), 
and can differ by two orders of magnitude 
between distal and proximal regions of the 
gene41. With a few notable exceptions36,42, 
the extent of fine-scale variation along plant 
chromosomes is not well characterized. 
Nonetheless, it seems that levels of 

Box 1 | Methods for estimating physical recombination rates on a genomic scale

Genetic maps provide the frequency of meiotic crossovers between markers. To investigate 
genome-wide recombination rates, one also needs to know the physical distances between 
markers. The comparison of genetic to physical distances has been achieved by four methods.

Genome sequence 
Three steps are required to compare genome sequences to genetic maps. First, the molecular 
markers on the genetic map must also be mapped onto the genome sequence by a computational 
homology search. Second, the ratio of genetic (cM) and physical (Mb) distances is calculated for 
every pair of contiguous markers. These ratios can be plotted along the length of the chromosome, 
as shown in the figure for chromosome 1 of rice (left panel). Each bar in the top left panel is the 
estimated cM Mb–1 rate between two markers on the genetic map. Third, the cM Mb–1 plot 
is smoothened, usually by fitting the data to a polynomial function (bottom left panel). This 
smoothening step is necessary because many marker intervals contain small Mb or cM distances, 
making individual cM Mb–1 estimates inaccurate. However, smoothening can mask the existence of 
recombination hotspots and coldspots, and underemphasize recombination-rate heterogeneity on 
fine scales. Gaps in the genome sequence also contribute to inaccuracies in cM Mb–1 estimates.

Physical maps 
Whole-genome physical maps have been composed using BAC fingerprinting and similar methods. 
If molecular genetic markers have been hybridized to BACs, these maps can form the basis for 
estimates of physical recombination rates. At present, however, most BAC-based maps have too 
many gaps to be useful for whole-genome analysis of recombination rates.

Recombination nodule maps
Recombination nodules (RNs) are protein complexes that are associated with meiotic (pachytene) 
chromosomes, which can be observed by electron microscopy57. Because each RN marks a 
crossover site, the cumulative distribution of RNs on each chromosome produces a cytological 
recombination map that inherently relates genetic and physical distances. The RN map can be 
used to translate marker positions from a genetic map to a physical location, as shown for maize 
(panels on the right). The top right panel shows the distribution of mapped ESTs on the genetic 
map. The lower right panel shows the distribution of mapped ESTs, translated to a physical scale at 
0.2 μm resolution. The curves that are superimposed on the two maize graphs show general trends 
of the distributions. The resolution of this approach is relatively crude, at a scale of about 1.3 Mb 
for each 0.2 μm of euchromatic chromosome length.

Deletion maps 
Deletion maps are constructed on the basis of Southern hybridization of cloned markers with DNAs 
of a large number of stocks that are homozygous for terminal deletions. Because homozygosity for 
microscopic deletions is tolerated only in polyploids, genome-wide mapping strategies using 
overlapping terminal deletions is limited to polyploid plants such as wheat77. The maize panels are 
reproduced with permission from REF. 50 © (2006) Cold Spring Harbor Laboratory Press.
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recombination vary not only on chromo-
somal scales, but also on kilobase scales.

Recombination and genome structure

Given the variation in recombination levels 
across plant genomes, and the effects of 
recombination on mutation and selection, is 
it possible that plant genomes are organized 
along recombinational gradients? If this were 
the case, three simple predictions should 
be met. First, deleterious mutations 
should accumulate in heterochromatin and 
other low-recombination regions, because 
natural selection is inefficient in those 
regions; of course, the opposite should be 
true in high-recombination regions. Second, 
rates of localized gene duplication and 
deletion should be elevated in high-recom-
bination regions because of the mutagenic 
properties of recombination. Finally, the rate 
of gene-order evolution within and between 
species should scale with recombination rate.

