Conservation of recombination hotspots in yeast
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Meiotic recombination does not occur randomly along a chromo-
some, butinstead tends to be concentrated in small regions, known as
“recombination hotspots.” Recombination hotspots are thought to
be short-lived in evolutionary time due to their self-destructive
nature, as gene conversion favors recombination-suppressing alleles
over recombination-promoting alleles during double-strand repair.
Consistent with this expectation, hotspots in humans are highly
dynamic, with little correspondence in location between humans
and chimpanzees. Here, we identify recombination hotspots in two
lineages of the yeast Saccharomyces paradoxus, and compare their
locations to those found previously in Saccharomyces cerevisiae. Sur-
prisingly, we find considerable overlap between the two species,
despite the fact that they are at least 10 times more divergent than
humans and chimpanzees. We attribute this unexpected result to the
low frequency of sex and outcrossing in these yeasts, acting to reduce
the population genetic effect of biased gene conversion. Traces from
two other signatures of recombination, namely high mutagenicity
and GC-biased gene conversion, are consistent with this interpreta-
tion. Thus, recombination hotspots are not inevitably short-lived, but
rather their persistence through evolutionary time will be determined
by the frequency of outcrossing events in the life cycle.
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eiotic recombination is critical for generating diversity and,

hence, increasing the efficacy of selection. It also has an
important structural role during meiosis, crossovers being necessary
for proper chromosome segregation (1). Meiotic recombination
does not occur uniformly across the genome and, at least in some
species, is predominantly localized in short regions, a few kilobases
long, known as recombination hotspots (reviewed in refs. 2 and 3).
Recombination hotspots are thought to be evolutionarily unstable
because of an inherent self-destructive dynamic. Recombination is
initiated by a double-strand break in one chromosome, which is then
repaired using the homologous chromosome as a template. Alleles
with high recombination-initiation activity are therefore continually
being replaced during their repair by the unbroken, low-activity
homologs (4-7). Consistent with this expectation, comparisons of
hotspot locations in humans and chimpanzees show little or no
conservation of hotspot position (8-10).

The brewer’s yeast Saccharomyces cerevisiae has long been a
model system for studies of recombination, and experimental
studies have identified multiple recombination hotspots throughout
the genome (3, 11-14). To study the conservation of recombination
hotspots in yeast, we have analyzed recombination rates in the wild
yeast Saccharomyces paradoxus. This species has recently emerged
as an ideal model for population genomic studies because of its
phylogenetic proximity to S. cerevisiae and nondomesticated status
(15-17). In this article we identify recombination hotspots from
population genomic analyses of an alignment of nearly complete
chromosome III sequences from 20 strains of S. paradoxus, 12 from
Europe and 8 from Far East Asia (18). The alignment has relatively
few gaps and, hence, is ideal for analyzing recombination. The
European and Far East lineages of S. paradoxus are phylogenetically
independent (i.e., all isolates in one population are more closely
related to each other than to any isolate from the other population),
with about 1% sequence divergence (approximately the same as
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between humans and chimpanzees), and they are about 13%
divergent from S. cerevisiae (19).

Results and Discussion

Identification and Distribution of Recombination Hotspots Along the
Chromosome. The alignment is 287 kb long and there are 464
nonsingleton SNPs in the European population and 232 in the Far
East Asian, giving an average density of one SNP every 0.6 kb in
Europe and 1.2 kb in the Far East (Table S1). For each population
no more than two alternative nucleotides were found at each site.
We estimated the population recombination parameter p between
neighboring pairs of SNPs using the program rhomap (20) (Fig.
1A4). In an idealized population, p is equal to 4Nr(1-F)M, where
N, is the effective population size, r the rate of recombination
between the two SNPs, F the inbreeding coefficient, and M the
frequency of sex (18, 21). Both populations show heterogeneity in
the rate of recombination along the chromosome, particularly the
European population, which also shows higher rates on average.
This difference is not simply because of the smaller sample size in
the Far East population, as it persists when the European pop-
ulation is reduced to eight strains (Fig. S1).

