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Abstract

Experimental evolution affords the opportunity to investigate adaptation to stressful environments. Studies combining
experimental evolution with whole-genome resequencing have provided insight into the dynamics of adaptation and a
new tool to uncover genes associated with polygenic traits. Here, we selected for starvation resistance in populations of
Drosophila melanogaster for over 80 generations. In response, the starvation-selected lines developed an obese condition,
storing nearly twice the level of total lipids than their unselected controls. Although these fats provide a ~3-fold increase
in starvation resistance, the imbalance in lipid homeostasis incurs evolutionary cost. Some of these tradeoffs resemble
obesity-associated pathologies in mammals including metabolic depression, low activity levels, dilated cardiomyopathy,
and disrupted sleeping patterns. To determine the genetic basis of these traits, we resequenced genomic DNA from the
selected lines and their controls. We found 1,046,373 polymorphic sites, many of which diverged between selection
treatments. In addition, we found a wide range of genetic heterogeneity between the replicates of the selected lines,
suggesting multiple mechanisms of adaptation. Genome-wide heterozygosity was low in the selected populations, with
many large blocks of SNPs nearing fixation. We found candidate loci under selection by using an algorithm to control for
the effects of genetic drift. These loci were mapped to a set of 382 genes, which associated with many processes including
nutrient response, catabolic metabolism, and lipid droplet function. The results of our study speak to the evolutionary
origins of obesity and provide new targets to understand the polygenic nature of obesity in a unique model system.

Key words: obesity, evolve and resequence, Drosophila melanogaster, starvation selection, experimental evolution,
metabolism.

in work with Drosophila, where researchers have analyzed
whole-genome data sets for a variety of selected traits includ-
ing hypoxia tolerance (Zhou et al. 2011), longevity (Remolina
etal. 2012), courtship song (via interpulse interval; Turner and
Miller 2012), body size (Turner et al. 2011), desiccation resis-
tance (Kang et al. 2016), development time (Burke et al.
2010), temperature tolerance (Orozco-terWengel et al.
2012) and resistance to both the parasitoid Asobara tabida

Introduction

Natural selection drives populations to adapt to a wide vari-
ety of stressors which are dynamic across evolutionary time.
Investigating the mechanistic basis of these adaptations has
fundamentally transformed modern science and medicine
(Hodgkin and Huxley 1952; Chien et al. 1976; Krebs and
Johnson 1980). A complementary approach to studying
uniquely adapted organisms in nature is to simulate evolution

in the laboratory, where investigators mimic selective pres-
sures an organism may face in the wild with highly controlled,
replicated designs (Bennett 2003). Traditionally, experimental
evolution has been a powerful tool in testing theories of
evolution and understanding the physiological basis of adap-
tation to novel environments (Garland and Rose 2009;
Kawecki et al. 2012).

Recently, experimental evolution has been elevated by the
increased accessibility of next-generation sequencing, which
has provided insight into the genetic basis of adaptation on a
genome-wide level. The “Evolve and Resequence” (E&R,
Turner et al. 2011) strategy has been frequently implemented

(Jalvingh et al. 2014), and the Drosophila C virus (Martins et al.
2014). While future improvements in experimental design
promise to increase the power to detect adaptive loci
(Baldwin-Brown et al. 2014; Kofler and Schlotterer 2014;
Kessner and Novembre 2015), studies of existing selected
Drosophila populations have done a great deal to describe
the genomic topography of laboratory-selected phenotypes.
They provide evidence that adaptation is driven by standing
genetic variation (Burke et al. 2010), and they also find evi-
dence for multiple temporal trajectories for alleles under se-
lection (Orozco-terWengel et al. 2012; but see Burke and Long
2012). Regions of the genome that change in frequency
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following laboratory selection may harbor adaptive polymor-
phisms; genes at or near these candidate alleles have been
associated with selected traits (Burke et al. 2010; Turner et al.
2011; Zhou et al. 2011; Orozco-terWengel et al. 2012;
Remolina et al. 2012; Turner and Miller 2012; Jalvingh et al.
2014; Martins et al. 2014; Kang et al. 2016). Consigning cau-
sality to candidate loci remains challenging as linkage disequi-
librium may increase in experimentally evolved populations
of Drosophila (Teotdnio et al. 2009; Franssen et al. 2015).
While this may inflate the number of loci detected under
selection, Drosophila are a genetically tractable model, which
allows for functional analysis to discriminate causal variants.
For instance, candidates can be tested using high-throughput
screens, with tools such as the GAL4-UAS system, RNA-
interference lines and CRISPR, used to modify spatiotemporal
gene expression. There have been many E&R studies in other
species (reviewed in: Kawecki et al. 2012; Long et al. 2015),
however, Drosophila is particularly well suited for evolution
experiments due to its reasonably short generation times, low
maintenance costs, and genetic tractability. In addition, the
relative genetic similarity between flies and mammals pro-
vides promise for translational impact (Reiter et al. 2001).

Here, we performed an E&R study on populations of
Drosophila melanogaster that were selected for starvation
resistance for 83 generations. In response to this selection
regime, the starvation-selected lines have evolved an obese
condition, storing nearly two times the levels of total lipids as
compared with their unselected controls (Reynolds 2013;
Masek et al. 2014; Hardy et al. 2015; fig. 1A). They metabolize
these fats when starved, allowing them to live ~11-14 days
without food which is 3—4 times longer than the unselected
control populations. Obesity in these populations is largely
driven by a developmental delay during the third larval instar
(Reynolds 2013). This delay provides time for the selected
lines to acquire excess nutrients, which are synthesized into
lipids as nutrient deprivation during this window has been
shown to reduce whole body triglycerides to control levels in
adult flies (Masek et al. 2014; Hardy et al. 2015). The selected
populations are also adapted to maintain high fat stores as
adults, presenting with high whole body triglyceride levels at 4
and 11days post-eclosion despite consuming fewer overall
calories (Masek et al. 2014, Hardy et al. 2015). The
starvation-selected populations are genetically programmed
to store and retain fat, which comes with many evolutionary
costs. The tradeoffs associated with disrupted lipid homeo-
stasis range from depressed metabolic rate accompanied by
low activity levels and poor flight performance to low fecun-
dity, dilated cardiomyopathy and excess sleep (Brewer 2013;
Reynolds 2013; Masek et al. 2014; Hardy et al. 2015). Many of
these phenotypes are reminiscent of other Drosophila models
of obesity (Birse et al. 2010; Na et al. 2013) and are also char-
acteristic of metabolic disorder in mammals.

