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Abstract

Recent studies have consistently inferred high rates of adaptive molecular
evolution between Drosophila species. At the same time, the Drosophila genome
evolves under different rates of recombination, which results in partial genetic
linkage between alleles at neighboring genomic loci. Here we analyze how
linkage correlations affect adaptive evolution. We develop a new inference
method for adaptation that takes into account the effect on an allele at a focal site
caused by neighboring deleterious alleles (background selection) and by
neighboring adaptive substitutions (hitchhiking). Using complete genome
sequence data and fine-scale recombination maps, we infer a highly
heterogeneous scenario of adaptation in Drosophila. In high-recombining
regions, about 50% of all amino acid substitutions are adaptive, together with
about 20% of all substitutions in proximal intergenic regions. In low-
recombining regions, only a small fraction of the amino acid substitutions are
adaptive, while hitchhiking accounts for the majority of these changes.
Hitchhiking of deleterious alleles generates a substantial collateral cost of
adaptation, leading to a fitness decline of about 30/2N per gene and per million
years in the lowest-recombining regions. Our results show how recombination
shapes rate and efficacy of the adaptive dynamics in eukaryotic genomes.

Author Summary

Because recombination takes place at a limited rate, alleles at neighboring sites
in a genome can remain genetically linked over evolutionary periods. In this
paper, we show that evolutionary forces generated by genetic linkage have
drastic consequences for the adaptive dynamics in low-recombining parts of the
Drosophila genome. Our study is based on a new method to analyze allele
frequencies that is applicable to genome data at both high and low rates of
recombination. We show that genes in low-recombining regions of the
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Drosophila genome incur a substantial cost of adaptation, because deleterious
alleles get fixed more frequently than under high recombination. This cost
reduces rate and power of the adaptive process. Our results suggest that the
Drosophila genome has evolved to minimize this cost by placing genes under
high adaptive pressure in high-recombining regions.

Introduction

Genetic linkage imposes evolutionary correlations between neighboring genomic
loci. Two particular effects are well known: adaptive mutations induce genetic
hitchhiking of linked neutral and weakly selected variants [1-12], and
deleterious mutations cause background selection on linked sites[13-20]. Both
effects reduce sequence diversity, but in different ways. Background selection
caused by strongly deleterious mutations leads to an unbiased removal of
genetic diversity, which can be described by a reduced effective population
size[17,18]. Genetic hitchhiking in selective sweeps affects common variants in a
stronger way than rare variants and, hence, distorts the shape of the allele
frequency spectrum [3,10,21-23]. Both effects depend on the rate of
recombination, and are expected to be strong evolutionary forces in low-
recombining regions of the Drosophila genome.

In this paper, we integrate hitchhiking and background selection into a new
method to infer rates and the genomic distribution of adaptation under (partial)
genetic linkage. Our model is based on diffusion theory [24,25]. Its key new
variable is the effective rate of linked selective sweeps, which governs the
hitchhiking rate of neutral and weakly selected polymorphisms and can be
estimated directly from sequence data. We model linked recurrent sweeps as a
Poisson process, which is often implicit in other approaches [8,10,26,27]. Our
method exploits the entire allele frequency spectrum, rather than the level of
diversity alone.

In Drosophila melanogaster, studying linkage effects has a long history. These
studies are motivated by a strong correlation between the recombination rate
and observed levels of diversity [28-30], which has been attributed to
background selection and hitchhiking [31-36]. Our integrated inference of
hitchhiking, background selection and adaptive evolution uses data from the
Drosophila melanogaster genetic reference panel (DGRP) [29], which consists of
168 complete genome sequences from inbred lines sampled in North Carolina,
USA. We also use the recently published high-resolution recombination map by
Comeron and coworkers [30] to analyze polymorphism spectra as a function of
the recombination rate.

We show that linkage correlations affect the adaptive process of the Drosophila
genome in two ways. Background selection explains the broad reduction of
genetic diversity with decreasing recombination rate, which is consistent with
previous findings [28-30]. In addition, the low-recombining regions (which
account for 21% of autosomal sequence) are marked by strongly linked selective
sweeps that generate substantial hitchhiking and distort allele frequency
spectra. Our integrated inference method leads to estimates of adaptive rates
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also in these low-recombining regions, which had to be excluded from most
previous studies due to the confounding effects of linkage[24,26,37,38]. We find
a sharp drop in the rate of adaptation, compared to high-recombining regions. In
addition, we estimate rate and effect of deleterious fixations due to hitchhiking,
which quantify the cost of adaptation imposed by genetic linkage.

Results

Probabilistic evolution of neutral sequence under genetic hitchhiking and
background selection

Figure 1 illustrates the evolutionary models used for our analysis. The full model
of linked adaptation describes the evolution of a focal genomic site, which is
coupled by background selection to neighboring deleterious variants and by
hitchhiking to neighboring beneficial variants sweeping through the population
(Figure 1a). We describe both types of linkage interactions by summary
parameters, which enter an effective single-site model for the focal genomic
position. Specifically, background selection caused by deleterious mutations
reduces the genetic diversity at the focal site but leaves the shape of the allele
frequency spectrum invariant; this effect can be described by a reduction in
effective population size [13,17]. Hitchhiking in selective sweeps reduces the
diversity and changes the allele frequency spectrum. We capture the effects of
hitchhiking by an effective rate of linked selective sweeps. This parameter
measures sweeps that are close enough to the focal site to affect its alleles by
hitchhiking. Together, our full model has four parameters: the scaled mutation
rate 6, the scaled divergence time 7, the scaled effective population size 4, and
the effective rate of linked sweeps, v (Materials and Methods and Supplementary
Text). To quantify the importance of both kinds of linkage interactions in
different parts of the Drosophila genome, we compare our inference from the full
linked adaptation model to results from two partial models. First, the
background selection model retains the coupling of the focal site with
neighboring deleterious variants but neglects hitchhiking (Figure 1b). This
model has the three independent parameters 8,7, A and the constraintv = 0.
Second, the unlinked adaptation model assumes that recombination is strong
enough to annihilate all evolutionary effects of genetic linkage (Figure 1c). This
model has the two independent parameters 6, T and the constraintv =0, 1 =1.