Deleterious mutations in low-recombination 
regions. There is evidence that duplications 
and deletions occur in low-recombination 
genomic regions43, but at present the rate of 
these events, the proportion that are deleteri-
ous and the rates at which they persist are 
unknown. The accumulation of both trans-
posable elements (TEs) and organellar DNA 
in recombination-poor heterochromatic 
regions44–46 indicates that they are slowly 
eliminated by selection. However, it is also 
possible that the accumulation of TEs and 
organellar DNA reflects biased insertion of 
these sequences in heterochromatin47,48.

Currently, we do not have a complete 
picture of the many forces that govern the 
accumulation of TEs7, but there is reason 
to think that TE-accumulation patterns 
are influenced by selection pressures that 
vary with recombination rate. For example, 
the TEs that accumulate in gene-poor, 
low-recombination regions in rice (Oryza 
sativa) tend to be large, whereas those that 
accumulate in gene-rich, high-recombination 
regions tend to be small (FIG. 2). Large TEs 
might be more likely than small ones to 
undergo ectopic exchange; such exchanges 
in gene-rich, high-recombination regions 
would have a high chance of gene disruption 
and efficient removal by natural selection. 
By contrast, ectopic exchange in gene-poor 
heterochromatin might be less likely to 
disrupt genome function, so that large 
TEs would be freer to accumulate in these 
regions. To better understand the interplay 
among insertion bias, natural selection and 
recombination in plants, studies that com-
pare the distribution of de novo insertions 
with accumulated insertions, as have been 
carried out in Caenorhabditis elegans49, will 
be important. Other information about rates 
of unequal and ectopic crossing over among 
TEs of different sizes will also be useful.

The converse prediction is that deleteri-
ous mutations should not accumulate in 
high-recombination regions, so these regions 
should be enriched for functional genomic 
elements. Consistent with this idea, gene 
density and recombination are positively 
correlated in maize, rice, wheat (Triticum 
aestivum) and A. thaliana48,50–52. Much of this 

correlation is attributable to a dearth of genes 
in heterochromatin51,53. Maize and tomato 
(Solanum lycopersicum), for example, have 
fourfold to tenfold lower gene density in 
heterochromatin than euchromatin32,50. For 
some species, like maize50 and rice (FIG. 2), the 
correlation between recombination and gene 
density also holds true in euchromatic regions 
alone. Maize telomeric regions are an interest-
ing exception to this trend, in that they have 
high recombination rates and apparently 
low gene density50. It is unclear whether 
these regions are exceptional because of their 
biological properties, or whether it is owing 
to the difficulty of mapping and measuring 
recombination rates at chromosomal ends. 
By contrast, fully sequenced rice telomeric 
regions have high gene density54.

However, there is no detectable 
correlation between recombination and 
gene density in euchromatic regions of 
A. thaliana48. This observation is puzzling 
when one considers the potential feedback 
mechanism that is produced between genes 
and recombination. On the basis of studies 
that largely involve maize, plant meiotic 
recombination seems to to occur primarily 
within genes40, perhaps because epigenetic 
phenomena, chromatin structure and 
insertion-deletion polymorphisms suppress 
recombination in intergenic regions55. If 
genes facilitate recombination, it follows 
logically that recombination should be high 
in regions of high gene density, as is seen in 
many plant species. Why is this correlation 
not evident in A. thaliana euchromatin? One 
possibility is that recombination in 
A. thaliana differs from maize, in that 
recombination might be predominantly 
intergenic (that is, non-genic)36,56. Another 
is that structural features of chromosomes 
could supersede the effects of gene density 
on recombination in small genomes. For 
example, the initiation of synapsis between 
homologous chromosomes during meiosis 
is distal in most plants, and chromosomal 
regions that synapse first seem to be more 
likely to undergo a crossover57. Such patterns, 
in combination with interference (which 
reduces the probability of another crossover 
nearby), could decrease proximal crossing 
over, independent of gene density. Although 
speculative, these factors would be more 
prominent in plants with short chromo-
somes (like those of A. thaliana), because 
interference is strongest near crossovers and 
decreases with distance. A final possibility is 
that the underlying correlation between gene 
density and recombination rates might be too 
weak to detect with inaccurate recombina-
tion-rate estimates. More conclusive evidence 

Box 2 | Plant taxa with genome-wide estimates of physical recombination

Arabidopsis thaliana 
The genome sequence has been compared to genetic maps. Graphs of recombination along 
chromosomes have been published10,36.