To understand the genetic basis for these complex pheno-
types we sequenced pooled genomic DNA from replicate
populations of both the starvation-selected and unselected
lines. We found many polymorphisms at dissimilar frequen-
cies between the replicate populations of selected lines, which

correlated with phenotypic differences in starvation resis-
tance. Genome-wide levels of heterozygosity showed strong
signatures of selection, with many large regions of the genome
approaching fixation, which were fairly inconsistent across
selected replicates. Despite heterogeneity among replicate
populations, the differences in allele frequencies between se-
lective treatments were much higher. To look for conserved
mechanisms of adaptation in response to selection, we de-
veloped an algorithm to filter polymorphisms that were more
likely to be divergent due to genetic drift. After filtering, we
mapped the remaining loci to a set of 382 genes which were
conserved across replicate populations. We found enrich-
ment for genes involved in many biological processes, includ-
ing nutrient response, catabolic metabolism and lipid droplet
function. From an evolutionary perspective, our study is con-
sistent with the thrifty gene hypothesis (TGH), an evolution-
ary theory of obesity in which alleles that increase nutrient
storage and dampen utilization are selected for during peri-
ods of famine (Neel 1962). Here, we provide a list of such
candidate genes, which can be functionally validated and
used as targets for future research.

Results

Genetic Heterogeneity between the Replicates of the
Starvation-Selected Populations Correlates with
Differences in Starvation Resistance

After the 83rd generation of starvation selection we rese-
quenced genomic DNA from pools of 100 females for each
of the 3 starvation-selected populations (hereafter “S” pop-
ulations, subscript “A—C") and their three unselected fed
controls (hereafter “F” populations, subscript “A-C”; see
Materials and Methods for detailed evolutionary history; out-
lined in fig. 1B). The raw sequence reads were mapped and
filtered for quality control, resulting in a set of 1,046,373 poly-
morphisms across all 6 populations (Fa_c, Sa-c see Materials
and Methods). We performed a principal component analysis
(PCA) to visualize the relationships between populations with
respect to reference allele frequency. The first three compo-
nents explained 88.0% of the variation in allele frequency
between  populations  (supplementary  table  S1,
Supplementary Material online). The F populations clustered
tightly together, separated from the S populations, suggesting
an overall effect of selection on allele frequency (fig. 2A-C).
However, the S populations appeared more variable, with the
Sa replicate clustering independently from the Sz and Sc
populations. We quantified the observed PCA trends by cal-
culating the Pearson product-moment correlation coefficient
(r) with respect to reference allele frequency between all six
populations in a pairwise manner (fig. 2D, supplementary fig.
S1A and B, Supplementary Material online). Correlations in
allele frequencies between the F and S populations were rel-
atively low (r = 0.45-0.54, lower left quadrant, fig. 2D) com-
pared with correlations within F replicate populations
(r=0.71-0.82, upper left quadrant, fig. 2D), consistent with
a strong effect from the selection treatment. We also found
relatively low correlation of allele frequencies between the
selected replicate populations (r=0.45-0.71, lower right
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Fic. 1. Selection regime, phylogeny and evolutionary history of the selected

populations. (A) Each generation the starvation-selected populations

Sa—c were starved until 80-90% had died. The survivors were used as founders for the subsequent generation. At the same time the fed control
populations Fa_c were handled in parallel and fed ad libitum. The visible differences between Fa_c and Sa_c as 4-5-day-old adults demonstrate
some of the evolved characteristics. (B) Detailed phylogeny and evolutionary history of the starvation-selected lines. Axis to the right displays the
number of generations and year. Black lines represent the starvation-selection experiment studied here. To date, the starvation-selection exper-

iment has been running for over 100 generations; however, sequence data

quadrant, fig. 2D), compared with intra-population correla-
tions in the F populations (r = 0.71-0.82). This was largely
due to poor correlation of the S, population with the other S
populations (SaxSg, ¥ = 0.45; SAX S, r = 0.45) while Sg and
Sc maintained higher relative correlation (r = 0.71). All corre-
lations were statistically significant with Bonferroni adjusted
P-values  <20x10°'®  (supplementary  fig.  S1B,
Supplementary Material online).

Next we wanted to test if genetic variation between the S
populations correlated with differences at the organismal
level. To do this we measured starvation resistance in the S
populations. On average, S females survived starvation for
3446 * 4.7 h, a 25.8-29.4% increase in duration over Sz and
Sc females (Sg: 2663 + 42 h, P < 2.0x 10 '% S 2740 = 4.7 h,

52

were collected at generation 83.

P <20x10" "% fig. 3A). Similarly, S, males survived an aver-
age of 283.7 =39h of starvation, 20.5-31.6% longer than
their sex matched Sz and S¢ controls (Sg: 2155 = 3.5h,
P<20x10'% Sc 2354+ 42h, P<20x10" "% fig 3B).
We found the Sz and Sc populations were more similar in
starvation survival with no significant difference between Sg
and S¢ females (P > 0.46, fig. 3A) and a relatively small 9.3%
increase in starvation survival in Sc over Sz males
(P<12x1073, fig 3B).

Genome-Wide Heterozygosity Levels Provide
Evidence for Strong Selective Sweeps

During natural selection, advantageous loci and regions
within linkage disequilibrium increase in frequency leading
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Methods for statistical tests.

to localized reduction in variance marked by low levels of
heterozygosity (Burke 2012). To study the regional effects of
selection in the S populations, we calculated average hetero-
zygosity for blocks of SNPs within a 100 kb sliding window
with a step size of 2,000 bases across the genome. The F
populations demonstrated fairly consistent genome-wide lev-
els of heterozygosity (black lines, fig. 4A-C), as average block
heterozygosity was equal to 0.30-0.32 (fig. 4D) with low var-
iance, ranging from 1.3x 10> to 1.6x 10> between popula-
tions (fig. 4E). The S populations however displayed many
regional declines in heterozygosity (red lines, fig. 4A-C), which
presented in lower average block heterozygosity (0.21-0.23,
P < 2e—16, fig. 4D) and a 4.4-4.9-fold increase in variance
over the F populations (P < 2.2e—16, fig. 4E).