For all three models, we derive analytic probability distributions for the allele
frequencies at the focal site (Supplementary Text). These frequency spectra
distinguish the full linked adaptation model from the background selection
model and the unlinked adaptation model, which is similar to the model
introduced by Mustonen and Lassig [24] (Figure 1d). Specifically, a positive rate
of linked sweeps, v, removes common variants relative to rare variants, which is
correctly captured by our model. A qualitatively similar depletion of the
frequency spectrum was observed in rapidly evolving populations involving
multiple segregating beneficial mutations [23]. The three models also have
distinct effects on summary statistics of allele frequencies such as the diversity
and Tajima’s D, which measures the relative abundance of intermediate-
frequency polymorphisms compared to low- and high-frequency variants [39].
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The background selection model lowers diversity, but leaves Tajima’s D
invariant. In contrast, the full linked adaptation model lowers diversity and
generates negative values for Tajima’s D, indicating a depletion of common
variants (Figure 1e).

Our approach to model background selection as a simple reduction of the
effective population size is valid if linked deleterious mutations are under
sufficiently strong negative selection. For background selection caused by
weakly deleterious mutations, it has been shown that the effect on the spectrum
is more complicated than a simple reduction in effective population size
[13,14,19,20]. For the data set of this study, our simple model captures the
dominant effect of background selection, which is an unbiased removal of
diversity with decreasing recombination.

Using the analytical probability distributions shown in Figure 1d, we develop an
inference framework to estimate the effective parameters 6, 4 and v and various
other evolutionary characteristics under the different models. As data input for
this inference, we use divergence data between D. melanogaster and D. simulans,
together with outgroup-directed allele frequency distributions in the D.
melanogaster population (these spectra count the number of alleles that are
different from the corresponding allele in the outgroup species D. simulans). To
test our inference framework, we use the linked adaptation model to simulate
allele frequency data for varying values of v. Our inference recovers all three
parameters 6, 4 and v with good accuracy (Figure 1d and Supplementary Figure
2). For later purposes, we also test whether we can infer directional selection on
the focal site itself (Supplementary Figure S2a-c), with similarly accurate results.

Quantifying linkage effects from synonymous sites in Drosophila

We study the autosomal genome sequences of 168 inbred lines of Drosophila
melanogaster, published in the Drosophila melanogaster Genetic Reference Panel
(DGRP)[29]. We use the Drosophila simulans reference genome to orient allele
frequencies of segregating sites and to determine fixed differences. We first
consider all synonymous sites, binned according to the local recombination rate
(see Material and Methods and Supplementary Table S1). Summary statistics of
this binning clearly show a strong dependency on the recombination rate (Figure
2). First, we observe a moderate increase in the rate of divergence from
Drosophila simulans (Figure 2a) with decreasing recombination rate. Second, the
diversity decreases sharply by about a factor of 8 as the recombination rate
decreases, which has been reported before [28,29] (Figure 2b). Finally, for low
recombination, the allele frequency spectrum deviates from the standard
spectrum. This can be seen in the growing difference between two estimators of
neutral diversity (Figure 2b) and further quantified by Tajima’s D [39], which
drops below -1.0 for zero recombining regions (Figure 2c¢). While a drop in
diversity alone can be explained by background selection from linked deleterious
mutations alone, a drop in Tajima’s D is in this case best explained by hitchhiking
with linked beneficial mutations.

To quantify further the change in the allele frequency data with the
recombination rate, we apply our probabilistic model to each recombination bin


https://doi.org/10.1101/008680
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/008680; this version posted September 2, 2014. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

Schiffels, Lassig and Mustonen 5

separately, estimating the population size 4, the mutation rate 6 and the effective
rate of linked driversv. We report maximum likelihood estimates for these
parameters for all recombination bins (Figure 3a-c). With decreasing
recombination rate we observe clines in the parameters, which mirror the clines
in the summary statistics (Figure 2). First, the mutation rate increases mildly
with decreasing recombination rate, which matches the observed increasing
divergence. This is very similar for the background selection model and the
linked adaptation model, with slightly higher estimates from the former (Figure
3a). Reflecting the strong drop in diversity (Figure 2b), we estimate a drop in
effective population size for both models (Figure 3b), with a higher population
size in the linked adaptation model (4 = 0.25 versusA = 0.17), because it
explains part of the reduction in polymorphisms by hitchhiking. Finally, the
linked adaptation model estimates substantial levels of the rate of linked sweeps
(v~10) for recombination rates below about 0.4 cM/Mb (0.4 x 10~8 crossovers
per nucleotide per generation) (Figure 3c). This rate of linked sweeps means that
every site in this region is linked to about one sweep per 80,000 years (assuming
an effective haploid population size of N, = 4 X 10° [40], see Supplementary
Text), which is 10 times higher than the time needed for neutral variants to fix by
drift.

The strong dependency of our parameter estimates on the recombination bin is
clearly visible in the allele frequency spectra (Figure 3d). First, for the bin with
highest recombination, the unlinked adaptation model (gray curve) fits the data
very well, consistent with no strong linkage effects in that bin. The spectrum
from the lowest recombination bin has a reduced level of polymorphisms, which
is well explained by the drop in effective population size, captured by both the
background selection and the linked adaptation model. However, this spectrum
also exhibits a substantial V-shaped deviation from the background selection
model prediction (blue curve), which is well captured by the linked adaptation
model (red curve). The difference between the two models is also reflected in the
log-likelihood score (Supplementary Figure S6), which is much larger for the
linked adaptation model in regions of recombination rates below 0.4 cM/Mb.

We note that our model does not contain demographic effects, such as
bottlenecks, which have been used previously to explain the synonymous site
frequency spectrum in Drosophila [41]. Indeed, demographic effects on the site
frequency spectrum are negligible for this data set, given the good fits of the
simple unlinked adaptation model to highly recombining sites. This does not rule
out that demography affects other observables, in particular haplotype structure
(see also the Discussion below). We also tested whether the deviations from the
neutral spectrum in low recombining regions could be caused by directional
selection on synonymous sites. We find that in order to explain the depletion of
intermediate frequency polymorphisms by selection, unrealistically high
selection coefficients on synonymous sites are necessary (Supplementary Figure
S3), clearly inconsistent with previous observations [42].

