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Regional rates of recombination often correlate with levels of
nucleotide diversity, and either selective or neutral hypotheses can
explain this relationship. Regional recombination rates also corre-
late with nucleotide differences between human and chimpanzee,
consistent with models where recombination is mutagenic; how-
ever, a lack of correlation is observed in the Drosophila melano-
gaster group, consistent with models invoking natural selection.
Here, we revisit the relationship among recombination, diversity,
and interspecies difference by generating empirical estimates of
these parameters in Drosophila pseudoobscura. To measure re-
combination rate, we genotyped 1,294 backcross hybrids at 50
markers across the largest assembled linkage group in this species.
Genome-wide diversity was estimated by sequencing a second
isolate of D. pseudoobscura at shallow coverage. Alignment to the
sequenced genome of the closely related species, Drosophila per-
similis, provided nucleotide site orthology. Our findings demon-
strate that scale is critical in determining correlates to recombina-
tion rate: fine-scale cross-over rate estimates are far stronger
predictors of both diversity and interspecies difference than broad-
scale estimates. The correlation of fine-scale recombination rate to
diversity and interspecies difference appears to be genome-wide,
evidenced by examination of an X-linked region in greater detail.
Because we observe a strong correlation of cross-over rate with
interspecies difference, even after correcting for segregating an-
cestral variation, we suggest that both mutagenic and selective
forces generate these correlations, the latter in regions of low
crossing over. We propose that it is not cross-overs per se that are
mutagenic, but rather repair of DNA double-strand break precur-
sors via crossing over and gene conversion.

variation � crossing over

One of the most influential observations in molecular evo-
lutionary biology is the relationship between recombina-

tion rate and nucleotide diversity within species. In a pioneering
study, Begun and Aquadro (1) identified a strong positive
association between nucleotide polymorphism in Drosophila
melanogaster (as measured from restriction site data of 20 loci)
and recombination rate. If this relationship was caused by
recombination itself being mutagenic, a similar relationship
between recombination rate and nucleotide divergence to the
sister species, Drosophila simulans, should also exist; however,
this relationship was not observed. More recently, Begun et al.
(2) examined whole-genome shotgun sequences from multiple
strains of D. simulans and the published D. melanogaster genome
assembly and confirmed these initial observations at an unprec-
edented scale. The association between recombination rate and
diversity, but not divergence, in Drosophila is considered to be
driven primarily by natural selection (3–5): fixation of positively
selected variants and associated hitchhiking effects (6) and/or
background selection eliminating deleterious alleles (7).

Similar studies in other taxa have yielded conflicting results.
Although, in most cases, associations between recombination

rate and nucleotide diversity are observed, they sometimes can
be quite weak (8, 9), and in some species such as maize and
humans, significant associations are observed between recom-
bination rate and interspecies divergence (10–12). Because
regions of severely reduced recombination often exhibit typical
levels of interspecific divergence but reduced diversity within
species, it is unequivocal that selective forces have contributed to
this pattern in some species. Less clear is how much residual
variation is explained by other forces, such as mutational het-
erogeneity associated with recombination rate.

The relative role of these forces would be better understood
if a more fine-grained and reliable recombinational map was
available. If there is fine-scale heterogeneity in recombination
rate, a mutational relationship between recombination and
nucleotide diversity or divergence would be easiest to detect by
examining recombination over small, rather than large, spatial
scales (assuming some temporal stability of recombination hot-
spots). Fine-scale heterogeneity in recombination rate has been
shown in humans, yeast, and other taxa (13), including regions
of Drosophila pseudoobscura (14). The reliability of known
recombinational distances may also be problematic: it is some-
times difficult to disentangle demographic and selective effects
from recombination estimates derived from linkage disequilib-
rium such as those found in human studies (15–17), and varia-
tions in local or genome-wide recombination rates exist within
species (18–20). Available genetic distance estimates such as
those from D. melanogaster (21) often represent a mosaic of
uncontrolled crosses from various genotypes in different envi-
ronments that are major determinants of cross-over rates them-
selves (22). Because the cross-over rate in different parts of the
genome was studied in different crosses and varying conditions,
perhaps only extreme differences in the cross-over rate between
parts of the genome may have been accurately captured.