In some instances, we found regions of the genome
approaching fixation, as we discovered 1,983-3,184,100 kb
blocks in the S populations with average heterozygosity
<0.05 and no more than four blocks in any F population
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(supplementary fig. S2A, Supplementary Material online).
Many times these 100 kb blocks overlapped and clustered
together into contiguous sequences. For each population
(Sa_c) we found 17-30 contiguous blocks of low hetero-
zygosity (fig. 5A) which averaged 321 = 38 kb (S.E.M.) in
length and ranged from 104 to 2,120kb (fig. 5B). We
looked for overlapping regions of these contiguous blocks
across replicates to look for any repeatable signatures of
selection (fig. 5C). While many of the blocks were associ-
ated with a specific population, we did find four regions
across chromosomes X, 3L and 3R which had low hetero-
zygosity (<0.05) across all replicates which ranged from
72 to 176 kb (bottom row, fig. 5C). We found a set of 12
previously characterized genes within these windows and
36 in total (supplementary table S2, Supplementary
Material online). These genes did not cluster into any
significant gene ontology (GO) categories. We also visu-
alized genetic differentiation in this data set by plotting
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Fst values for the F and S populations (supplementary fig.
S2B, Supplementary Material online). Genome-wide val-
ues of Fst were higher in the S populations compared to
the F controls, consistent with our observation of greater
heterogeneity in allele frequencies in the selected
populations.

Finding Polymorphisms That Are Consistent with
Selection

Localized depressions in heterozygosity are indicative of
selection favoring a variant and “sweeping,” or reducing,
neutral variation linked to the selected locus. However,
alleles associated with complex traits in sexual species
may respond to selection through incomplete sweeps
and/or dynamic trajectories that do not involve fixation
(Burke 2012). Such loci may be difficult to distinguish
from those which have changed in frequency due to ge-
netic drift. In order to find loci that were consistent with
selection we developed an algorithm to filter SNPs whose
difference in allele frequency between selection treat-
ments could be explained by genetic drift. The algorithm
models the work of Motoo Kimura, using a diffusion
model (eq. 1) to describe genetic drift (Supplemental
Code, Kimura 1955). While Kimura’s diffusion approxima-
tion has been used to model drift elsewhere (Stemshorn
et al. 2011), to our knowledge it has not been adapted for
use in E&R studies.

o8]

= p(1—p)ili+1)(2i+1)

i=1

P (p, x; t)

i(i41)t

F(1—iyi+2, 2,p)F(1—iji+2, 2,x)e ™
(1)

Given the number of generations (t), effective population
size (Ne), and initial allele frequency (p), the algorithm gen-
erates a posterior probability distribution of allele frequency
due to drift. Kimura's equation requires the Gauss
hypergeometric function 2F1, which was calculated using
the hyp2f1 function from SciPy (Release 0.14.0). We found
that 50 summations, > ;°,, and x= 1,000 was sufficient
sampling to generate an appropriate distribution with ade-
quate speed.

Next we needed to define the parameters (t, N, p) for
the starvation-selection experiment. Here, we used
t =154 generations as replicates were split for 70 gen-
erations prior to the 83 generations of selection for star-
vation resistance plus the generation removed from
selection (see detailed phylogeny in fig. 1B). Effective
population size was then estimated by measuring the
variance in allele frequency between the unselected
(Fa_c) populations, using the 1,046,373 quality control
filtered SNPs and the theoretical equation for variance in
allele frequency after t generations (eq. 2; Templeton
2006).
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Var(p) = p(1 - p) [1 - it] | @)

2Ne

We grouped SNPs whose average minor allele frequency
across populations Fa_c was equal when rounded to the
nearest hundredth and calculated the variance of each bin.
We then calculated N, for each bin, using the bin’s associated
allele frequency P=1{0.0, 0.01, 0.02, ..., 0.50} and t= 154
generations. Variation calculated from low allele frequency
bins (P < 0.07) was much lower than from higher frequencies,
which led to suspiciously high Ne values (fig. 6A). However,
the bias quickly resolved toward a stable estimate at allele
frequencies >0.07. Because of this bias we took the median
Ne from all 51 bins. From the data we calculated effective
population sizes of 972 for autosomes and 748 for the X
chromosome. We believe these estimates are reasonable
given the census population size of ~2,000 individuals (see
Materials and Methods). Furthermore, the X to autosome N,
ratio of ~0.77 is consistent with the theoretical 0.75 ratio,
given no evidence of a sex bias in our populations.

We used Kimura’s equation described above using param-
eters t=154 and N.={972|748} for each starting allele
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frequency p ={0.01, 0.02, 0.03, ..., 0.50}. For each value of
P we obtained a probability distribution of allele frequencies,
which described the likelihood of posterior allele frequencies
due to genetic drift from 0 to 1 (fig. 6B). We randomly sam-
pled from these probability distributions to perform simula-
tions of genetic drift. Specifically, for each value of p we
simulated two populations under drift by generating a set
of 3.0x 10’ values for each population by randomly sampling
from its associated probability distribution. We then calcu-
lated the absolute difference between the indices of both sets,
creating a distribution of absolute difference in allele fre-
quency between two populations under drift (fig. 6C). We
calculated the 99.999% quantile of each distribution to ob-
serve extreme absolute changes in allele frequency (fig. 6C).
The 99.999% value became the “Drift Threshold,” which was
calculated for each value of p, to generate a curve which
described the relationship between starting allele frequency
and the maximum allele frequency difference expected be-
tween two populations by drift (fig. 6D). To corroborate our
approach, we adjusted the number of simulations in our al-
gorithm to match the first 13,000 runs of a forward simulation
of genetic drift (supplementary fig. S3A, Supplementary
Material online). We found a high degree of similarity
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guished from drift.

between our algorithm and the forward simulation (supple-
mentary fig. S3B and C, Supplementary Material online, auto-
somes: > =096, P < 59x10 % X:» =093, P < 45x 10 ).