To assess our population-genomic estimates of recombination
rates, we tested whether two well-supported experimental results
from S. cerevisiae are replicated in our dataset. In S. cerevisiae,
rates of recombination are relatively low between the centromere
and mating-type locus, and also higher in intergenic regions con-
taining at least one promoter than in those with none (22, 23). We
confirm both these results in S. paradoxus. Recombination in the
~100-kb region between the centromere (CEN) and the mating
type (MAT) locus is about half that for the rest of the chromosome
(p = 1.9 vs. 4.5 Morgans/kb in Europe and 0.9 vs. 2.0 in the Far
East). In addition, intergenic regions that are 5’ to at least one
of the flanking genes have higher p than those that are 5’ to none
(P =0.004 and P = 0.07 for Europe and Far East) (Table S2). This
correspondence of results gives us confidence that our dataset is
sufficient to detect major features of recombination.

To identify recombination hotspots, we tested for statistically
significant increases in p compared to flanking regions, using the
program sequenceL.Dhot (24). For each 2-kb window (with a 1-kb
offset), the program tests the null hypothesis that p in the window is
equal to p in the flanking 50-kb region (centered on that window).
Six recombination hotspots were found in each population (Fig.
1A and Table 1). They are 2 to 5 kb in length, similar to the 3 kb
average found in S. cerevisiae chromosome III and the 1 to 2 kb
length of human hotspots (3, 12, 25). Exactly the same hotspots are
found if each 2-kb window along the chromosome is tested against
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Fig. 1.

Distribution of recombination on S. paradoxus chromosome llI. (A) The population-recombination parameter p, calculated between consecutive pairs of

SNPs along the chromosome, is shown for the European and Far East populations (the first and last genes in the alignment are VBA3 and HMRA1; SNPs are shown
as dots along the lines). The hotspot regions identified in each population are highlighted in red, and the corresponding regions in the other population in blue
(forvisual clarity, these extend 2 kb on either side). Hotspot numbers correspond to those used in Table 1. Positions of the centromere (CEN) and mating type locus
(MAT) are indicated by arrows. The distribution of haplotype blocks, representing regions with no evidence of recombination, is also shown (black lines) (see
Methods). Haplotype blocks are longer in the Far East population, consistent with the finding of lower recombination rate. (B) The average p for the two
populations of S. paradoxus is plotted and hotspots from the combined analysis shown in red. Diamonds indicate the position of DSB hotspotsin S. cerevisiae (11).
(C) Comparison of hotpsot locations. Vertical red bars show the position of hotspots in S. paradoxus. Diamonds again show the position of DSB hotspots in S.
cerevisiae (11) and horizontal lines show the hotspots identified by Mancera et al. (12) in their “crossover” and “total” analyses.

the flanking 6-kb region. We further evaluated the significance of
these hotspots by calculating the number of hotspots expected by
chance in chromosomes with constant recombination along their
length. Twenty simulated alignments were obtained by evolving
chromosomes of the same length and level of polymorphism as the
original dataset, using the program ms (26). Only an average of
about one such “false” hotspot region was found per simulated
alignment (1.2 and 1.4 for Europe and Far East, respectively). All
hotspots in Europe have likelihood ratios greater than 10, and in
the simulated alignments only 0.2 hotspots per alignment had
likelihood ratios at least that high.

Detecting statistically significant recombination hotspots from
population genomic data are a challenging problem, and even the
best algorithms can have low power (20, 24). This low power
probably accounts in part for the fact that some peaks in the
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rhomap estimates are not identified as statistically significant by
sequenceLDhot (Fig. 14). Nevertheless, one region is identified as
a hotspot in both populations independently (the IMGI-BUD23-
ARE1 hotspot ~9 kb to the right of MAT). Moreover, it is apparent
from Fig. 14 that hotspots in one population correspond to local
peaks of recombination in the other population, even if these are
not identified as statistically significant by sequenceLDhot. For the
10 hotspots that are statistically significant in only one population,
the corresponding regions in the other population have higher p
than their respective 6-kb flanking regions (paired randomization
test,n = 10, P = 0.02). Therefore, to maximize our power to detect
hotpots in S. paradoxus, we performed a combined analysis of the
two populations. Ten of the 11 hotspots found in the separate
analyses of the two populations are also significant in the com-
bined analysis, and no new hotspots were identified (Fig. 1B) (the
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Table 1. Physical locations and parameter estimates for recombination hotspots on chromosome Il of S. paradoxus
Nucleotide diversity

Location* Length (kb)  p (Morgans/kb)' (LR, pmax) 0z (x1,000) 6, (x1,000)  Divergence (x1,000)* %GC
Europe