Mixed selection model for nonsynonymous and non-coding sites
We use a mixed model for polymorphism spectra and divergence in non-
synonymous and non-coding annotation categories that consists of four
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components (Supplementary Text): neutral sites, weakly or moderately selected
sites that contribute to rare variants, sites with adaptive substitutions (seen as
fixed differences between the two species), and conserved sites under purifying
selection. The component of weakly selected sites is similar to the neutral
component with one additional scaled parameter ¢, which denotes the selection
coefficient (Supplementary Text and Supplementary Figure S2d). Together with
the three neutral parameters, the full mixed model has 7 parameters: three
weights to parameterize the contributions of the four components (the fourth is
set by normalization), the scaled selection coefficient g, and the three neutral
parameters 6, A and v introduced above. We estimate these parameters in a
hierarchical way: First, we fit the neutral parameters @, 4 and v based on the
synonymous sites in each bin, as already presented above. Second, we obtain
maximum likelihood estimates of the other four parameters, keeping the neutral
parameters fixed. To assess the impact of hitchhiking in particular, we compare
our estimates of this full model to a background selection mixed model, with the
constraint v = 0, and an unlinked mixed model, withA = 1,v = 0.

We divide the genome into four further broad annotation categories beyond
synonymous sites: Intergenic regions, Introns, untranslated regions in exons
(UTR) and nonsynonymous sites (see Material and Methods). For each
annotation category we bin all sites according to the same recombination rate
bins as for synonymous sites and then perform the conditional model
estimations as described above for each bin separately. Figure 4 shows the allele
frequency spectrum and the model predictions for the first and the last
recombination bin for each annotation category, divided by the background
selection model spectrum as estimated from synonymous sites. This serves to
highlight the distortions from the standard spectrum: In both high and low
recombination, we see an overall reduced diversity due to selection, and for low
recombination we additionally see a relative enrichment of rare variants and
depletion of common variants. As can be seen, for high recombination (upper
plots), the unlinked mixed model fits the data well, consistent with the results
from synonymous sites. For low recombination (lower plots), the background
selection mixed model is a poor explanation for the data, which clearly exhibits
the V-shaped distortion observed previously. Here, the linked adaptation mixed
model fits are substantially better. This is satisfying because the background
selection mixed model and full mixed models have the same number of free
parameters (four), since 8, A and v are fixed from synonymous sites, so their
performance is directly comparable.

All model parameter estimates with bootstrap error estimates are summarized
in Supplementary Table S2. We find that the linked adaptation mixed model
performs substantially better than the background selection mixed model for
recombination values below 0.4 cM/Mb, with about 16,000 units of log
likelihood difference for the lowest four recombination bins in total, which is
highly significant (see Supplementary Figure S6).

The evolutionary cause of fixed differences
Because our full mixed model allows estimation of neutral, weakly selected and
adaptive fractions of sites, we can specifically estimate how these fractions
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contribute to fixed differences between the two species. These estimates are
shown in summary for the full mixed model in Figure 5a (see Supplementary
Figure S5a for a split into annotation categories and estimates from the
background selection mixed model), using a more coarse-grained binning for
clarity (Methods). As can be seen, below 0.4 cM/Mb most mutations are
hitchhiking with selective sweeps (dark blue). This includes neutral and weakly
selected variants that have reached some frequency by drift and have then been
picked up by a linked sweep. Overall, the fraction of adaptive substitutions is
between 10% and 20%. Figure 5b and Supplementary Figures S5b show how
this fraction of adaptive substitutions is distributed across recombination values
and annotation classes. We find that in high recombining regions, between 44%
and 59% of nonsynonymous substitutions are adaptive, confirming previous
observations in Drosophila [24,29]. The second highest fraction of adaptive
substitutions in highly recombining regions is seen in proximal intergenic
regions (20%-25%) and in UTR (15%-20%), consistent with adaptively evolving
regulatory regions in the untranslated parts of exons. In intergenic regions
further away from genes and in Introns, we observe only low fractions of
adaptive substitutions (around and below 15%). When we look at low-
recombining regions, substitutions in nonsynonymous, UTR and proximal
intergenic sequence have only a small adaptive component. In the arguably less
functional categories like distal intergenics and introns, we see a more erratic
pattern with an actual increase up to 30% of adaptive substitutions in zero
recombining regions (Supplementary Figure S5b). While this signal may indicate
increased non-coding adaptation in low recombining regions, it may also be
caused by technical artifacts. In particular, alignment errors between D. simulans
and D. melanogaster in non-coding sequence can cause increased rates of
sequence mismatches between the two species and generate a spurious signal of
adaptation.

Overall, we observe a consistently smaller fraction of adaptive substitutions for
low recombination with the full linked adaptation mixed model than with the
background selection mixed model (Supplementary Figure S5a). This is expected
since the former provides a much better fit to the neutral component (Figure 3d)
than the latter, which allows the full mixed model to explain a larger portion of
the spectrum using neutral sites. Only the excess of substitutions not explained
by neutral substitutions are interpreted as being adaptive.