To address the discord among studies comparing recombina-
tion rate to diversity and divergence, we investigate the associ-
ation of fine-scale cross-over rate with nucleotide diversity
within species and divergence between species in the D.
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pseudoobscura species group. D. pseudoobscura has been studied
extensively for patterns of nucleotide diversity and divergence
(23–27), and genome sequence assemblies exist for both it and
its sister species, Drosophila persimilis (28). We used illumina
array microbeads to genotype a large F2 backcross between two
D. pseudoobscura strains across a chromosome, and we identified
local variations in cross-over rate at a fine genomic scale in a
single, controlled cross. We also generated and aligned, at
low-coverage, 454 genomic reads of a second strain of D.
pseudoobscura onto the published genome assembly (29), pro-
viding us with a genomic portrait of intraspecific nucleotide
diversity. To validate patterns of nucleotide diversity and diver-
gence with respect to recombination rate on a different part of
the genome, we sequenced multiple loci by using standard
technologies on chromosome XL in 10 isolates of D. pseudoob-
scura and the outgroup species, Drosophila miranda, over regions
surveyed for cross-over rate variation (14).

Results
Cross-Over Rate Variation. We assayed the cross-over rate in 1,294
progeny from an F2 backcross between two D. pseudoobscura
inbred lines by using illumina microbead genotyping arrays.
Because this is a new technology, we first evaluated the error rate
for the genotyping. We found that cross-overs are not observed
within 2 megabases (Mb) of each other in D. pseudoobscura
(C.L.F. and M.A.F.N., unpublished data), resulting from ‘‘cross-
over interference.’’ Because of the high density of markers used
in this work along the second chromosome, we can thus test for
a likely type of error: we should not observe instances of one
genotype flanked on both sides by an alternative genotype. This
test is conservative because it ignores the possibility of biolog-
ically real gene conversion generating this observation. We
found only 49 instances of such a pattern from �62,000 geno-
types on this chromosome, indicating an error rate of this type
of �0.1%.

Across the second chromosome intervals surveyed, we ob-
served 0–4 cross-overs per individual, with the mode at one
cross-over [see supporting information (SI) Fig. S1]. From these
multilocus genotypes, we calculated a cross-over rate for each
window and observed statistically significant (bootstrap two-
tailed P � 0.005) variation; see Fig. 1) ranging from 0.88 to 15
centimorgans per Mb. Consistent with previous work (14),
similar variation was also observed along the X chromosome
arms, ranging from 0.91 to 22 centimorgans per Mb. In addition,
we found significant associations between cross-over rate and a
variety of motifs and features examined, including two motifs
described to correlate with recombination rate variation,
CCCCACCCC (r � 0.487, P � 0.0004) and CCTCCCT (r �

0.477, P � 0.0006), but no detectable association with transpos-
able elements or GC content (data not shown).

Nucleotide Diversity Within Species. By comparing the generated
454 sequences of a selected strain against the published genome
sequence assembly of D. pseudoobscura, we can estimate patterns
of nucleotide diversity along chromosome arms. Fig. 2 depicts
the average pairwise difference between the two sequences for
introns and intergenic regions along the second chromosome.
Intergenic pairwise differences ranged from 0.18 to 2.1%
(mean � 1.1%), whereas intronic pairwise differences ranged
from 0.0 to 4.2% (mean � 1.2%). The greater variance across
windows of intron data may reflect the smaller amounts of
sequence alignment assayed per window (5,704 to 48,147 bp vs.
45 to 25,636 bp, with some windows bearing no intronic sequence
alignment). Nonetheless, the two pairwise difference measures
were strongly correlated, even if only nonoverlapping windows
were examined (n � 149, r � 0.444, P � 0.0001). This correlation
of fine-scale diversity measures held even if the 5-Mb windows
at the centromeric and telomeric ends were excluded (n � 99, r �
0.364, P � 0.0002).