Starting allele frequency for each SNP was estimated as
the average minor allele frequency across F replicates. This
value was rounded to the nearest hundredth and used as the
starting allele frequency to find the Drift Threshold for that
SNP. If the absolute difference in allele frequency between
the independent replicates (e.g. [MAFeA—MAFs,|) was less
than the Drift Threshold, the SNP was discarded. After ap-
plying the algorithm to our data set we were left with 37,062,
45,506 and 61,370 high-quality SNPs for replicates A, B, and
C whose differences between selection treatments were
consistent with selection. We plotted the absolute differ-
ence in minor allele frequency between the F and S popu-
lations for all SNPs across the genome and found many
peaks across all three replicates (red points, fig. 7A-C). We
mapped SNPs from each population (Sa_¢) to genomic fea-
tures, including total gene region, introns, exons, promoter
regions (1 kb up or down stream) and intergenic regions. We
found a nearly identical distribution of SNPs by genomic
feature across populations (fig. 8A). In total, 120,764 unique
SNPs passed our filter in at least one replicate population.
Most of these SNPs (82.3%) were unique to a single replicate,
further demonstrating genetic dissimilarity among starvation-
selected replicates. There were however 19,582 SNPs, that
were detected in at least two replicate populations. The
bulk of these SNPs (15,285) were shared between the Sg
and Sc¢ populations. The S, population had fewer SNPs in
common with the Sg and Sc populations, sharing just 1,501
and 2,796 SNPs, respectively, consistent with our previous
measurements of low allelic correlation (fig. 2). In total only

1,796 SNPs (1.5%) were consistent with selection across all
populations (fig. 8B).

The Central Mechanisms of Adaptation Are Related to
a Wide Variety of Cellular Processes Including
Nutrient Response, Catabolic Metabolism, and Lipid
Droplet Function

While the 1,796 SNPs were a low overall fraction of the entire
pool, we found the number to be highly significant when
compared with a distribution of randomly overlapping SNP
counts given our experimental parameters (P < 1.0 1076, fig.
8Q). In brief, the values in the null distribution were calculated
by first randomly sampling SNPs for three groups of 37,062,
45,506, and 61,370 SNPs from our total pool of 1,046,373
SNPs. We then calculated the number of SNPs that over-
lapped across all groups, performing 10° such iterations (see
Permutation Testing in Materials and Methods). We decided
to focus our analyses on these candidates to explore the
central mechanisms of adaptation. First the 1,796 SNPs
were mapped to a set of 382 genes (supplementary table
S3, Supplementary Material online). We then used the set
of 1,796 candidate SNPs as our input for Gowinda, a GO
tool that corrects gene-length bias (Kofler and Schlotterer
2012). In total, this resulted in 279 GO terms with P < 0.05.
We corrected this set for hierarchical clustering using GO-
Module (Yang et al. 2011) and limited the analysis to GO
categories that contained five or more genes. Ultimately,
this resulted in a set of 77 enriched GO terms from our
1,796 SNPs (supplementary table S4, Supplementary
Material online). These terms encompassed a broad range
of biological processes, with the top categories largely
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involved in oxireductase/glutathione transferase activity, nu-
trient response/catabolic metabolism, immune function, ion
transport, COP-Il vesicle function, small RNA gene silencing,
development, and lipid droplet function (table 1).

Discussion

Here, we report the first E&R study to look at the genome-wide
effects of experimental selection for starvation resistance in D.
melanogaster. We found 1,046,373 polymorphic sites across
populations Fo_c and Sp_c with 120,764 unique loci whose
frequency diverged greater than expected by drift between
selection treatments. Allelic frequencies at these loci varied
between Sa_c although we found a significantly enriched
core set of 1,796 SNPs that associated with 382 genes across
replicate populations. Here, we discuss the evolutionary forces
driving genetic adaptation to starvation resistance, highlight
the allelic responses of genes under selection and consider
how these data speak to the evolutionary origins of obesity.

Evolutionary Dynamics of Adaptation to Starvation
Selection

Laboratory adaptation in Drosophila generally occurs through
selection on standing genetic variation, typically resulting in
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apparent convergent evolution across experimental replicates
(Burke 2012; Long et al. 2015; but see Kang et al. 2016). In
asexual species, adaptation occurs via a different mechanism,
sometimes called “hard” selective sweeps, where beneficial de
novo mutations arise then are driven toward fixation (Burke
2012). Hard sweeps in asexual E&R studies tend to be hetero-
geneous across replicate populations and implicate candidate
alleles private to a single replicate (e.g. Tenaillon et al. 2012;
reviewed in Long et al. 2015). Here, we observe heterogeneous
sweep patterns among our evolutionary replicates (Sa_c)
with large (100-2,000 kb) footprints of low heterozygosity
that approach fixation. While this may be consistent with a
hard sweep model, it is extremely unlikely that de novo
mutations are driving adaptation due to the small population
sizes (~10%) and relatively low number of generations in our
experiment.

Near-fixation of large portions of the genome may also be
caused by genetic drift, especially in a population with low Ne.
While we developed an algorithm to control for the effects of
genetic drift, one potential limitation of our approach is that
N, was estimated from the unselected control populations. If
the starvation-selection treatment resulted in lower N,, po-
tentially due to more genetic similarity between survivors, our
method could under-estimate the effects of drift. In order to
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Table 1. Top GO Enrichments.

GO terms GO accession P

Oxidoreductase activity, acting on a GO: 0016667 2.60E—04
sulfur group of donors

Response to nutrient GO: 0007584 5.70E—04
Immune response-regulating signaling  GO: 0002764 1.40 E—03
pathway

Glutathione transferase activity GO: 0004364 2.40 E—03
Cellular catabolic process GO: 0044248 2.40E—03
Organic substance catabolic process GO: 1901575 3.10 E—03
Solute: cation antiporter activity GO: 0015298 3.50 E—03
COPII vesicle coat GO: 0030127 3.60 E—03

Regulation of production of small RNA  GO: 0070920 4.70 E — 03
involved in gene silencing by RNA

Positive regulation of biosynthetic GO: 0006964 5.00 E—03
process of antibacterial peptides ac-
tive against Gram-negative bacteria