We compared our estimates of the fraction of adaptive substitutions with the
generalized McDonald-Kreitman (MK) test [43], which can be corrected for the
presence of weakly selected sites [29,37]. As shown in Supplementary Figure S4,
this method is much more conservative than ours, in particular in low
recombining regions, where the MK estimate for the adaptive fraction is
estimated to be zero for all annotation categories. This is consistent with an
observation made by Messer and Petrov [44], and it highlights the importance of
explicitly using the allele frequency spectrum to estimate parameters such as the
adaptive fraction of substitutions. The only case for which the test and our
method agree quantitatively are nonsynonymous substitutions in high
recombining regions, which is the case the test was originally developed for [43].
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Fitness Flux and the selective effect of adaptive substitutions

Fitness flux measures the speed of adaptation; according to the fitness flux
theorem, fitness flux is generically positive [45]. In an adaptive process driven by
the substitution of beneficial mutations, the fitness flux is simply the product of
the substitution rate and the average selection coefficient of these changes
[24,45]. In our model, we do not directly infer a selection coefficient of adaptive
mutations, because any such direct inference would have a high degree of
uncertainty. However, we can derive an upper bound on the strength of
adaptation from its hitchhiking effects on synonymous changes. As shown in
Supplementary Text, the fitness flux ® is simply related to the rate v of linked
sweeps and the recombination rate r,

b=Cvr

with a proportionality constant C that is greater than but of order one. Since our
method cannot infer arbitrarily low levels of hitchhiking (in fact we findv = 0
for most recombination bins), we set v = 1 as a detection threshold and use the
above equation to estimate an upper bound on the fitness flux based on that
threshold. For nonsynonymous sites, Figure 5c¢ shows this upper bound across
the genome, except for zero-recombining regions (the lowest bin). Most
estimates are between 10 and 100 in units of u/2N, per site, which is consistent
with previous estimates in Drosophila [24,46]. We then use this upper bound on
the fitness flux together with the inferred rate of adaptive nonsynonymous
substitutions to estimate an upper bound on their selection coefficient
(Supplementary Text). We find that in the part of the genome with the lower
50% of recombination rates, this upper bound on the selection coefficient is
about s, <1x 107*, and about five times higher in regions with higher
recombination, i.e.s, <5 X 107*. Previous work in Drosophila has led to
estimates across four orders of magnitude, s, = 107° [38], s, = 107* [24],
s, = 1073 [27,47], ands, = 1072 [26] (see also [40] for a partial summary),
some of which exceed our estimated upper bound by a factor 100.

The cost of adaptation in low-recombining regions

We can use our model to estimate the cost of adaptation imposed by genetic
linkage. This cost is given by a negative component of the fitness flux, ®_, which
is the product of the rate of deleterious substitutions, which mainly fix via
hitchhiking, and their average selection coefficient, which is negative
(Supplementary Text). Figure 5¢ shows an estimate of the resulting hitchhiking
flux ®_ for nonsynonymous sites in different recombination bins. In the lowest-
recombining regions of the Drosophila genome, we find that ®_ reaches values of
about 1.6 u/2N, per sequence site, or about 30/2N, per million years per gene
(Supplementary Text). This cost reaches about 5% of the upper bound on the
total fitness flux in the second-lowest recombination bin (Figure 5c).

A related cost measure is the contribution of deleterious hitchhiking to genetic
load [48-52]. Our mixed model predicts the stationary probability of any site to
be fixed in a low-fitness allele (Supplementary Text). Multiplying this probability
with the single-site selection coefficient, we obtain a genetic load of about
40/2N, per gene. This load measures the fitness cost of placing an average gene
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into a region of low recombination; its evolutionary interpretation is discussed
below.

Discussion

In this study, we have developed an analytic model for adaptive evolution under
partial genetic linkage. This model maps the complex process of correlated
multi-site evolution onto an effective single-site process with three evolutionary
forces: positive selection causing primary adaptation, genetic draft inducing
hitchhiking, and background selection constraining diversity and divergence.
Despite its simplicity, our model explains allele frequency data across different
recombination classes of the Drosophila genome with remarkable accuracy
(Figures 3d and 4). Because our inference method does not use haplotypes, it can
be applied to bulk sequencing data, which extends its possible range of
applications.

Consistent with previous studies, we infer high rates of adaptive evolution in
high-recombining sequence of the Drosophila genome: about 50% of the
nonsynonymous substitutions in coding sequence, and 20% of the substitutions
in UTR and in proximal intergenic sequence are adaptive. We obtain upper
bounds for the resulting speed of adaptation, which is measured by a fitness flux
of order 100 u/2N, per sequence site, and for the average selection coefficient of
adaptive changes, which is of order 10-% These bounds follow from a simple
argument: adaptive processes with higher total fitness flux would distort the
frequency spectrum of synonymous polymorphisms, which we do not observe in
the high-recombining regions spanning 80% of the Drosophila genome. This
argument constrains the average speed of adaptation by hard selective sweeps,
which lead to substitutions of the beneficial allele and drive the long-term
adaptive divergence between species. It does not exclude individual selective
sweeps with far higher selection coefficients. It also does not constrain soft and
partial sweeps, which involve beneficial alleles arising on diverse genetic
backgrounds or alleles with a conditional selective advantage [53]. These sweeps
leave a weaker trace in the synonymous frequency spectrum that hard sweeps.
Soft sweeps have been inferred by haplotype-based genomic scans for
adaptation in several systems including Drosophila [54].

Remarkably, the allele frequency spectra of the North Carolina flies lack a clear
footprint of the population’s recent demography. About 80% of synonymous
sites in the autosomal genome show a textbook neutral spectrum with constant
effective population size. The spectrum in the 20% lowest-recombining
sequence sites is depleted of common variants, but we attribute this
recombination class-specific signal to hitchhiking rather than to recent changes
of population size. We emphasize that our analysis is based on site frequency
spectra, so this result does not rule out demography being visible in some other
(e.g, haplotype-based) observables. In other systems, for example in humans,
demographic effects are more prevalent in the allele frequency data, and our
method will have to be extended to distinguish them from signals of adaptation
and of linkage correlations. Similarly, we can extend our method to account for a
variable density of functional elements, say gene content. This is expected to
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generate heterogeneous amounts of adaptation, hitchhiking, and background
selection within one recombination class.