We identified an association between diversity and fine-scale
cross-over rate variation when examining windows 500 kb or
smaller (intergenic: n � 25, r � 0.588, P � 0.0020, see Fig. 3A;
intronic: n � 24, r � 0.488, P � 0.0156). Importantly, none of
these windows was within 4 Mb of the centromeric or telomeric
ends of the assembled sequence, so this pattern is not affected
by global patterning of recombination. We tested whether
cross-over rate estimated from fine-scale windows (500 kb or
less) vs. broad-scale windows (2 Mb) was a better predictor of
nucleotide diversity, and we found that the association was much
stronger in the former (intergenic: n � 25, rfine � 0.588 Pfine �
0.0020, rbroad � 0.205 Pbroad � 0.3260; intronic: n � 24, rfine �
0.488 Pfine � 0.0156, rbroad � 0.045 Pbroad � 0.8322). This much
stronger association of diversity with cross-over rate estimated
from fine-scale windows did not change when we performed
partial correlations with or without GC content as an additional
covariate. Fine-scale cross-over rate predicted sequence diver-
sity within D. pseudoobscura far better than broad-scale cross-
over rate.

Sequence Differences Between D. pseudoobscura and D. persimilis.
Fig. S2 depicts the average pairwise difference between the
published assemblies of D. pseudoobscura and D. persimilis for
introns and intergenic regions along the second chromosome.
Again, these two measures were highly correlated (n � 151, r �
0.574, P � 0.0001). Sequence differences between species (in-
tergenic mean � 2.5%, intronic mean � 2.4%) averaged more
than twice the diversity we observed within species. Nonetheless,
diversity within species and interspecies difference were strongly

Fig. 1. Cross-over rate (in centimorgans per megabase) at various positions
along the assembled D. pseudoobscura second-chromosome sequence, with
bars indicating the 95% confidence interval of the estimated cross-over rate.

Fig. 2. Pairwise sequence difference between the genome strain of D.
pseudoobscura and the Flagstaff 1993 line at various positions along the
assembled D. pseudoobscura second chromosome. The gray line indicates
differences at intron positions; the black line indicates differences at inter-
genic regions.
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correlated (nonoverlapping 200-kb windows; intergenic: n �
153, r � 0.538, P � 0.0001; intronic: n � 149, r � 0.430, P �
0.0001). For the remainder of the analyses, we present only
intergenic sequences, although results are qualitatively similar
with the available intron sequences.

Sequence differences between the two species were correlated
with fine-scale cross-over rate variation (Fig. 3B: n � 25, r �
0.635, P � 0.0006), perhaps even more strongly than sequence
diversity within species. However, this stronger association of
interspecies difference may be driven in part by the greater depth
of sequencing of D. persimilis relative to our low-coverage 454
sequence of a second D. pseudoobscura strain. Hence, we limited
the D. persimilis dataset to just those bases for which we also had
an aligned D. pseudoobscura 454 nucleotide filtered against
possible alignment or sequencing errors (see Materials and
Methods). The relationship to fine-scale cross-over rate was
essentially unchanged (n � 25, r � 0.607, P � 0.0013).

Although the observed differences between species were more
than twice those found within species, the association of recom-
bination to interspecies differences could reflect shared varia-
tion between the species either through lineage sorting or
introgression. As such, our analysis would not necessarily reflect
an association between recombination and ‘‘divergence’’ per se.
However, we can crudely ‘‘correct’’ the interspecies difference
for each window by subtracting from it the intraspecies diversity
(30) and then determine whether the residual net difference still
correlates with the cross-over rate. The lack of significant
population structuring (outside of chromosome 3) in this species
(27, 31, 32) suggests that the diversity we observed is typical for
that within D. pseudoobscura. Further, if we focus our analyses
on the 7-Mb region of this chromosome that differs by an

inversion that is fixed between these two species [and shows
many fixed differences and greater average sequence divergence
between them (24, 33)], we still observe a significant association
between residual divergence and fine-scale cross-over rate (n �
10, r � 0.730, P � 0.0165).