Rice 
Both the genome sequence and BAC physical maps have been compared to genetic maps37,51.

Maize 

A recombination nodule map has been published for maize78. Molecular markers from genetic maps 
have been placed on chromosomes to infer genome organization50. Higher resolution cM Mb–1 
estimates should be a by-product of ongoing genome-sequencing efforts.

Tomato 
A recombination nodule map has been published for tomato79, and has been used to assess diversity 
across the genome80. Additional physical maps and genome-sequence data are forthcoming.

Wheat 
16,099 markers have been mapped into 156 deletion bins77. The average recombination rate across 
each bin was estimated and expressed as a function of the distance of the bin from the centromeres59.

Other taxa 
Several taxa have genetic maps and are also in the process of full genome sequencing, such as 
Sorghum bicolour (sorghum), Arabidopsis lyrata, Capsella rubella, Populus trichocarpa (poplar), 
Mimulus guttatus, Medicago truncatula and Lotus japonicus. Estimates of cM Mb–1 recombination 
rates across chromosomes should follow.
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for a direct relationship between gene density 
and recombination will come from plants 
with reversed patterns of recombination 
rates along the centromere–telomere axis, 
such as Allium fistulosum39. Gene density has 
not been measured directly in this species, 
but markers derived from hypomethylated 
regions, which are expected to correlate with 
active genes, do tend to cluster in high-
recombination proximal regions39.

Localized duplications in high-recombina-
tion regions. If localized duplications are 
caused by unequal crossing over, duplicated 
genes should cluster in high recombination 
regions. This is true for tandemly arrayed 
genes (TAGs), which are more abundant 
in high-recombination regions of 
A. thaliana10, rice58 (FIG. 2) and wheat59 than 
in low-recombination regions, even after 
correction for underlying variation in gene 
density. TAGs in C. elegans are organized 
similarly 60, indicating that the enrichment of 
TAGs in high-recombination regions might 
be a general feature of eukaryotic genomes. 
However, unequal crossing over alone does 
not fully explain TAG distributions. If the 
TAG distribution were solely a property 
of unequal crossing over, then TAGs in high-
recombination regions should have high 
turnover rates, owing to higher rates of both 
duplication and deletion. In fact, the age of 
TAGs is not correlated with recombination 
rates in A. thaliana10 or rice58. TAG distribu-
tion is therefore likely to be a product of 
increased production in high-recombination 
regions, along with complex patterns of 
retention and loss.

Dispersed gene duplicates — that is, 
single-gene duplications that are not on the 
same chromosome — are also enriched in 
high-recombination regions59. In hexaploid 
wheat and its diploid relatives, dispersed 
duplication events occur at a rate of at least 
~2 × 10–3 duplications at each locus every 
million years61. Duplications are countered 
by a tenfold higher deletion rate, indicating 
that most new duplicates are eventually 
removed from populations, except when a 

gene duplication confers a strong selective 
advantage. Both duplication and deletion 
occur more often in high-recombination 
regions in wheat and its relatives; for exam-
ple, duplication rates are three times higher 
in distal high-recombination chromosomal 
regions than in proximal low-recombina-
tion regions61. The fact that this pattern is 
seen in both diploids and polyploids, cou-
pled with the fact that purifying selection is 
ineffective at high ploidy levels, argues that 
recombination has a mechanistic role in 
both duplication and deletion.