The most striking result of this study is a strong quantitative relation between
the amount of adaptation and linkage correlations in the Drosophila genome,
which is summarized in Figure 5. The fraction of adaptive amino acid
substitutions drops from about 50% in high-recombining regions to small values
in the 20% lowest-recombining sites; a similar drop is observed in UTR and
proximal intergenic regions. The majority of substitutions in all of these
sequence classes can be accounted for by hitchhiking. We also have shown that
hitchhiking imposes a substantial cost on adaptation, which is measured by a
negative fitness flux component ®_ of about 30/2N, per million years per gene
and a genetic load of about40/2N, per gene. Together, we obtain a complex
picture of adaptation in low-recombining regions: linkage interactions reduce
rate and power of primary selective sweeps by hitchhiking. In a continual
adaptive process, the fitness cost of hitchhiking is compensated by a cascade of
secondary adaptive changes at the hitchhiking sites. This complexity of the
genomic dynamics of adaptation is a generic consequence of linkage interactions,
which become a strong evolutionary force under low recombination [55-58]. We
have shown that the interplay of adaptation and linkage interactions already
generates strong effects in Drosophila, a species with overall high recombination
rates. These effects are expected to be even stronger in other species with lower
recombination rates that result, for example, from alternating sexual and asexual
reproductive modes. The salient point about Drosophila is that recombination
rates and, hence, the strength of linkage correlations vary strongly within its
genome, with a broad decrease from central to distal parts of the chromosomes
[30]. Thus, our findings may suggest that the distribution of genes in the
Drosophila genome results, in part, from an adaptive minimization of the cost of
adaptation: genes under high adaptive pressure are predominantly placed in
high-recombining genomic regions. In this way, the interplay of adaptation and
genetic linkage can shape the large-scale genome architecture.

Material and Methods

Genomic Data

We downloaded the complete genome sequences of 168 lines from the
Drosophila Melanogaster Reference Panel (DGRP) from the DGRP website
(http://dgrp.gnets.ncsu.edu) as fasta files. We downloaded the reference
sequence from Drosophila simulans, aligned to the reference sequence of
Drosophila melanogaster. We computed outgroup directed allele frequencies at
all sites at which a) there is a valid Drosophila simulans allele, b) atleast 150
lines of the DGRP sequences have a called allele (see Supplementary Table S1).
To simplify downstream analysis, we normalized all sites to 150 called alleles.
Specifically, if m = 150 alleles are called, and k of those are different from the
simulans allele, we computed the normalized outgroup directed allele frequency
(allele count) as
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m 2

Sequence Annotation
We downloaded gene annotations from flybase [59] and defined annotation
categories as follows:
e INTERGENIC FAR: Intergenic regions that are at least 5kb away from
genes
e INTERGENIC MEDIUM: Intergenic regions within 5kb distance to the next
gene, but further away than 500bp
INTERGENIC NEAR: Intergenic sites within 500bp of a gene
INTRON: Introns on protein-coding genes
UTR: untranslated regions on the exons
SYNONYMOUS: protein-coding sites on the reference at which none of the
three possible point mutation changes the encoded amino acid
e NONSYNONYMOUS: protein-coding sites on the reference at which any of
the three possible point mutations changes the encoded amino acid.

In some figures we joined the intergenic categories where appropriate. Most
genes have multiple associated transcripts due to alternative splicing. We chose
the transcript corresponding to the longest encoded protein coding sequence for
each gene and annotated introns, UTRs, synonymous and nonsynonymous sites
according to this one transcript. See Supplementary Table S1 for the number of
sites in a given annotation category on the different chromosomes.

Recombination Rate Binning

Recombination maps were obtained from Comeron et al. [30] through their
website http://www.recombinome.com, defined as mean rates within 100kb
windows. We used the recombination map to annotate every site in the
Drosophila genome. We then used only sites in the SYNONYMOUS annotation
category on the autosomal chromosomes (2L, 2R, 3L and 3R) and defined
quantile boundaries on this set. Specifically, we sorted all recombination rate
values of this set of sites and determined recombination rate boundaries by
dividing the data setinto 21 equally large subsets of values. We then used these
quantile boundaries to bin all sites (not just those in category SYNONYMOUS)
into bins according to their local recombination rate. Here are the quantile
boundaries used in this study for autosomal data (in cM/Mb): 0.0, 0.069, 0.217,
0.415, 0.44, 0.821, 1.055, 1.29, 1.415, 1.592, 1.741, 1.938, 2.169, 2.354, 2.612,
2.838,3.156,3.461, 3.796, 4.244, 5.395, Infinity. For figure 5, we used a more
coarse binning, merging bins [0], [1, 2], [3, 4, 5], [6, 7, 8, 9], [10, 11, 12, 13, 14, 15,
16] and [17, 18, 19, 20].

For plotting purpose only, we show allele frequency spectra with averaged
number of counts in neighboring allele frequencies. Specifically, of the 151 allele
frequency values (incl. 0 and 150), we average values in groups of 2 from
frequency 10 through frequency 11, and in groups of 3 from frequency 12
through 44 and from frequency 120 through 149. We average values in groups of
5 from frequency 45 through 119.
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Summary of model parameter estimation
In the Supplementary Text we derive the allele frequency distribution for several
basic models, which all derive from the full probability P(k; m,t,8,0,v,A)
to observe in m samples of the ingroup species k alleles which differ from some
outgroup. The parameters are the scaled time to the common ancestor of the two
species T = t/2N,, the scaled mutation rate 8 = 2N,u, the scaled selection
coefficient 0 = 2N,s, the scaled rate of linked selective sweeps v = 2N,V and
the scaled effective population size A = N/N;. The basic models are:
Pyniinkea (k;m, 7,0) = P(k;m,7,6,0,0,1),
Pges(k;m,t,0,A) = P(k;m,7,6,0,0,A),
Pinkea(k;m,1,0,v,A) = P(k;m,7,6,0,v,A),
P.lection(k; m,7,0,0,A) = P(k;m,1,0,0,0,7).
These models are used to estimate parameters based on synonymous sites only.
To model other annotation categories, we introduce mixed models with the
following components:
e Aneutral component with fraction c,,, modeled by one of P,jinked, Prgs OT
Plinked'
e A weakly selected component with fraction c¢,,, which is modeled by the
most general model P, but with a constrainto > 1.
e A fraction of adaptive substitutions with fraction c,.
e Afraction of additional conserved sites with fractionc, = (1 —¢,, — ¢, —
Ca)-
Taking the linked adaptation model as the neutral model, the full mixed model is:
Plinked mixed (k, m,t,0,0,v,A, Cns Cws Ca)
= CpPinkea(k;m, 7,0,A) + ¢, P(k;m, 7,0,0,V,A) + ¢;6,,m + €Ok 0
Similar mixed models are defined using the background selection or the unlinked
adaptation model as neutral component, with accordingly fewer neutral
parameters.