Post-embryonic organ development GO: 0048569 5.60 E—03

Positive regulation of Toll signaling GO: 0045752 5.80 E—03
pathway

Threonine-type endopeptidase activity ~GO: 0004298 6.00 E — 03

Lipid particle GO: 0005811 6.20 E—03

Localization within membrane GO: 0051668 6.20 E— 03

Cytoskeletal anchoring at plasma GO: 0007016 6.70 E—03
membrane

Steroid dehydrogenase activity GO: 0016229 6.80E—03

Glutathione metabolic process GO: 0006749 7.90E—03

Structural constituent of cytoskeleton ~ GO: 0005200 8.10 E— 03
Purine ribonucleoside metabolic GO: 0046128 8.50E—03
process

help mitigate such an effect, each S populations was main-
tained at ~10,000 individuals at the start of each generation
so that after selection there were still ~2,000 individuals left
to breed (see Materials and Methods). While this is a relatively
small population size when considering the possibility of a de
novo mutation, it is one of the largest population sizes in an
E&R study on sexual organisms to date (see populations sizes
of: 320, Turner et al. 2011; 331, Turner and Miller 2012; ~242,
Jalvingh et al. 2014; < ~600, Martins et al. 2014; ~150-300,
Kang et al. 2016). These methods left the S and F populations
with roughly the same number of breeding individuals each
generation. While the F populations were under drift for the
same number of generations with roughly equal population
sizes, we found little evidence of large-scale fixation. We there-
fore suspect that much of the genetic differentiation is due to
selection. While we cannot completely eliminate the effects of
genetic drift within our data set, we consciously reduced
these effects by using an extremely stringent drift threshold
(99.999%) and limiting our downstream analysis to SNPs that
were only found in all three S replicate populations.

We suspect that differences in experimental design play a
large role in the differences we observe from other E&R
experiments in Drosophila. For instance the starvation-
selection regime imposes extreme selection pressures
(~85% mortality/generation) which are lethal, analogous to
experimental culling or domestication (Rose et al. 1990;
Bennett 2003). While a few artificial selection studies in
Drosophila have also reported fixation, the degree of fixation
in these studies is not as pervasive as reported here and
generally localized to small numbers of ~10-50 kb windows,

which is consistent with complete “soft” sweeps on standing
genetic variation (Turner et al. 2011; Zhou et al. 2011). A
recent analysis of desiccation-selected Drosophila also found
evidence for hard selective sweeps, but at a lower frequency
than reported here (Kang et al. 2016). A more appropriate
comparison may then be made with studies on domestica-
tion, such as genomic data from domesticated rabbits which
similarly demonstrate large troughs in heterozygosity that are
inconsistent across populations/strains (Carneiro et al. 2014).
The large sweeps (~300kb) in our data set are consistent
with high selection pressure, as studies in domesticated rice
have used the size of selective sweeps to estimate the strength
of selection—with large selective sweeps associated with high
selection strength (Olsen et al. 2006).

Selection can lead to rapid changes in allele frequency
especially as selection coefficients approach 1, and rapid fix-
ation would allow less time for recombination events to break
apart linked loci, leading to larger sweep sizes. While we do
not have genetic data to track allele frequencies over the
course of selection, experimental selection for starvation re-
sistance in the S populations and in similar studies have
revealed rapid adaptation with evolved responses within as
few as five generations despite differences in selective
strengths ranging from ~85% mortality/generation in the S
populations (data unpublished) to ~50% mortality/genera-
tion elsewhere (Harshman and Schmid 1998). In nature,
Drosophila must adapt rapidly to seasonal changes in climate
and polymorphisms with large effects on starvation resistance
phenotypes have been shown to vary in their frequency by
nearly 20% per season (Bergland et al. 2014; Paaby et al. 2014).
It is therefore possible that starvation selection in Drosophila
is unique in that it selects on loci with an evolutionary history
of rapid adaptation. Because selection pressures in the labo-
ratory are likely much higher than experienced in the wild,
these alleles may be pulled toward fixation rapidly. Rapid
adaptation is also consistent with epigenetic inheritance as
parental nutritional status may alter chromatin structure in
both humans and Drosophila (Stoger 2008; Buescher et al.
2013; Ost et al. 2014). However, we have found no evidence
for parental effects on starvation resistance or lipid storage in
our lines, suggesting a largely genetic response (data not
published). The high strength of starvation selection was
also observed in studies where reverse evolution of
starvation-selected Drosophila failed to fully recover ancestral
states, suggesting the possibility of fixation and loss of genetic
variation during forward evolution (Teotonio and Rose 2000).

The inconsistency in sweeps across Sa_c is also different
from most E&R experiments in Drosophila and may be a
consequence of selection producing multiple adaptive solu-
tions to the same evolutionary problem. This has been ob-
served in laboratory selection experiments for high levels of
physical activity in mice, where half of the replicate selected
populations have evolved a “mini-muscle” phenotype that
confers an increase in oxidative capacity (Garland et al.
2002; Garland 2003). Differential selection may be influenced
by founder effects as subtle variations in allele frequency in
the starting population may promote disparate evolutionary
trajectories (Garland 2003). Here, small allelic differences in
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the founding populations may have become further differen-
tiated during the 70-generation “lead in” to starvation selec-
tion when the S populations served as controls for a
desiccation selection experiment with mild selection pres-
sures (~20% mortality/generation, fig. 1B; see Materials and
Methods). Adaptation by drift or selection during this period
may have amplified ancestral allelic differences in the S pop-
ulations, leading to divergent evolution when severe starva-
tion selection was imposed.