Recombination and gene order. Genomic 
features like localized duplication and 
deletion — both of which are governed, 
and probably produced, by recombination 
— shape chromosomal organization and 
ultimately gene order (synteny). Inversions 
also change gene order14, which might be 
caused by ectopic recombination (FIG. 1). 
But predictions vary about the effect of 
recombination on gene-order evolution. 
On the one hand, duplications and 
deletions are generated preferentially in 
high-recombination regions; therefore, 
gene rearrangement could evolve more 

rapidly in these regions. However, selection 
is also more efficient in high-recombination 
regions. If gene rearrangement is maladap-
tive, then gene order will be maintained in 
high-recombination regions.

There is little literature addressing this 
question directly, but a comparison of 
rice and sorghum physical maps indicates 
that synteny is markedly less conserved in 
recombination-suppressed heterochromatic 
regions46. Other observations indicate that 
low-recombination pericentromeric regions 
rearrange rapidly14,38,62. Superficially, this 
information seems inconsistent with the 
idea that recombination drives genome 
rearrangement, because low-recombination 
regions should have low mutation rates. It 
is clear that the effect of recombination on 
natural selection is important here. Natural 
selection is not only expected to be inef-
ficient in these regions, but heterochromatic 
rearrangements might not be strongly 
deleterious because gene density is low.

In wheat and its relatives, telomeric and 
other high-recombination euchromatic 
regions rapidly evolve in gene order, owing 
in large part to the high incidence of dupli-
cation and deletion61. The net result is that 

Box 3 | What do average cM Mb–1 estimates really mean?

With the advent of BAC genomic sequencing, investigators have expressed relative recombination 
rates for specific genic and intergenic sequences by comparing them with a total genomic cM Mb–1 
average. Recombination ‘hotspots’ and ‘coldspots’ are inferred on the basis of cM Mb–1 rate 
estimates above and below the genomic average, respectively. But how useful is this comparison? 
Plant genomes contain a significant proportion of recombinationally suppressed heterochromatin, 
ranging from about 12% in Arabidopsis thaliana81 to 75% in tomato32. Because of 
heterochromatin, the average recombination rate, estimated on the basis of the entire 
genome, is always lower than estimates that are made on the basis of euchromatin alone.

The practice of including heterochromatic portions in average cM Mb–1 rates has two implications. 
First, comparisons of average cM Mb–1 rates among taxa are relatively meaningless; the comparisons 
probably provide as much insight into the proportion of heterochromatin as genic variation in 
recombination rates. Second, the inferred hotspots and coldspots of recombination might not 
have recombination rates that are much different from the average genic rate that is measured in 
euchromatin. A more informative method would be to assess average recombination rates 
in euchromatin and use this average as the basis for comparisons among taxa and genic regions.

How can one estimate recombination rates in the euchromatic fraction? One way is to specifically 
stain DNA within meiotic chromosomes and measure the intensity of staining and chromosome 
length in heterochromatic versus euchromatic regions (for example, REF. 50). Such estimates will 
still be approximate, but will help to adjust for known biases.

Glossary

Fluorescence in situ hybridization
A technique that is used to label specific sequences 

on chromosomes with fluorescent molecules.

Heterochromatic knobs
Cytologically visible regions of highly condensed chromatin 

that are distinct from pericentromeric regions.

Microsatellite instability
A change in the number of repeats of microsatellites.

Paracentric inversion
A structural chromosome alteration that 

results from breakage, inversion and reinsertion 

of a fragment of a chromosomal arm.

Pericentric inversion
A structural alteration to a chromosome 

that results from breakage, inversion and 

reinsertion of a fragment that spans the 

centromere.

Polyploid
Having three or more sets of homologous 

chromosomes (for example, tetraploid organisms 

have four sets of chromosomes).

Synapsis
Formation of a synaptonemal complex between 

homologous chromosomes during prophase I of meiosis. 

Pairing is a more general term that refers to homologous 

associations in somatic as well as meiotic nuclei.
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gene content and gene order might be best 
conserved in medium- to low-recombination 
euchromatic regions38,63, in which 
mutation rates are relatively low but 
recombination is still adequate to allow 
natural selection to work efficiently. This 
conjecture is supported by observations 
made in yeast and other systems64, indicating 
that this pattern of gene-order evolution 
might be a general feature of eukaryotic 
genomes. More observations, particularly 
those made on the basis of plant data, are 
needed to further investigate this theory.