To estimate parameters, we consider a data set of outgroup-directed allele
frequencies with a fixed sample size m. We denote the number of sites with allele
frequency k by n;,. The total log-likelihood of the data given parameters 0 is
then:
m
L({rim, 8) = ) mylog (P(k;m, 0))
k=0
where P is a placeholder for the appropriate model, and @ denotes the set of
model parameters. Parameter estimates are obtained by maximization of the log-
Likelihood:

0 = argmax L({ny; m, 0).
®

As detailed in Supplementary Text, we do not simultaneously estimate all 7
parameters of the mixed model, but use a hierarchical approach, first estimating
the neutral parameters from synonymous sites only.

Bootstrapping

We use bootstrapping to obtain error estimates for all parameters and derived
estimates (i.e. fractions of substitutions and genetic load). Each bootstrap sample
is generated from the frequency count data in a given bin, by resampling all
frequency counts with replacement from the original counts. We obtain a
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standard error estimate for each parameter by taking the standard deviation of
that parameter across 20 bootstrap samples.

Simulations

We simulated the background selection and linked adaptation models using a
Monte Carlo method. In the standard simulation, a population with N = 1000
individuals is simulated at a single site with two alleles. Mutations occur
randomly with rate u. Each generation is sampled with replacement from the
previous generation. We introduce selection by assigning a modified sampling
weight p = exp (s), where s is the selection coefficient. Linked selective sweeps
occur with rate V. For each sweep we choose a linked allele with a probability
equal to its frequency x. A sweep instantaneously fixes that allele, setting x = 1.

For a single sample, we start with an equilibrated allele frequency as ancestral
value (obtained by simulating a single site for 2/u generations) and then
simulate two separate populations for t generations, starting with the ancestral
allele frequency. We sample a single outgroup allele and 20 ingroup alleles from
the two evolved populations, respectively. The result is a single outgroup-
directed allele frequency k, obtained by counting the number of ingroup alleles
that are different from the outgroup. We simulate 40,000 independent samples
before testing parameter inference based on the resulting spectrum.

Implementation
The implementation of the inference method is available under
https://github.com/stschiff/hfit.

Acknowledgements

This work was funded by Wellcome Trust grant 098051. We would like to thank
P.W. Messer for comments on an earlier version of the manuscript.

References

1. Smith JM, Haigh ] (1974) The hitch-hiking effect of a favourable gene.
Genet Res 23: 23-35.

2. Wiehe TH, Stephan W (1993) Analysis of a genetic hitchhiking model, and
its application to DNA polymorphism data from Drosophila melanogaster.
Mol Biol Evol 10: 842-854.

3. Braverman JM, Hudson RR, Kaplan NL, Langley CH, Stephan W (1995) The
hitchhiking effect on the site frequency spectrum of DNA polymorphisms.
Genetics 140: 783-796.

4, Fay JC, Wu C-1 (2000) Hitchhiking under positive Darwinian selection.
Genetics 155: 1405-1413.

5. Barton NH (2000) Genetic hitchhiking. Philos Trans R Soc Lond, B, Biol Sci


https://doi.org/10.1101/008680
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/008680; this version posted September 2, 2014. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

under aCC-BY 4.0 International license.

Schiffels, Lassig and Mustonen 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

355:1553-1562. d0i:10.1098/rstb.2000.0716.

Gillespie JH (2000) Genetic drift in an infinite population. The
pseudohitchhiking model. Genetics 155: 909-919.

Kim Y, Stephan W (2000) Joint effects of genetic hitchhiking and
background selection on neutral variation. Genetics 155: 1415-1427.

Gillespie JH (2001) Is the population size of a species relevant to its
evolution? Evolution 55: 2161-2169.

Innan H, Stephan W (2003) Distinguishing the hitchhiking and background
selection models. Genetics 165: 2307-2312.

Kim Y (2006) Allele frequency distribution under recurrent selective
sweeps. Genetics 172: 1967-1978. doi:10.1534/genetics.105.048447.

Schiffels S, Szollosi G, Mustonen V, Lassig M (2011) Emergent Neutrality in
Adaptive Asexual Evolution. Genetics. doi:10.1534 /genetics.111.132027.

Neher RA, Shraiman BI (2011) Genetic draft and quasi-neutrality in large
facultatively sexual populations. Genetics 188: 975-996.
doi:10.1534 /genetics.111.128876.

Charlesworth B, Morgan MT, Charlesworth D (1993) The effect of
deleterious mutations on neutral molecular variation. Genetics 134: 1289-
1303.

Nicolaisen LE, Desai MM (2012) Distortions in genealogies due to
purifying selection. Mol Biol Evol 29: 3589-3600.
doi:10.1093 /molbev/mss170.

Charlesworth B (2012) The Effects of Deleterious Mutations on Evolution
at Linked Sites. Genetics 190: 5-22. doi:10.1534 /genetics.111.134288.

Charlesworth D, Charlesworth B, Morgan MT (1995) The pattern of
neutral molecular variation under the background selection model.
Genetics 141: 1619-1632.

Charlesworth B (1994) The effect of background selection against
deleterious mutations on weakly selected, linked variants. Genet Res 63:
213-227.

Deleterious background selection with recombination. (1995) Deleterious
background selection with recombination. Genetics 141: 1605-1617.

Walczak AM, Nicolaisen LE, Plotkin JB, Desai MM (2012) The structure of
genealogies in the presence of purifying selection: a fitness-class
coalescent. Genetics 190: 753-779. d0i:10.1534 /genetics.111.134544.

Good BH, Walczak AM, Neher RA, Desai MM (2014) Genetic diversity in the


https://doi.org/10.1101/008680
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/008680; this version posted September 2, 2014. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

under aCC-BY 4.0 International license.

Schiffels, Lassig and Mustonen 15

21.