The physiological mechanisms to survive starvation are
diverse and may offer many independent targets for selection.
For instance, Drosophila may adapt to starvation selection by
increasing energy reserves, reducing energy consumption
rates or increasing the tolerance of organ systems to starva-
tion stress (Rion and Kawecki 2007; Gibbs and Reynolds 2012;
Schwasinger-Schmidt et al. 2012). These physiological mech-
anisms are likely built upon complex genetic networks that
may be convergent, but may also function independently.
This is supported by studies in iso-female populations of
Drosophila where these genetic networks may be isolated.
Such studies have found that genes underlying energy storage
and utilization are independent, as metabolic rate and stored
TG correlate poorly across strains (Jumbo-Lucioni et al. 2010).
However, the interaction between these networks is impor-
tant for starvation survival as neither metabolic rate nor
stored TG correlated well with starvation resistance in iso-
female lines (Hoffmann et al. 2001; Jumbo-Lucioni et al. 2010).
In natural populations and in large outbred evolution experi-
ments, these traits are highly correlated with starvation resis-
tance, suggesting the ability to properly utilize energy stores
during starvation is dependent on genetic background and
epistasis (Ballard et al. 2008; Schwasinger-Schmidt et al. 2012;
Reynolds 2013). The genes controlling the broad physiological
mechanisms such as reduction of energy expenditure may
also be diverse as multiple adaptations such as lower meta-
bolic rate, reduced physical activity and disrupted sleep cycles
have been reported in starvation-selected Drosophila
(Schwasinger-Schmidt et al. 2012; Reynolds 2013; Masek
et al. 2014). This potentially offers more selective targets as
some of these phenotypes may be genetically independent
(e.g. an allele that disrupts flight muscle may reduce physical
activity but have no effect on sleep duration). While increased
lipid stores and decreased energy expenditure are consistent
adaptations in the S populations (Reynolds 2013; Masek et al.
2014), the genetic basis of these phenotypes may be driven by
different mechanisms, which could help explain the variation
in allele frequency among S populations.

While highly unlikely, our data are consistent with hard
selective sweeps and could suggest beneficial de novo muta-
tions arising within each S population. This hypothesis is dif-
ficult to address because we lack sequence information from
the founding populations. Even when founding populations
are sequenced, it is hard to determine if a low frequency
variant existed in the starting population due to sampling
or sequencing error. The likelihood of a de novo mutation
could be higher if any part of the starvation-selection regime
inadvertently  increased = mutagenesis/genomic  re-
arrangements such as starvation-induced mutagenesis in
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prokaryotes and yeast (Coyle and Kroll 2008) or diet-
induced genomic rearrangements in Drosophila (Aldrich
and Maggert 2015). One way to test these hypotheses is to
restart evolution with the intended purpose of resequencing,
using recently developed guidelines for increased replication
and time-series sampling (Baldwin-Brown et al. 2014; Kofler
and Schlotterer 2014).

Experimental Selection for Starvation Resistance
Alters the Frequency of Alleles Associated with
Metabolism and Fat Storage

Analysis of the candidate genes revealed the potential for
many adaptive mechanisms which will require further study.
For instance, evolved changes in locomotion and behavior
could be affected by candidates such as couch potato (cpo,
supplementary tables S2 and S3, Supplementary Material on-
line), which is a well-known regulator of these phenotypes
(Bellen et al. 1992; Schmidt et al. 2008). Selection on natural
variation at the cpo locus has been previously observed in
nature and associates with latitudinal cines in diapause
(Schmidt et al. 2008; Cogni et al. 2014). Because diapause is
associated with changes in fecundity, starvation resistance
and lipid content, further analysis of cpo in the S populations
could provide insight into these associations. In addition, the
S flies are developmentally delayed and have disrupted 20-
hydroxyecdysone (20E) hormone signaling (Reynolds 2013).
These evolved differences in development could be influ-
enced by the set of genes associated with post-embryonic
organ development (P < 5.6x10 >, table 1, supplementary
table S4, Supplementary Material online). This gene set con-
tains many developmentally important transcription factors,
including Sin 3 A, which has been shown to bind and co-
repress 20E inducible genes during development (Sharma
et al. 2008).

Selection also targeted candidates directly related to me-
tabolism and fat storage as we found enrichment for genes
associated with nutrient response (P < 5.7x10 %), catabo-
lism (P <24 x10~*) and the lipid droplet (P < 62x1072,
table 1). One of the most prominent candidates is the insulin
receptor (InR). Disruptive mutations in InR result in profound
metabolic consequences, with pleiotropic effects in varying
tissues, as ecological factors such as nutrition and stress are
decoupled from the intracellular metabolic machinery
(Brogiolo et al. 2001; Tatar et al. 2001; Kayashima et al.
2013). While receptors in general are highly conserved across
Drosophila species, they have evolved under relatively low
levels of selective constraint compared to other protein fam-
ilies in Drosophila (Clark et al. 2007). These relaxed constraints
may have allowed intra-species variation to persist despite
evidence of positive selection driving adaptive changes in re-
ceptor sequences across species (Schmidt et al. 2000; Guirao-
Rico and Aguade 2009). This seems to be the case for InR, as
polymorphisms in natural populations of D. melanogaster
show clinal patterns of positive selection and associate with
variation in fecundity, development time, lipid weight and
starvation resistance (Paaby et al. 2010, 2014). In the S pop-
ulations there were 71 total loci within InR that were
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consistent with selection across replicates. Many of these
SNPs were found in non-coding regions which have the po-
tential to alter regulation of the receptors themselves, but
could also affect remote targets. Two of these polymorphisms
were predicted to induce missense substitutions His1150Tyr
and Asp1192Gly. These regions are found in the second fi-
bronectin type-lll domain, an extracellular region which has
been associated with llp ligand binding (Garza-Garcia et al.
2007; Sajid et al. 2011). Another candidate of interest is Sirtuin
1 (Sirt1), an evolutionarily conserved NAD™-dependent
deacetylase that has been shown to regulate metabolic ho-
meostasis through transcriptional regulation of the insulin
signaling pathway (Banerjee et al. 2012; Palu and Thummel
2016). Mutations that disrupt Sirt1 function lead to changes
in lipid storage, lipid droplet size, starvation resistance, and
insulin sensitivity (Banerjee et al. 2012; Palu and Thummel
2016). We also found candidates which could directly impact
the structure and function of lipid droplets, such as lipid
storage droplet 1 (Lsd-1). Lsd-1 is an evolutionarily conserved
perilipin—a lipid droplet membrane-bound protein respon-
sible for lipid mobilization under stressful conditions (Gronke
et al. 2007; Beller et al. 2010). Mutations to Lsd-1 can cause an
obese phenotype with large lipid droplets and increased star-
vation resistance, reminiscent of phenotypes observed in the
S populations (Beller et al. 2010; Hardy et al. 2015).