1. MGR1-PDI1-GLK1-GID7 5 7.3 (20.5, 11.2) 1.1 1.1 9.1 46

2. FUS1-HBN1-FRM2 2 5.8 (11.0, 9.1) 0.3 0.5 4.5 39

3. AGP1-KCC4 3 8.2 (12.8, 10.8) 1.1 1.3 6.0 44

4. NFS1-DCC1 2 4.5 (10.9, 5.4) 1.2 1.3 5.0 43

5. BUD3 2 8.6 (22.1, 15.3) 1.1 1.0 2.0 41

6. YCR045C-IMG1-BUD23-ARE1 5 10.1 (22.1, 25.2) 1.9 1.7 3.4 47

Hotspot average (SE) 7.4 (0.82) 1.1 (0.21) 1.2 (0.16) 5.0 (1.0) 43 (1.2)

Chromosome average (SE)® 3.8 (0.38) 1.2 (0.09) 1.2 (0.08) 5.2 (0.30) 39 (0.4)

Pl 0.89 0.90 0.78 0.004
Far East

1. GBP2-5GF29-ILV6 3 8.9 (6.2, 11.2) 0.7 0.8 8.0 44

2. IMG1-BUD23-ARE1 2 3.8 (6.6, 4.0) 1.1 1.2 3.5 47

3. PWP2-YIH1 2 3.8 (7.2, 4.9) 0.9 1.0 4.0 47

4. SSK22-50L2 3 2.4 (9.8, 2.7) 0.7 0.8 4.4 43

5. TUP1-CSM1-LUGT1-ABP1 3 3.9 (8.3, 4.6) 0.8 0.65 2.0 40

6. YCR90C-KIN82 2 1.8 (5.6, 3.0) 1.1 1.0 9.0 37

Hotspot average (SE) 4.1 (1.02) 0.9 (0.08) 0.9 (0.08) 5.2 (1.12) 43 (1.6)

Chromosome average (SE)* 1.7 (0.18) 0.9 (0.07) 0.9 (0.07) 5.3 (0.29) 39 (0.4)

Pl 0.74 0.59 0.69 0.02
*Genes overlapping each hotspot region are given, with “ — “ indicating intergenes. Numbers correspond to those in Fig. 1A.

TAverage p across the hotspot estimated using rhomap (likelihood ratio from sequenceLDhot, maximum p in the hotspot).

*Divergence of the composite European or Far East sequence from the common ancestor, calculated using Saccharomyces cariocanus as an outgroup (16).
SChromosome averages and SEs calculated from 56 nonoverlapping 5-kb windows.

Tp values are for differences between hotspot and chromosomal averages; Wilcoxon rank-sum tests.

expected false-positive rate in the combined data is 0.9 hotspots
per alignment).

Conservation of Recombination Hotspots. To test whether recom-
bination hotspots are conserved between S. paradoxus and S. cer-
evisiae, we compared our hotspots to those identified in two recent
experimental studies of S. cerevisiae. The first study is an analysis of
double-strand breaks (DSBs) formed during meiosis, in which 17
hotspots were identified on chromosome III that had DSB rates
more than 8-fold greater than background (11). Eight of these are
in regions homologous to the hotspots we identified in the com-
bined S. paradoxus dataset (Fig. 1 B and C). As our hotspots occupy
only 11.2% of the chromosome, the probability of such overlap
under the null hypothesis of random placement is (from the
binomial distribution) P = 0.00024. In addition, five more of the
hotspots identified by Buhler et al. (11) correspond to local peaks
in recombination in S. paradoxus that did not reach statistical
significance in our analyses (Fig. 1B, hotspots a, j, k, 1, and n).
The distribution of meiotic DSBs along a chromosome may not
be identical to the distribution of crossovers, as breaks can be
repaired without crossing over, for example, using the sister chro-
matid as a template for repair, or using the homologous chromo-
some without crossing over (27). Therefore we have also compared
our data to the results of an analysis of 51 meioses in S. cerevisiae that
identified five crossover hotspots on chromosome III (12). Three of
these hotspots overlap hotspots in S. paradoxus (i.e., the middle of
the smaller region is contained within the larger region) (Fig. 1C).
To test if this much overlap would be expected by chance, we
randomized hotspot locations separately in each of the two species,
and for each randomization recorded the number of overlaps. In
only 2% of randomizations were three or more overlaps observed.
Mancera et al. (12) also identified five additional hotspots when
combining both crossover and noncrossover data, and two of these
overlap with another S. paradoxus hotspot (Fig. 1C). Overall, 4 of
the 10 hotspots found in S. paradoxus overlap hotspots in S. cer-
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Fig. 2. Correlation between GC content and the population recombination
parameter p (Morgans/kb) for Europe and Far East; points are values measured
in nonoverlapping 5-kb windows. The correlations are significant in both
populations (Kendall’s t: 0.30, P = 0.001 for both Europe and Far East). Open
points give the values for the 11 hotspot regions in the two populations.
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evisiae, and 5 of the 10 hotspots in S. cerevisiae overlap those in
S. paradoxus.