22.

23.

24,

25.

26.

27.

28.

20.

30.

31.

32.

33.

interference selection limit. PLoS Genet 10: e1004222.
doi:10.1371/journal.pgen.1004222.

Neher RA, Kessinger TA, Shraiman BI (2013) Coalescence and genetic
diversity in sexual populations under selection. PNAS 110: 15836-15841.
doi:10.1073/pnas.1309697110.

Desai MM, Walczak AM, Fisher DS (2013) Genetic diversity and the
structure of genealogies in rapidly adapting populations. Genetics 193:
565-585. d0i:10.1534 /genetics.112.147157.

Neher RA, Hallatschek O (2013) Genealogies of rapidly adapting
populations. PNAS 110: 437-442. do0i:10.1073/pnas.1213113110.

Mustonen V, Lassig M (2007) Adaptations to fluctuating selection in
Drosophila. PNAS 104: 2277-2282. doi:10.1073 /pnas.0607105104.

Sawyer SA, Hartl DL (1992) Population genetics of polymorphism and
divergence. Genetics 132: 1161-1176.

Macpherson JM, Sella G, Davis JC, Petrov DA (2007) Genomewide spatial
correspondence between nonsynonymous divergence and neutral

polymorphism reveals extensive adaptation in Drosophila. Genetics 177:
2083-2099. d0i:10.1534 /genetics.107.080226.

Sattath S, Elyashiv E, Kolodny O, Rinott Y, Sella G (2011) Pervasive
adaptive protein evolution apparent in diversity patterns around amino
acid substitutions in Drosophila simulans. PLoS Genet 7: e1001302.
doi:10.1371/journal.pgen.1001302.

Begun DJ, Aquadro CF (1992) Levels of naturally occurring DNA
polymorphism correlate with recombination rates in D. melanogaster.
Nature 356: 519-520. do0i:10.1038/356519a0.

Mackay TFC, Richards S, Stone EA, Barbadilla A, Ayroles JF, et al. (2012)
The Drosophila melanogaster Genetic Reference Panel. Nature 482: 173-
178. d0i:10.1038/nature10811.

Comeron JM, Ratnappan R, Bailin S (2012) The many landscapes of
recombination in Drosophila melanogaster. PLoS Genet 8: e1002905.
doi:10.1371/journal.pgen.1002905.

Hudson RR (1994) How can the low levels of DNA sequence variation in
regions of the drosophila genome with low recombination rates be
explained? PNAS 91: 6815-6818.

Andolfatto P (2001) Adaptive hitchhiking effects on genome variability.
Curr Opin Genet Dev 11: 635-641.

Stephan W, Xing L, Kirby DA, Braverman JM (1998) A test of the
background selection hypothesis based on nucleotide data from


https://doi.org/10.1101/008680
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/008680; this version posted September 2, 2014. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

under aCC-BY 4.0 International license.

Schiffels, Lassig and Mustonen 16

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Drosophila ananassae. PNAS 95: 5649-5654.

Charlesworth B (1996) Background selection and patterns of genetic
diversity in Drosophila melanogaster. Genet Res 68: 131-149.

Lee YCG, Langley CH, Begun DJ (2013) Differential Strengths of Positive
Selection Revealed by Hitchhiking Effects at Small Physical Scales in

Drosophila melanogaster. Mol Biol Evol: mst270.
doi:10.1093/molbev/mst270.

Campos JL, Halligan DL, Haddrill PR, Charlesworth B (2014) The Relation
between Recombination Rate and Patterns of Molecular Evolution and
Variation in Drosophila melanogaster. Mol Biol Evol: msu056.
doi:10.1093/molbev/msu056.

Andolfatto P (2005) Adaptive evolution of non-coding DNA in Drosophila.
Nature 437: 1149-1152. doi:10.1038/nature04107.

Andolfatto P (2007) Hitchhiking effects of recurrent beneficial amino acid

substitutions in the Drosophila melanogaster genome. Genome Res 17:
1755-1762.doi:10.1101/gr.6691007.

Tajima F (1989) Statistical method for testing the neutral mutation
hypothesis by DNA polymorphism. Genetics 123: 585-595.

Sella G, Petrov DA, Przeworski M, Andolfatto P (2009) Pervasive natural
selection in the Drosophila genome? PLoS Genet 5: e1000495.
doi:10.1371/journal.pgen.1000495.

Stephan W, Li H (2007) The recent demographic and adaptive history of
Drosophila melanogaster. Heredity 98: 65-68.
doi:10.1038/sj.hdy.6800901.

Comeron JM, Kreitman M, Aguadé M (1999) Natural selection on

synonymous sites is correlated with gene length and recombination in
Drosophila. Genetics 151: 239-249.

McDonald JH, Kreitman M (1991) Adaptive protein evolution at the Adh
locus in Drosophila. Nature 351: 652-654. doi:10.1038/351652a0.

Messer PW, Petrov DA (2013) Frequent adaptation and the McDonald-
Kreitman test. PNAS 110: 8615-8620. doi:10.1073 /pnas.1220835110.

Mustonen V, Lassig M (2010) Fitness flux and ubiquity of adaptive
evolution. PNAS 107: 4248-4253. do0i:10.1073/pnas.0907953107.

Mustonen V, Lissig M (2009) From fitness landscapes to seascapes: non-
equilibrium dynamics of selection and adaptation. Trends in Genetics 25:
111-119. doi:10.1016/j.tig.2009.01.002.

Li H, Stephan W (2006) Inferring the demographic history and rate of


https://doi.org/10.1101/008680
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/008680; this version posted September 2, 2014. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

Schiffels, Lassig and Mustonen 17

adaptive substitution in Drosophila. PLoS Genet 2: e166.
doi:10.1371/journal.pgen.0020166.

48. Haldane] (1937) The effect of variation of fitness. The American Naturalist
71: 337-349.

49. Muller H (1950) Our load of mutations. Am ] Hum Genet 2: 111-176.
50. Haldane] (1957) The cost of natural selection. Journal of Genetics.