There are too few data at this time to 
unequivocally conclude that the rate of 
gene-order evolution in plants varies within 
euchromatin as a function of recombination 
rates. However, this is an issue of practical 
importance. Researchers often contend that 
gene-order information that is gleaned from 
species with small, tractable genomes can 
be applied directly to species with larger, 
less-tractable genomes. The opposing view is 
that synteny breaks down rapidly and might 
not be of great practical benefit1,65,66. These 
two extremes miss the important point that 
the rate and pattern of gene-order evolu-
tion probably varies by species, population 
history and — perhaps most importantly 
— genomic location, as a function of 
recombination rates.

Plants compared with animals

The preceding arguments indicate that 
recombination shapes plant genome 
structure, but plants are not unique in 
this respect. Genomic features like TAGs60 
and gene order64 are also organized 
along recombinational gradients in other 
eukaryotes. However, despite conspicuous 
exceptions such as amphibians67, animal 
genomes are generally less labile than 
plant genomes. For example, as a group, 
mammals are older than grasses, but 
vary only 5- to 8-fold in genome size and 
chromosome number68,69, compared with 
55- and 10-fold, respectively, for grasses. Is 
it possible that recombination contributes 
to observed differences in genome variabil-
ity between plants and animals?

One important difference between plants 
and animals is the lack of a dedicated germ 
line in plants. So, mitotic as well as meiotic 
mutations can be passed to progeny, and 
somatic recombination could be a potent 
source of genetic and genomic variation in 
plants. Interestingly, somatic recombination 
in A. thaliana increases with DNA damage 
and other stress conditions12, implying a 
commensurate increase in mutation rate. 
Further, these environmentally induced 
elevations in somatic recombination rates 
are heritable, and can be retained for several 
generations70. The ability to detect such 
events using molecular genetic tools is cur-
rently limited to A. thaliana, but there is no 
obvious reason to think that this species will 
be unique in this respect. These observations 
indicate that relative amounts of genomic 
mutation caused by recombination could be 
much higher in plants than animals.

Comparisons of genome-wide recom-
bination rates in plants and animals also 
indicate potential differences. Genome-wide 

recombination rates have been recently 
characterized in rats, mice and humans by 
comparing genomic sequences to genetic 
maps (BOX I). Average recombination 
rates are 0.60 cM Mb–1, 0.56 cM Mb–1 and 
1.25 cM Mb–1 for rats, mice and humans, 
respectively29. The highest recombina-
tion-rate estimate for any region of these 
three genomes is 4.26 cM Mb–1. A distant 
relative, D. melanogaster, has higher aver-
age rates of recombination (2.9 cM Mb–1), 
but a similar range among genomic regions 
(0.0–3.98 cM Mb–1) (REF. 71).

All of these rates are substantially lower, 
both in average value and in range, than 
those of A. thaliana and rice, the two plant 
genomes for which recombination rates can 
be estimated by similar methods (BOX 2). 
The A. thaliana and rice genomic averages 
are 4.80 cM Mb–1 and 4.12 cM Mb–1, respec-
tively10,58. Genomic averages are misleading 
(BOX 3), so it is perhaps more telling that 
the ranges of recombination rates are much 
greater in these two plant species — varying 
from 0.0 cM Mb–1 to >10 cM Mb–1 — than 
in the mammalian genomes. Although 
not definitive, these numbers indicate that 
recombination rates in plant genomes might 
have a greater range than those in other spe-
cies. If mutation rates scale commensurately, 
plants could harbour large genomic regions 
in which mutation rates greatly exceed those 
of animal genomes.