All three studies identify the same region as the hottest hotspot,
corresponding to the well-known ARE1 (YCRO048R) hotspot region
(23,28, 29) (hotspot 7 in Fig. 1B), suggesting there may be similarities
between species in both location and intensity of recombination
hotspots. These similarities are found despite the fact that com-
pletely different methodologies were used in the two species (pop-
ulation genomic vs. experimental). For those hotspots found in only
one of the two species, it is not clear if this is because of real differ-
ences in the location of hotspots or to low power in the analyses.

Thus, the distribution of hotspots in S. cerevisiae and S. paradoxus
appears to be much more similar than that between humans and
chimpanzees, despite the fact that the yeasts are more than 10-times
more divergent at the sequence level. These similarities between yeast
species are most parsimoniously explained by conservation from the
common ancestor, although we cannot formally exclude the possi-
bility of recurrent hotspot evolution at the same sites because of
limited availability of alternative sites for hotspots in a smaller
genome. This relatively high conservation presumably reflects a
slower rate of hotspot loss by gene conversion. We attribute this
difference to the low frequency of sex and outcrossing in yeast. At the
population level, the change in gene frequencies due to biased gene
conversion, and hence the rate of deterioration of a particular hot-
spot, will be proportional to the frequency of sex and the level of het-
erozygosity (5). Previous work has indicated that S. paradoxus in na-
ture goes through meiosis only once every 1,000 generations, and only
1% of matings are outcrossed (15, 18). The effect of gene conversion
will therefore be reduced by a factor of 10° relative to that in an oth-
erwise comparable obligately outcrossed species. Hotspots may also
be maintained if the hotspot sequence is functionally relevant for a
reason other than recombination, and it is likely that a smaller frac-

tion of the yeast genome is selectively neutral than in the human
genome [upper bounds of ~35% and ~88%, respectively (18, 30)].
The low frequency of sex and outcrossing in natural populations
means that features of recombination that are observed in the labo-
ratory (e.g., a conversion bias in favor of recombination-suppressing
alleles) may have relatively small evolutionary effects. We now ana-
lyze two other laboratory-observed features of recombination, and
estimate the magnitude of their effects on yeast genome evolution.

Recombination and Mutation Rate. Recombinational repair of DSBs
in mitotic cells is associated with a 100-fold increase in the mutation
rate (31). Assuming that meiotic recombination shows an equivalent
increase in mutation rate—for which there is some evidence (32)—
and if sex is common, one might expect increased sequence diver-
gence at recombination hotspots. However, S. paradoxus hotspots
are neither more diverse nor more divergent than the chromosome
average (Table 1). In addition, there is no correlation between rates
of recombination and either levels of polymorphism or rates of diver-
gence across 5-kb segments of the chromosome (Fig. S2). The lack of
positive association between recombination rates and divergence
(also reported by ref. 32) is fully consistent with recombination being
rare, as the mutational effect of recombination will be swamped by
the mutations occurring in the intervening asexual generations. For
example, in S. cerevisiae the hottest hotspot recombines in about 25%
of meioses (12). If sex occurs only once every 1,000 generations, then
its average mutation rate over the whole life cycle is only 100 x 0.25 x
1/1,000 = 2.5% higher than a region that never recombines, too small
a difference to be detected. Again, if hotspots tend to be in more
functionally constrained regions of the genome, this could also con-
tribute to the lack of association with increased divergence.