51. Nourmohammad A, Schiffels S, Lissig M (2013) Evolution of molecular
phenotypes under stabilizing selection. ] Stat Mech 2013: P01012.
doi:10.1088/1742-5468/2013/01/P01012.

52. Held T, Nourmohammad A, Lassig M (2014) Adaptive evolution of
molecular phenotypes. arXiv q-bio.PE.

53. Hermisson J, Pennings PS (2005) Soft sweeps: molecular population
genetics of adaptation from standing genetic variation. Genetics 169:
2335-2352. doi:10.1534 /genetics.104.036947.

54. Messer PW, Petrov DA (2013) Population genomics of rapid adaptation by
soft selective sweeps. Trends Ecol Evol (Amst) 28: 659-669.
doi:10.1016/j.tree.2013.08.003.

55. Gerrish PJ, Lenski RE (1998) The fate of competing beneficial mutations in
an asexual population. Genetica 102-103: 127-144.

56. Desai MM, Fisher DS (2007) Beneficial mutation selection balance and the
effect of linkage on positive selection. Genetics 176: 1759-1798.
doi:10.1534/genetics.106.067678.

57. Neher RA, Shraiman BI (2009) Competition between recombination and
epistasis can cause a transition from allele to genotype selection. PNAS
106: 6866-6871. d0i:10.1073/pnas.0812560106.

58.  Schiffels S (2011) Adaptive Evolution in Linked Genomes University of
Cologne.

59. St Pierre SE, Ponting L, Stefancsik R, McQuilton P, FlyBase Consortium
(2014) FlyBase 102--advanced approaches to interrogating FlyBase.
Nucleic Acids Res 42: D780-D788. doi:10.1093 /nar/gkt1092.


https://doi.org/10.1101/008680
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/008680; this version posted September 2, 2014. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

Schiffels, Lassig and Mustonen 18

Figures

Figure 1: Models of adaptation under linkage

(a) Linked adaptation model: The evolution of a neutral or weakly selected focal
site (black) involves linkage-generated interactions with neighboring beneficial
mutations (red) and deleterious mutations (blue). We describe these
interactions by two effective model components: deleterious mutations lower
the effective population size via background selection (1 < 1), beneficial
mutations generate an effective rate of linked sweeps (v > 0.) We compare this
model with two partial models: (b) Background selection model: We include
linkage interactions only with neighboring deleterious mutations and disregard
hitchhiking (i.e., v = 0.) (c) Unlinked adaptation model: In this single-site model,
the focal site evolves independently of its genomic neighborhood (i.e,,

A =1,v = 0.) (d) Frequency distribution of single-nucleotide polymorphisms at
the focal site for the linked adaptation model (red), the background selection
model (blue), and the unlinked adaptation model (gray). Analytical spectra
given by our model are compared to simulations for a Wright-Fisher population
(see Material and Methods). (e) Linkage effects on the polymorphism spectrum
can be observed in the sequence diversity, , and in Tajimas D, which measures
the depletion of intermediate-frequency polymorphisms.
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Figure 2: Summary statistics of synonymous sites

This figure shows summary statistics of the polymorphism and divergence data
from synonymous sites in Drosophila, as a function of the recombination rate.
The divergence (a) stays roughly constant, with a mild increase with decreasing
recombination rate. The diversity (b) drops sharply as the recombination rate
goes to zero, which is seen in both standard estimators 85 and 6,; (see
Supplementary Text). c) Tajima’s D, a measure of the distortion of the allele
frequency spectrum, is the normalized difference between the two standard
estimators in (b). It becomes substantially negative for decreasing
recombination, indicating hitchhiking.
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Figure 3: Neutral model parameters from synonymous sites

This figure shows the estimated model parameters for the linked adaptation and
the background selection model from synonymous sites. Error bars are obtained
by bootstrapping from the data, as detailed in Methods. With decreasing
recombination rate, the mutation rate (a) increases, and the effective population
size (b) decreases, but less so for the linked adaptation model (red). The effective
rate of linked sweeps (c) increases sharply in regions of p < 0.4cM/Mb. (d)
Synonymous sites allele frequency spectra in low and high recombining regions
in Drosophila melanogaster differ substantially: High recombining regions
(empty circles), very closely match the expected neutral allele frequency
spectrum without linkage (gray line). In low recombining regions (filled circles),
the linked models (blue and red) both capture the decrease in the level of
polymorphisms, but only the linked adaptation model (red) also captures the
observed distortion. In (d) data points are averaged over neighboring frequency
values for plotting purpose only (see Methods).
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Figure 4: Nonsynonymous and Noncoding model fits

Shown are the site frequency spectra for all non-synonymous and non-coding
annotation categories, divided by the best neutral unlinked model on
synonymous sites (see Figure 3d). The upper plots show data and model fit for
the highest recombination bin in all annotation categories. The lower plot shows
data and fits for the lowest recombination bin, for which rare variants are
relatively more frequent than common variants, due to hitchhiking, as correctly
captured by our linked adaptation mixed model. Data points are averaged over
multiple counts for plotting purpose only (Methods).
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Figure 5: Sequence divergence statistics

This figure shows how fixed differences between D. melanogaster and D.
simulans are distributed in different sequence annotation classes and for
different recombination rates . (a) Overall numbers of substitutions. In high-
recombining regions (with recombination rates > 0.4 cM/Mb), most
substitutions are caused by genetic drift or are adaptive, while hitchhiking is
negligible. In low-recombining regions (with recombination rates < 0.4 cM/Mb),
hitchhiking influences most substitutions. We also observe an increase of
adaptive substitutions in intergenic regions (see text). (b) Fraction of adaptive
substitutions in different annotation classes. In nonsynonymous, UTR, and
proximal intergenic sequence, this fraction decreases with decreasing
recombination rate (cf. Figure S5 b for other annotation classes). (c) Fitness flux.
Total fitness flux (upper bound, see text) and negative (hitchhiking) component
in coding sequence. These estimates indicate that the overall speed of adaptation
decreases, while the cost of adaptation increases with decreasing recombination
rate (see text). For clarity, In (b) and (c) we show zero valued data points with a
small positive offset.
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