Additionally, four noncoding regions sampled by Machado et
al. (24) include �500 bp of aligned sequence fall within windows
500 kb or smaller surveyed for recombination in our study. These
loci (2M12, 2M16, 2M17, and 2M18) were surveyed in six to eight
strains of D. pseudoobscura and one or more strains of
D. miranda, a species more distantly related than D. persimilis.
We find that our cross-over rate estimates predict both average
pairwise sequence difference within species (�) within
D. pseudoobscura (r � 0.979, P � 0.0212) and difference from
D. miranda (r � 0.962, P � 0.0376) by using the data obtained
in that study.

Ultrafine Scale Analyses of Variation in Relation to Cross-Over Rate.
An earlier study (14) documented ultrafine scale variation in
cross-over rate along a 2-Mb region of the XL chromosome arm
in D. pseudoobscura, where half of the windows examined were
smaller than 50 kb. To examine the generality of the results
described above by using fewer intervals but more rigorous
testing, we sequenced 10 strains of D. pseudoobscura and one
strain of the more distant outgroup species D. miranda over
seven intergenic windows studied by Cirulli et al. (14). All of
these windows are within 1 Mb of each other, and five are within
150 kb.

Across these windows, ultrafine-scale cross-over rate was
strongly correlated with average pairwise sequence difference
within species (�): r � 0.902, P � 0.0055 (Fig. S3). D. miranda
differs from D. pseudoobscura by a chromosomal inversion
disrupting this region (34), yet despite potential effects of this
rearrangement on patterns of recombination, average diver-
gence to D. miranda was still correlated with ultrafine-scale
cross-over rate in D. pseudoobscura: r � 0.771, P � 0.0426
(Fig. S4).

Discussion
We applied two genomic tools to study the association of
recombination rate and nucleotide variation in D. pseudoob-
scura: low-coverage next-generation sequencing technology and
high-throughput genotyping via microbead arrays. We detected
fine-scale structuring across the second chromosome of this
species, constituting �20% of the assembled genome, in cross-
over rate, nucleotide diversity, and interspecies sequence differ-
ence from D. persimilis. Fine-scale structuring was correlated
across all three of these measures, in contrast to similar studies
of the D. melanogaster group but consistent with studies on
humans. We also identified sequence motifs whose abundance
was correlated with the recombination rate variation we ob-
served. We confirmed the association of recombination rate with
diversity and interspecies sequence difference in a more detailed
but smaller-scale examination of chromosome XL over multiple
D. pseudoobscura strains and the outgroup species D. miranda.
The correlation between cross-over rate and interspecies se-
quence difference in particular is predicted if crossing over itself
is mutagenic.

The effect of scale is very apparent in our results, and it
explains some contradictory findings. Earlier studies of this same
chromosome in D. pseudoobscura failed to observe a significant
association between recombination and nucleotide diversity (35)
and suggested that ‘‘rates of recombination are quite uniform’’
(36). In this work, when we estimated cross-over rates from
broad-scale, 2-Mb windows, we observed very little variation in
cross-over rate (range 3.0–5.0 centimorgans per Mb) and no
significant association with nucleotide diversity. However, this
apparent homogeneity masks evolutionarily relevant fine-scale

Fig. 3. Association between cross-over rate (in centimorgans per megabase)
for second chromosome windows �500 kb in size. (A) Pairwise sequence
difference between the genome and Flagstaff 1993 strains of D. pseudoob-
scura. (B) Pairwise sequence difference between the D. pseudoobscura and D.
persimilis genome sequence assemblies.
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heterogeneity. Studying such parameters at larger, imprecise
scales may also explain why studies of different species have
come to different conclusions with respect to whether recom-
bination is associated with patterns of nucleotide diversity or
divergence.