Recombination and Base Composition. Experiments have shown
that biased gene conversion in S. cerevisiae not only favors recombi-
nation-suppressing alleles, but also, independently, G and C nucleo-

Table 2. Rates of nucleotide substitution in ancestral GC or AT sites during the differentiation
of European or Far East sequences from their common ancestor

Ps P
Ancestral site No. Sites Change I* Change II' un* GCtoAT = ATtoGC  (u/v)H=(u/v)NH
Europe
Whole chromosome
GC 109,040 613 79 1.53 0.67
AT 171,193 629 98
Hotspot regions
GC 8,345 58 8 2.15 0.016 <0.001
AT 10,537 34 3
Nonhot regions
GC 100,695 555 71 1.49 0.25
AT 160,656 595 95
Far East
Whole chromosome
GC 109,040 652 70 1.64 0.47
AT 171,193 625 93
Hotspot regions
GC 6,353 45 4 2.42 0.023 <0.001
AT 8,535 25 2
Nonhot regions
GC 102,687 607 66 1.6 0.86
AT 162,658 600 91

*Total number of GC to AT or AT to GC changes.
"Total number of GC to CG or AT to TA changes.

*u = (number of GC to AT changes)/(total ancestral GC sites) and v = (number of AT to GC changes)/(total
ancestral AT sites); all ratios are significantly different from 1, P < 0.001.
SProbability that absolute numbers of GC to AT changes are equal to numbers of AT to GC changes (from Change |

column); binomial sign tests.

IProbability that u/v in hotspots is equal to u/v in nonhot regions.
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tides over A and T (12, 33). This bias occurs as a result of the mis-
match-repair system acting on heteroduplex DNA formed during
meiosis converting AT nucleotides into GC nucleotides. This repair
bias may in turn have evolved to counteract the AT-bias in mutation
(34). Recombination hotspots in S. cerevisiae have higher GC content
than the rest of the genome (23), a result also found in S. paradoxus
(43 vs. 39%, for both Europe and Far East, P = 0.004 and 0.02,
respectively) (Table 1), and there is a highly significant positive cor-
relation between p and GC content across nonoverlapping 5-kb
segments of the genome (n = 56 windows; Kendall’s z: 0.30, P =
0.001, in both populations) (Fig. 2). Correlations between recombi-
nation rate and GC content can be explained by biased gene con-
version in favor of Gs and Cs, or by high GC content promoting
recombination (35). Similar correlations have previously been found
in humans (36). However, if we consider only the substitutions that
have occurred since the common ancestor of the European and Far
East lineages, and are therefore recent, hotspots show a pronounced
bias in the opposite direction, toward increased AT content (Table 2).
The absolute number of AT to GC changes in hotspots is about 40%
lower than the number of GC to AT changes. By contrast, the num-
bers of changes in the nonhot regions are about equal, indicating that
GC content is at equilibrium.

These results are consistent with biased gene conversion
having had a significant effect some time in the evolutionary past,
allowing recombination hotspots to build up a high GC content,
and then, more recently, a reduction in the force of biased gene
conversion, such as would be expected if the frequency of sex and
outcrossing had subsequently decreased in these lineages. The
reduced sex and outcrossing would have relaxed the GC pressure
due to gene conversion, resulting in a rebound toward higher AT
content. Nonhot regions, which did not have an elevated GC
content due to biased gene conversion, would not be affected by
the change in mating system, and not show a rebound. Hotspots
show a higher rate of GC to AT changes (relative to AT to GC
changes) than nonhot regions (Table 2), as expected when only
some nucleotide sites are free to change and others are func-
tionally constrained. The correlation between recombination and
GC content is then a holdover from an ancestral condition in
which outcrossing was more frequent than it is now.

Population genetic calculations confirm that biased gene con-
version for GC nucleotides should currently be a weak force. In S.
cerevisiae, when a site that is heterozygous for GC vs. AT is involved
in a recombination event, on average, the GC nucleotide is trans-
mitted to 50.6% of the spores, compared with the Mendelian 50%
(12). If a hotspot recombines in 25% of meioses, and the frequency of
outcrossing is 10~ per cell division, then the selection coefficient in
favor of GC nucleotides will be s = (2(0.506)—1)(0.25)(107°) = 3 x
1078 (s = 0 for unbiased transmission) (5). This value is less than the
reciprocal of the effective population size of S. paradoxus (N.~10)
(18), and therefore biased gene conversion is not expected to sig-
nificantly affect GC composition.