Admittedly, these observations must be 
interpreted with caution, for three reasons. 
First, both A. thaliana and rice predomi-
nantly self-fertilize; there are theoretical 
reasons to indicate that selfing organisms 
have elevated crossover rates72. Indeed, 
hermaphroditic C. elegans also seems 
to have a high range in genomic 
recombination rate73. Second, both 
A. thaliana and rice have small genomes, 
such that their patterns of recombination 
could be atypical, as small chromosomes 
might harbour higher cM Mb–1 
recombination rates. For comparison, 
reasonable genome-wide cM Mb–1 
estimates are available for hexaploid wheat, 
which is an outcrosser with a large genome 
(BOX 2). Average cM Mb–1 rates are modest 
(<1.0 cM Mb–1) in wheat59, but the range is 
higher than that of rats, mice and humans, 
because distal chromosomal regions have 
recombination rates exceeding 6.0 cM Mb–1 
(REF. 38). Third, all recombination-rate 
estimates are imprecise, are dependent on 
the methods used to estimate rates and are 
usually made on the basis of only a single 
genetic cross. In summary, more data are 
needed to draw firm conclusions, but the 

Figure 2 | The correlation of genomic features 
with recombination rates. For all panels, 

genomic features are binned in 100 kb windows. 

MITEs are small DNA transposons. Data on gene 

number and tandemly arrayed genes (TAGs) are 

from REF. 57; data on transposable elements 

are from REF. 51; data on SNPs are from REF. 82. 

The red curve shown in each panel is a smoothed 

cM Mb–1 rate curve, as explained in BOX 1.

P E R S P E C T I V E S

82 | JANUARY 2007 | VOLUME 8  www.nature.com/reviews/genetics

© 2007 Nature Publishing Group 

 



high variance in recombination rates in plants 
that has been documented so far could signal 
an important role for recombination in the 
comparative lability of plant genomes.

Conclusions and perspectives

We argue that recombination is a strong 
force driving some aspects of plant genome 
variability. This argument is not intended 
to downplay the significance of paleopoly-
ploidy, but rather to emphasize that other 
mechanisms also have an important role 
in plant genome evolution, and merit 
increased attention.

Our argument relies on the observa-
tions that recombination is mutagenic and 
that plant genomes are organized along 
recombinational gradients. The former is 
undoubtedly true, but there are relatively 
few estimates of the rates of specific types 
of mutation that are caused by recombina-
tion. Some important features of plant 
genomes are consistent with the second 
observation, including the accumulation 
of putatively deleterious features in hetero-
chromatin and high duplication and dele-
tion rates in distal chromosomal regions. 
However, some predictions — such as 
the correlation between gene density and 
recombination rate in euchromatin — do 
not hold true in all species that have been 
examined to date. A corollary claim — that 
disruption of synteny between species 
should be a function of recombination 
rates — is not yet firmly established. 
Nonetheless, given the limitations of 
current recombination-rate estimates, it 
is remarkable that any genomic features 
exhibit a discernible relationship with 
recombination. The fact that some 
patterns emerge attests to the strength of 
recombination as an evolutionary force.

Recombination rates seem to vary more 
widely among regions of plant genomes than 
mammalian genomes, providing a potential 
mechanism that might contribute to greater 
variability in genome size, chromosome 
number and genome organization among 
plants. This part of our argument is at best 
only a suggestion, formed on the basis of 
limited data in both plants and animals. 
To date, it is for only a handful of animal 
genomes, and only two plant genomes, that 
recombination-rate estimates have been 
derived by the comparison of sequence 
and genetic-map data. Even these estimates 
might be inaccurate, owing to poor mapping 
resolution and the fact that genetic maps 
are usually made on the basis of a single 
cross. As argued by Coop and Przeworski 
for humans74, further studies of plant recom-

bination should consider variation among 
genotypes55, recombination patterns along 
whole chromosomes36 and patterns within 
genes55. Powerful new population-genetic 
tools can also be used to assess both species-
wide recombination rates75 and the relative 
frequency of crossing over to gene conver-
sion76. More careful characterization of 
recombination patterns and rates will help to 
investigate what we believe is an important 
mechanism in plant genome evolution.
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