Evolutionary Implications

Theories on the evolutionary origins of obesity began with the
proposition of the TGH, which postulates that genes that are
efficient in storing and retaining energy are selected for during
periods of famine (Neel 1962). Critics have argued that fam-
ines severe enough to drive evolution are relatively rare events
in human history and cite the lack of candidate obesity genes
under selection as weaknesses of the theory (Speakman 2008;
Stoger 2008; Genné-Bacon 2014). Clearly our experimental
design supports the TGH as a generalized model given the
extensive evolutionary history of severe famine which has led
to adaptive “thrifty” physiologies (i.e. low metabolism, higher
energy storage) in the S populations. Here, we provide further
support for the TGH as we report a wide range of genetic loci
with widely divergent allelic frequencies due to the selective
treatment. Whether the TGH contributes to the current obe-
sity epidemic in humans is still up for debate, but its effects
here are pervasive and may speak more generally to the evo-
lutionary forces controlling obesity.

Materials and Methods

Evolutionary History of the Starvation-Selected Lines
The starvation-selected lines were derived from the controls
of a desiccation-selection experiment which began in 1999 as
previously described (Gefen and Gibbs 2009) and diagramed
in figure 1B. In brief, the founders for the desiccation-selection
experiment were derived from ~400 adult female
D. melanogaster that were collected from the wild in
Terhune New Jersey in 1998. These animals were acclimated
to lab conditions for 1 year, then split into three large cohorts
(“D,” “SC,” and “FC”), each with three replicates (“A,” “B,” and

“C”) for a total of nine populations (fig. 1B, gray phylogeny).
Da_c were selected for desiccation tolerance, with 4-day-old
adults from each generation being deprived of food and water
and stressed with artificial desiccant until 80-90% of the pop-
ulation had died. Survivors were re-fed, bred and used as
founders for the next generation. Because the desiccation
treatment also removes food, Do_c were moderately selected
for starvation resistance. To control for the effects of starva-
tion, SCa_c were starved during the selection phase of each
generation, given non-caloric agar to provide water, but oth-
erwise handled in parallel with Do_c. FCo_c was ostensibly
unselected, a handling control given ad libitum food and
water each generation.

The starvation-selection experiment studied here started
in 2006, 70 generations after the start of the desiccation-
selection experiment. The starvation-selected populations
(hereafter “Sa_c") were derived from SCa_c as previously de-
scribed (Reynolds 2013; Masek et al. 2014; Hardy et al. 2015).
Each generation ~10,000 S adults were raised for 4 days, then
food was replaced with non-caloric agar until 80-90% of the
population had died. Survivors were allowed to breed and
served as founders for the next generation. At the same time,
subpopulations were derived from FC,_c of the desiccation-
selection experiment and maintained in parallel with Sa_c.
These lines were ostensibly unselected, with ~2,000 flies given
unrestricted access to food and water each generation (Fed-
controls, hereafter “F”; fig. 1B, black phylogeny).

Sample Preparation

Flies were removed from selection for one generation follow-
ing the 83rd generation of starvation selection to control for
parental effects. Pooled samples of 100, 4-day-old adult
females were then collected from all 6 populations (Fa_c,
Sa-c). Pooled samples were homogenized using glass tissue
homogenizers in a proprietary buffer (ATL) in accordance
with the DNeasy Blood and Tissue DNA Extraction Kit
(Qiagen, Valencia, CA). We followed the manufacturer’s pro-
tocol for purification of total DNA from animal tissues includ-
ing the optional RNase step. DNA purity and concentration
were calculated using a NanoDrop ND-1000 spectrophotom-
eter (NanoDrop Technologies, Wilmington, DE).

Library Preparation and Sequencing

Purified samples were shipped to the University of Utah
Health Science Center Genomics Core Facility to generate
paired-end libraries with 350-bp mean inserts using the
TruSeq DNA PCR-Free Preparation Kit (lllumina, San Diego,
CA). Multiplexed samples were sequenced using an lllumina
HiSeq sequencer with 125-cycle paired-end sequencing using
version-4 chemistry.

Mapping and Variant Discovery

Raw reads were aligned to the D. melanogaster genome
(Flybase, r6.06) using the Burrows-Wheeler Aligner program
(BWA, version 0.7.12) with default settings. Unmapped, low
quality (<20), and singleton reads were removed from the
Binary Alignment Map (BAM) file, which was then sorted by
genomic coordinate using SAMtools (version 1.1). Duplicate
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reads were removed and the resulting de-duplicated BAM
files were merged using Picard (version 1.123). Reads were
locally realigned around putative indels using tools in the
Genome Analysis Toolkit (GATK, version 3.3) from the
Broad Institute. Variants were identified using the Unified
Genotyper tool from GATK and annotated with SnpEff (ver-
sion 4.1) using a custom database built through SnpEff, based
on the latest Gene Transfer Format (GTF, r6.06) release from
FlyBase (Attrill et al. 2016).

Filtering for Quality Control and Sampling Error

A series of quality control measures were performed using the
VariantFiltration tool from GATK. To start, SNPs within five
nucleotides of a putative insertion or deletion (indel) were
discarded to control for mapping errors that occur frequently
near indels. In addition we filtered closely clustered SNPs (3
SNPs within a window of 10 nucleotides), SNPs with poor
phred-based quality scores (QUAL <30), high strand bias (FS
>60) or greater than four mapping quality scores of zero
across all samples (MQ >4). Variant Call Format (VCF) files
were converted into a customized SNP table with reference
and alternate allele counts for each population and ordered
by genomic position for chromosomes X, 2L, 2R, 3L, and 3R
using command line text editors. During this step SNPs with
less than 30 coverage across all six populations or with more
than one alternate allele were discarded. Using custom R
scripts (R Core Team 2015), SNPs with a minor allele fre-
quency of <0.05 across all six populations were filtered as
well.

After quality control filters were applied, the SNP table
contained 1,046,373 SNPs with 72.6 = 5.9 (S.E.M.)-fold cover-
age across all six populations. To support that our SNPs were
largely natural polymorphisms and not due to misalignments,
we compared them with those available in the Drosophila
Genetic Resource Panel (DGRP; Mackay et al. 2012). To do
this we downloaded the VCF file for the DGRP Freeze 2.0 calls
from dgrp2.gnets.ncsu.edu/datahtml. Genomic location was
extracted from the dgrp2.vcf file using custom command line
text editors to generate a file with the chromosome and po-
sition of each SNP. The genomic positions of the DGRP calls
and our set of SNPs were based on different FlyBase genome
assemblies, resulting in discordant genomic coordinates. To
match our coordinates we used the Drosophila Sequence
Coordinates Converter from FlyBase (Attrill et al. 2016) to
switch our SNPs from the version 6 assembly to the version 5
assembly. The converted positions were uploaded into R and
compared with the DGRP SNP locations. In total we found
94.6% overlap between our SNPs and naturally occurring
polymorphisms in the DGRP lines (data not shown).