Reconciling a Possible Association of Recombination to Divergence in
Drosophila. Begun et al. (2) also recently correlated fine-scale
recombination rates along the X chromosome of D. melanogaster
to nucleotide variation in D. simulans (Spearman’s � � 0.45, P �
8.5 � 10�8) but found that the relationship to interspecies
nucleotide divergence was weak (Spearman’s � � 0.17, P � 0.03).
Although these associations are certainly real, we suggest that
they result from large-scale recombinational variation rather
than fine-scale variation and that they bear reexamination. If
only the very-low-recombination telomeric region of the X
chromosome (37) is excluded from their analysis (18 of 130
datapoints at the telomeric end, all points with cross-over rate
�1 centimorgans per Mb), the associations of fine-scale recom-
bination rate to variation and divergence are both nonsignificant.
This negative result likely reflects some noise in the estimates of
fine-scale recombination rates used: these rates were based on a
conglomeration of results from various D. melanogaster studies
done on different laboratory strains and in different laboratory
conditions. This conglomeration is problematic because differ-
ent intervals were not surveyed under the same genetic and
environmental conditions. Consistent with our hypothesis, the
authors noted some windows bearing ‘‘negative’’ estimates of
centimorgans per kilobase, indicative of noise associated with
pooling disparate data. Hence, these recombination estimates
perhaps primarily capture extreme differences in recombination
rate (such as the comparatively low recombination at the telo-
meric region) rather than more subtle ones.

We cannot completely exclude the possibility that the association
we detected between recombination and interspecies sequence
difference the contribution of differences in shared ancestral poly-
morphism, rather than postspeciation divergence per se. However,
the continued strong associations even after subtracting the nucle-
otide diversity within species (30, 38) and focusing specifically on
regions separated by a fixed chromosomal inversion reduces the
likelihood of this explanation somewhat. Relatedly, Machado et al.
(24) surveyed multiple strains of both species at six loci within this
inverted region: all six loci had between 5 and 21 fixed differences
each, and only one locus bore any shared polymorphisms, resulting
in an overall frequency of shared polymorphism not inconsistent
with recurrent mutation. The inversion is also strongly associated
with hybrid sterility in laboratory crosses (39), so its contents cannot
have readily introgressed between the species. Finally, the results
from our analyses using seven loci on chromosome XL and four loci
on chromosome 2 on the more distant species, D. miranda, further
support a possible relationship between cross-over rate and diver-
gence. Hence, based on the data available, we tentatively conclude
that rates of crossing over are associated with levels of nucleotide
divergence between D. pseudoobscura and D. persimilis.

Mechanistic vs. Selective Explanations for the Association of Recom-
bination and Genetic Variation. In contrast to broader-scale studies
in the D. melanogaster species group, studies on human variation
have suggested that recombination exerts a local and direct
influence on diversity, and one study came to the controversial
conclusion that ‘‘there is no need to invoke indirect effects of
natural selection (such as hitchhiking and background selection)
to explain the observed correlations’’ (40). The association we
observe between cross-over rate and divergence is also consis-
tent with mechanistic, rather than selective, hypotheses connect-
ing the two processes. Some lines of evidence support the
hypothesis that meiotic recombination may be mutagenic. Mu-
tation rates are higher in meiosis than mitosis in yeast (41), and

more recent studies demonstrated that misincorporations oc-
curring during DNA synthesis accompanying mitotic recombi-
national repair of double-strand breaks (DSBs) elevate the local
mutation rate by 100-fold relative to S phase replication (42).

Nonetheless, application across species of a ‘‘mutagenic cross-
over’’ hypothesis fails to predict an observation well established
in Drosophila molecular evolutionary genetics: nucleotide se-
quence divergence between D. melanogaster and D. simulans in
regions of severely restricted crossing over is very similar to that
in regions of normal crossing over (see analyses and review in ref.
43). This is also true for divergence between D. pseudoobscura
and D. miranda on the nonrecombining dot chromosome relative
to regions of high recombination (25). In contrast to regions of
heterogeneous cross-over frequencies, characterizing these par-
ticular areas as regions of low recombination is almost certainly
reliable. These observations suggest that a simple mutagenic
cross-over hypothesis for explaining its association to divergence
is wrong in Drosophila, or at least insufficient because regions of
low recombination possess a substantive number of diverged
sites compared with all other genomic regions. Note that this
present work was confined to regions of normal to high recom-
bination; telomeric and centromeric ends were not surveyed.