Conclusions

Our analyses demonstrate that multiple recombination hotspots
along the third chromosome are conserved between S. paradoxus
and S. cerevisiae, despite the considerable divergence of the DNA
sequences involved. The finding of hotspot conservation in yeast
contradicts the expectation of hotspot self-destruction because of
biased gene conversion. It is also unexpected in view of the tran-
sient, highly dynamic hotspots observed in humans (9, 10, 37). This
conservation indicates a relatively slow rate of hotspot loss in S.
paradoxus compared with overall sequence divergence, which we
attribute to the rarity of outcrossed sexual events in the life cycle of
yeast, perhaps combined with the genome being under greater
functional constraint. A low frequency of sex in natural pop-
ulations can also explain the absence of a correlation between
hotspots and either divergence or diversity, as the mutagenic effect
of recombination is swamped by the mutations that occur in the
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intervening asexual generations. The analysis of recombination
and base composition is consistent with low frequencies of sex and
outcrossing in recent times, but also points to an ancient ancestor
that was more sexual, in which a correlation developed between
hotspots and GC content that is currently disappearing.

Thus, genome sequences may contain imprints of the mating
system as it existed millions of years ago. If our interpretation is
correct, then the current locations of recombination hotspots trace
back to this more sexual ancestor: perhaps, we speculate, to an
ancestor that existed before the evolution of mating-type switching
allowed increased rates of inbreeding (38). Surveys of recombi-
nation rates and base composition in more divergent yeasts could
test this prediction.

Methods

Rates of Recombination and Hotspot Identification. The population recombi-
nation rate p was calculated for consecutive pairs of SNPs using a coalescent-
based method implemented in the program rhomap of the package LDhat [ver
2.1 (20)]. We excluded singleton SNPs (on the grounds that they are unin-
formative in estimating rates of recombination), and SNPs for which any strain
had missing data. We ran rhomap with 1,100,000 iterations, the first 10% of
which were discarded as burn-in; after the burn-in, samples were taken every
100th iteration. Recombination hotspots were identified using sequenceLDhot
(24); regions with a likelihood ratio >5.41 were considered significant (P < 0.01),
as has been used previously for humans (39). Log-likelihoods from the two
populations were summed for the combined analysis and compared to a critical
value of 7.29 (P < 0.01). The program PHASE v2.1 was used to estimate back-
ground recombination rates (40), with settings x10 and —k999, as recommended
in the manual and accompanying documentation.

Haplotype Blocks. In addition to the analysis of rates of recombination, we also
searched for regions along the chromosome with no evidence of recombina-
tion (haplotype blocks), using custom Perl scripts. For this search, we used a
modification of the four gametestest: given apair of biallelicSNPs (e.g., two A/C
polymorphisms), a recombination event would have had to have taken place if
allfour possible combinations (e.g., AA, AC, CA, CC) of alleles at the twossites are
observed among the different strains in the population. Haplotype blocks are
regions with consecutive polymorphic sites where only a maximum of three of
the above combinations are observed for all pairwise combinations of these
sites; a haplotype block becomes interrupted when the next polymorphic site
(in either direction) is incompatible (i.e., contains all four combinations of
alleles) with any of the sites already included in that block. Note that haplotype
blocks defined in this way can overlap. There are 110 such haplotype blocks
in the European population, averaging 2.2 kb in length, with 5.4 SNPs per
block (Fig. 1 and Table S1), the longest block being 9.6 kb. In the Far East
population, we found fewer and longer blocks, implying less recombination.

Nucleotide Diversity and Base Composition. Nucleotide diversity (0, and 6;)
was calculated using Variscan (41), including only sites that have data for at
least four strains in each population (i.e., option numnuc = 4). To analyze
divergence or GC content, a composite sequence for each of the two pop-
ulations was constructed by choosing a random valid nucleotide (A, T, C, or
G) from all strains within each population and for every site in the align-
ment. To determine whether changes occurred in the European or Far East
lineages, we used Saccharomyces cariocanus as an outgroup (18).

Correlates of Recombination. To test for correlates of recombination along the
chromosome, the alignment was divided into nonoverlapping 5-kb windows.
Conventional P values from analyses using data from consecutive windows
can be misleadingly low if both variables are autocorrelated (i.e., neigh-
boring windows are more similar than distant windows) (42, 43). We cal-
culated the first order autocorrelation coefficient (r) for each of our
variables, using the acf function of R (Table S3) (www.r-project.org). There is
significant autocorrelation among the 5-kb windows in recombination rates,
but not in any of the other variables.
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