In order to filter SNPs that could be explained by sampling
error we used a scaled Chi-Squared test (Huang et al. 2012),
which was applied independently to each replicate pair (i.e. Fa
compared with S; Supplemental Code). To correct for mul-
tiple comparisons we used a Bonferonni correction with a
0.01 adjusted P-value threshold. This step filtered ~88% of
the SNPs with 120,825, 115,000 and 168,100 SNPs remaining
for replicates A, B, and C, respectively.
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While it is certainly possible that chromosomal rearrange-
ments such as copy number variants, indels, and inversions
have contributed to the evolution of these populations, it is
challenging to find evidence of structural variants from Pool-
SEQ data. Kapun et al. (2014) provide a useful resource in this
regard—a set of SNP markers in seven inversions known to
segregate in D. melanogaster populations. We cross-
referenced this published list with our SNP data and identify
only three matches: 1/73 of the In(3L)P alleles, 1/150 of the
In(3R)Mo alleles, and 1/144 of the In(3R)C alleles. The obser-
vation of single SNPs, rather than suites of SNPs, in our data,
suggests that these inversions are either not present in our
lines, or are segregating at frequencies too low to be detected.
Other labs using D. melanogaster lines that have been labo-
ratory domesticated for many years have also failed to find
concrete evidence of these inversion alleles in Pool-SEQ data
(Graves et al. 2017), which is consistent with the idea that the
expansion of some of these inversions has been recent
(Langley et al. 2012).

PCA and Pearson Product-Moment Correlation

We used the PCA (prcomp) function of the stats package
(version 3.1.3) in R to visualize differences in reference allele
frequency across populations. In R, we plotted the pairwise
coordinates of the first 3 components which explained 88% of
the variation (supplementary table S1, Supplementary
Material online). Also using the stats package in R we per-
formed the Test for Association/Correlation Between Paired
Samples (cor.test) to calculate the Pearson Product-Moment
Correlation Coefficient (r) for pairwise associations of refer-
ence allele frequencies between populations. P-values for all
correlations were <2.0x10 ' (supplementary fig. S1B,
Supplementary Material online).

Starvation Resistance

Flies were removed from selection for one generation to con-
trol for parental effects. The progeny were aged to 4 days
post-eclosion, briefly anesthetized with CO,, then separated
into vials containing non-caloric 1% agar. Each vial contained
either five males or females from the three selected popula-
tions (Sa Sg, or S¢), with a total of 10 vials per sex, resulting in
a total of 100 flies (50 males, 50 females) per population. All
vials were maintained on a 24-h light cycle at 25°C and scored
for mortality every 8h until the completion of the experi-
ment. Every 3 days flies were manually transferred (without
anesthetic) to fresh vials to replenish water resources. Data
were split for each sex and processed in R, using a one-way
ANOVA with population as the categorical factor for each sex
followed by a Tukey post hoc test.

Heterozygosity and Fst

Heterozygosity for each SNP was calculated as 2pg with the
alternate alleles divided by total coverage for that SNP, per
population. Custom functions in R were used to calculate the
average heterozygosity of SNPs within 100 kb windows with a
step size of 2 kb across the genome. Mean block heterozygos-
ity was calculated from the total number of 100 kb windows
for each population, with a one-way ANOVA and Tukey's
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post hoc test used to find statistical differences. We calculated
the variance in the mean heterozygosity for all 100 kB blocks
within each population and used the “F Test to Compare
Two Variances” (var.test) function in the stats package in R to
test for pairwise differences between populations. We found
contiguous blocks of low heterozygosity by locating overlap-
ping 100 kb blocks whose mean heterozygosity was less than
0.05 using the Intervals (version 0.15.0) package in R.
Contiguous blocks were analyzed for count, size and genomic
location. Overlapping regions of contiguous blocks from pop-
ulations Sp, Sg and S¢ were found and the coordinates of
these overlaps were used to find genes using a custom gene
database, built from the r6.06 FlyBase release.

To estimate average differentiation between the replicate
populations of each treatment, we calculated genome-wide
Fst between the replicate populations of the three F and three
S populations. Fst was calculated as (Hioai—Huwich)/Heotal
where Hy is the expected heterozygosity between three
populations of a selection treatment under panmixia and
Hyieh is the heterozygosity averaged over the three popula-
tions. Plotted values are rolling averages of these Fsy estimates
taken over every 1,000 SNPs.

Permutation Testing

We designed a custom permutation script in R to test
whether the set of 1,796 overlapping candidate SNPs were
higher than would be expected under a random model. To do
this we randomly sampled SNPs from our total set of
1,046,373 for 3 populations of sizes 37,062, 45506 and
61,370 to match the number of candidate SNPs found in
Sa—c. We then calculated the number of SNPs that over-
lapped between these three sets. This procedure was iterated
10° times to generate a distribution of expected 3-way SNP
overlap under a random model. Our observed value of 1,796
was well outside the boundary of this distribution
(P < 1.0x10"5, fig. 8C).

Gene Mapping and Ontology Analyses

We used custom scripts in R to identify candidate SNPs that
fell within the gene regions defined by the FlyBase r6.06 re-
lease. Genes containing multiple candidate SNPs were
counted once, resulting in a list of 382 candidate genes (sup
plementary table S3, Supplementary Material online). We
then looked for enriched GO terms using Gowinda, using
our set of 1,796 candidate SNPs as input and the 1,046,373
quality control filtered SNPs as background (Kofler and
Schlotterer 2012). GO terms and associated genes were
obtained from FuncAssociate (Version 3.0; Berriz et al.
2009). We set Gowinda to run 10° simulations with the
gene-definition and mode parameters set to “gene.” This
resulted in a set of 279 GO terms with P < 0.05. We corrected
this set for hierarchical clustering using GO-Module and fil-
tered for GO categories containing five or more reference
genes (Yang et al. 2011). These procedures resulted in a set
of 77 enriched GO terms (supplementary table S4,
Supplementary Material online).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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