A minor yet sensible modification may allow a mechanistic
hypothesis to explain the lack of association between cross-over rate
and divergence in the D. melanogaster subgroup and perhaps across
species in general. Cross-overs are initiated by DSBs in DNA. Such
DSBs can be repaired through the formation of a double Holliday
junction that can resolve into a cross-over. That said, alternative
means for repairing DSBs do not result in cross-overs (including
alternate resolutions of double Holliday junctions or the distinct
process of synthesis-dependent strand annealing) and often instead
form gene conversion tracts. In yeast, two recent studies have shown
‘‘substantial DSB activity in pericentromeric regions, in which
cross-over formation is largely absent’’ (44, 45). In D. melanogaster,
several studies have similarly shown evidence for extensive gene
conversion in regions of severely restricted crossing over (46–48),
consistent with DSBs occurring in these regions but being prefer-
entially repaired by non-cross-over means. Also consistent with this
hypothesis, mutations in some genes that drive meiotic cross-over
formation cause significant increases in non-cross-over gene con-
version (49).

We propose a hypothesis that, rather than crossing-over itself
being mutagenic, DNA DSB repair more generally, including
mechanisms resulting in gene conversion or crossing over,
predisposes regions of the genome to higher mutation rates.
Misincorporation during synthesis in multiple kinds of DSB
repair could produce such mutations. The distribution of cross-
overs in Drosophila recombinational linkage maps may correlate
with the distribution of DSBs across much of the genome but fail
to correlate with DSBs in regions where the cross-over rate is
severely reduced, including centromeric regions, the tip of the X
chromosome, and the nonrecombining dot chromosome. This
hypothesis is consistent with the interpretation of early recom-
bination nodules in female meiosis as precursors of both types of
recombination event and the fact that these are as frequent in
regions where crossing over is suppressed as in regions with
normal frequencies of crossing over (50).

However, although this modified mechanistic explanation may
contribute to the association of cross-over rate and nucleotide
diversity within species, particularly in regions of moderate or
high recombination, we emphasize that it cannot explain the
pattern observed in regions of restricted recombination. If this
explanation were sufficient, then regions of severely reduced
cross-over rate but substantial gene conversion would show
normal levels of nucleotide sequence diversity, which they clearly
do not. Hence, selective explanations, such as sweeps of rare
positively selected alleles or background selection against dele-
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terious mutations, must also contribute to the association of
cross-over rate and diversity in regions of low recombination.

We hypothesize a two-phase model for the association of recom-
bination rate to diversity. In regions of very low recombination, the
association may be driven primarily by natural selection. Then, the
residual association in regions of moderate or high recombination
may be primarily mechanistic, perhaps via mutagenic properties of
DSB repair in general. If supported with direct empirical data, this
hypothesis reconciles the results from studies of the D. melanogaster
species group with those from primates and mechanistic studies of
the process of recombination.

This research has generated a detailed linkage map of one
chromosome of D. pseudoobscura and a low-coverage genome
sequence of a new strain, both of which will be useful for other
investigators to test a variety of hypotheses in this model system.
Using these data, we identified a strong correlation within species
between fine-scale cross-over rate and nucleotide diversity, con-
trasting the conclusions of previous studies of the same chromo-
some in this species that used broad-scale cross-over rate. We also
identify a relationship between cross-over rate and sequence dif-
ference between species (at two phylogenetic distances), and based
in part on this result, we posit a hypothesis to explain that rela-
tionship. New empirical data on the genetic architecture of DNA
breakage and repair, the distribution of double-strand breaks, the
association of various nucleotide motifs, and the mechanism of
DNA repair will have a direct bearing on understanding selective
vs. neutral processes on a genome-wide scale.

