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Abstract
The association between recombination rate and nucleotide diversity provides compelling
evidence for the action of natural selection across much of the Drosophila melanogaster genome.
This conclusion is further supported by the lack of association between recombination rate and
nucleotide divergence between species. However, studies of other species, including other
Drosophila, have not always yielded the same results. Our recent study measured these parameters
within the D. pseudoobscura species group using next-generation sequencing and high-throughput
genotyping technologies. We documented fine-scale variation in crossover rate within D.
pseudoobscura, and we observed that crossover variation was strongly associated with nucleotide
diversity only when measured at a fine-scale. We also observed associations between crossover
rate and sequence differences between D. pseudoobscura and its close relatives. These latter
associations could have been driven in part by mutagenic effects associated with double-strand
break repair, but we cannot exclude the possibility that it results primarily from shared ancestral
polymorphisms. Overall, this work strongly underscores the importance of scale in testing for
associations of recombination rate with other parameters, and it brings us one small step closer to
understanding the role of natural selection and other evolutionary forces in shaping divergence
among genomes.

Keywords
crossover; gene conversion; recombination; double-strand break repair; variation; polymorphism;
divergence

A primary thrust of evolutionary research has been determining the importance of natural
selection relative to other forces in shaping patterns of variation within species and
divergence between species. At the molecular level, many researchers strive to quantify the
role of natural selection in shaping patterns of DNA sequence diversity and divergence.
Natural selection may shape such patterns directly, such as by favoring one particular
sequence variant over another, or indirectly, where the spread (or loss) of selected variants
affects patterns of diversity at sites with which they fail to recombine freely.

Rates of recombination are thus intrinsically tied to the effects of selection on DNA
sequence diversity across the genome. As such, it’s small wonder that the seminal survey of
Begun and Aquadro1 has been cited over 400 times. Begun and Aquadro1 assembled
restriction site data from 20 loci across Drosophila melanogaster and identified a strong
positive correlation between nucleotide diversity and local recombination rate. Such a
relationship may exist if recombination itself is mutagenic, but in contrast to this
interpretation, recombination rate was uncorrelated with nucleotide divergence to D.
simulans (see also ref 2). Hence, these results are most consistent with indirect effects of
natural selection acting ubiquitously across the genome. Nonetheless, studies in other
systems have yielded variable results.3–5
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My colleagues and I recently investigated similar patterns in the Drosophila pseudoobscura
species group.6 D. pseudoobscura is of particular interest because its average recombination
rate is much higher than that of D. melanogaster.7 We had at our disposal single published,
assembled, annotated genome sequences of D. pseudoobscura and D. persimilis.8,9 To this
backbone, we added a low-coverage 454 sequence of another strain of D. pseudoobscura (so
diversity could be estimated), a moderately high-resolution linkage map of one chromosome
of this species (for estimates of recombination), and some direct sequencing of targeted
regions in D. pseudoobscura and D. miranda.

Similar to the published results in the D. melanogaster group, we detected a strongly
positive correlation between local recombination rate and nucleotide diversity in noncoding
regions.6 Impressively, this strong correlation was apparent when very low-recombination
telomeric and centromeric regions were excluded, and even among a set of windows that
were all within 150 kilobases of each other. If recombination was measured at a broader
scale, the association was nonsignificant. In contrast to published results in the D.
melanogaster group, however, we also observed a positive correlation between local
recombination rate and nucleotide divergence between species in noncoding regions.

We proposed a two-phase model to explain the association of recombination with diversity
and divergence.6 We suggested that, in regions with very low crossing over such as near
centromeres, natural selection eliminates nucleotide diversity, but divergence still
accumulates due to mutational errors associated with double-strand DNA break repair
(DSBR). In such regions, crossing over may be effectively eliminated, but DSBR still occurs
and resolves preferentially into gene conversions.10 DSBR-related divergence may come
from mutagenicity associated with strand invasion in the single stranded phase (akin to
results observed in mitochondria, see ref 11). In contrast, in regions of normal-to-high
crossing over such as the ones we surveyed, recombination rate and diversity are still
correlated (as are recombination and divergence), but here, both of these correlations result
from mutational errors associated with DSBR. In high-recombination regions, indirect
effects of natural selection will be minimized.

While we can acknowledge that different processes may operate in the different species
groups, we strive as evolutionary biologists to identify single overarching explanations for
different observations. In our study of the D. pseudoobscura group, we focused away from
telomeric and centromeric regions where there is severely restricted crossing over but still
some gene conversion (and therefore likely some DSBR). If our model is correct, we should
detect an association of recombination and divergence between D. melanogaster and D.
simulans if just higher-recombination regions are studied. However, neither diversity nor
divergence was significantly correlated with recombination when only high-recombination
regions were surveyed in non-overlapping 50 kb windows.6 This nonsignificance likely
stems from insufficient and/or imprecise recombination estimates that were available: figure
3 of Begun et al2 (which uses larger but overlapping windows that would be inappropriate
for direct statistical analysis) shows an impressive tracking of these measures with crossover
rate outside of the telomeric region on the left. Despite the nonsignificance of our test using
their data, I am confident that a positive association between recombination rate and at least
diversity is present in high recombination regions of D. simulans.

Our interpretation of the results has several caveats. The most severe is that “divergence”
between species was measured in two very close relatives. D. pseudoobscura and D.
persimilis share extensive allelic variation,12 and although we tried to correct for this, what
we label “divergence” may reflect variation in levels of shared ancestral polymorphism. We
do still observe an association of recombination rate and divergence with the more distantly
related species D. miranda,6 even when examined at a genome-wide level (unpublished
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data), but this species, too, shares variation with D. pseudoobscura.13 Chip Aquadro
(personal communication) suggested that the correlation with divergence we observed in
high recombination regions may reflect the preferential retention of ancestral polymorphism
in such regions. This is a very compelling possibility, as regions of very high recombination
should have a higher effective population size and thus be more able to retain variation (see
also ref 2). Since publication of our study, I’ve also found that very-fine scale recombination
is uncorrelated (or negatively correlated) with divergence among Saccharomyces species.14
In hindsight, I think we downplayed too much the likelihood that most of the association of
divergence with recombination in our study came from shared ancestral polymorphism, and
this is an area that we are currently examining more closely through additional empirical and
theoretical studies to get at this question.

Nonetheless, our work has several interesting and novel elements. Our results identify fine-
scale variation in crossover rate in this species, whereas earlier reviews had suggested
Drosophila species lacked such fine-scale variation. We further found that this fine-scale
recombination variation is evolutionary meaningful because of the strong positive
correlation between it and nucleotide diversity. Indeed, if the association of recombination
with diversity within species among such small regions of high recombination stems
primarily from natural selection rather than mutational causes, then natural selection must be
acting very frequently across much of the D. pseudoobscura genome. Finally, and perhaps
most fundamentally, our results underscore the importance of measuring recombination at
the finest possible scale to examine its evolutionary effects on patterns of DNA sequence
diversity within species and divergence between species.15 Previous studies (including one
by my laboratory) failed to detect an association between recombination rate and diversity in
this species because too coarse a scale was used. I’m personally excited to continue to study
these genome-wide patterns and to identify the evolutionary processes causing them.

Abbreviation

DSBR double-strand break repair
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