Materials and Methods
454 Genome Sequencing and Read Processing. The Flagstaff 1993 line of
D. pseudoobscura was selected for sequencing. We isolated total genomic
DNA from 25 adult females by using the PureGene DNA isolation protocol. The
purified DNA was then submitted to 454 Life Sciences for sequencing on a 454
FLX sequencer. 262,225 reads of an average length of 252.0 bp per read were
generated. BLAT version 32 was used to align reads to the published D.
pseudoobscura r2.0 genome assembly. Only reads that aligned uniquely to the
D. pseudoobscura assembly with a BlastZ score of at least 3000 were used. The
confidence of aligned base pairs from each 454 read was first assessed from
Phred-equivalent quality scores generated by the instrument. A minimum
score of 10 was required. Aligned sites were checked for consistency among
multiple reads: quality scores were added if base pairs were the same, whereas
sites were expunged if base pairs did not match. Three flanking base pairs on
either side of each nucleotide were also checked for the presence of gaps. This
reduces the impact of homopolymer tracts that may be artifacts from the
pyrosequencing technology. Finally, each 7-bp window was filtered to have
two or fewer diverged sites by using D. persimilis genome-to-genome align-
ments (see next paragraph). This conservative filtering method (a single
unique genomic hit, a minimal quality score, multiple read consistency, no
flanking gaps, and a minimum divergence within a sliding window) allowed
us to make base calls of reliable quality.

Of the 8,383,880 bp from 454 reads that uniquely aligned to D. pseudoob-
scura chromosome 2 with certainty, 5,735,931 bp could be mapped to a precise
position, resulting in a coverage of 18.6%. After quality filters were applied,
a total of 5,568,486 bp (18.0% coverage) were aligned with confidence.

D. pseudoobscura Genomic Annotations. Sequence annotation such as inter-
genic regions, codon positions 1–3, and intronic regions were derived from
r2.0 D. pseudoobscura annotations from FlyBase (FB2007�04). Only sites that
contain a single ontological type were used.

To search for sequence property correlates of recombination rate, se-
quences were run through RepeatMasker version 3.1.6 by using the ‘‘-qq’’ and
‘‘-species drosophila’’ parameters. Two known recombination hotspot motifs,
CCTCCCT and CCCCACCCC (51), were searched in all sequences by using 1-bp
sliding windows until a match is found. The next sliding window commences
immediately after the identified motif. Statistical significance was evaluated
through resampling following Cirulli et al. (14).

Diverged sites between D. pseudoobscura (r2.0) and D. persimilis (CAF1)
assemblieswere identifiedbyusingthegenome-to-genomealignments fromthe
Mercator/Mavid pipeline (Lio Pachtor’s laboratory, Drosophila AAA wiki site).

Generation of Local Estimates of Recombination Rate. A large F2 backcross was
generated by crossing females from the MV2-25 inbred strain to males from
the Flagstaff 1993 strain and crossing the F1 females to MV2-25 males. All
crosses were carried out at 20°C on standard sugar-yeast-agar medium. Adult
flies were isolated and frozen at �80°C, and their DNA was purified by using
the PureGene DNA isolation protocol. DNAs were plated into 96-well format
and submitted to the Duke IGSP Genotyping Facility for SNP genotyping by
using the illumina BeadXpress Reader system.

Comparing the 454 sequences from Flagstaff 1993 to the published MV2-25
line genome sequence, we also identified a panel of 100-bp sequences with a
single SNP differentiating the two lines. These sequences were used to gen-
erate the genotyping microbeads by illumina. A handful of markers were
excluded because they displayed very strong deviations from expected 50–50
allelic ratios among the backcross progeny indicating either segregating
variation within the lines or some type of failure in design or accuracy. Of the
final set used for genotyping, 49 markers were separated by distances of 130
kb to 1.7 Mb (median 466 kb), and one pair of markers was separated by 9 kb.

Genotypes were provided directly by the genotyping facility, and the
recombination rate was assayed as the number of recombinant segments over
the total number of segments evaluated (same as the number of individuals �
1,294). No correction was made for double cross-overs given our marker
density because we found that cross-overs are not observed within 2 Mb of
each other in D. pseudoobscura (C.L.F. and M.A.F.N., unpublished data),
resulting from cross-over interference.

Sequencing and Analysis of DNA Polymorphisms. We identified seven 500- to
700-bp XL-chromosome noncoding segments within the windows surveyed
for fine-scale cross-over rate heterogeneity (14). Primers were designed, and
patterns of polymorphism and divergence were surveyed by using standard
PCR and bidirectional BigDye cycle sequencing in 10 inbred isofemale lines of
D. pseudoobscura and one inbred line of D. miranda. Sequences were aligned
manually, and polymorphism and divergence statistics were identified by
using DNAsp (52).
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