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Abstract

Short-scale local adaptation is a complex process involving selection, migration, and drift. The expected effects on the
genome are well grounded in theory but examining these on an empirical level has proven difficult, as it requires
information about local selection, demographic history, and recombination rate variation. Here, we use locally adapted
and phenotypically differentiated Arabidopsis lyrata populations from two altitudinal gradients in Norway to test these
expectations at the whole-genome level. Demography modeling indicates that populations within the gradients diverged
<2 kya and that the sites are connected by gene flow. The gene flow estimates are, however, highly asymmetric with
migration from high to low altitudes being several times more frequent than vice versa. To detect signatures of selection
for local adaptation, we estimate patterns of lineage-specific differentiation among these populations. Theory predicts
that gene flow leads to concentration of adaptive loci in areas of low recombination; a pattern we observe in both
lowland-alpine comparisons. Although most selected loci display patterns of conditional neutrality, we found indications
of genetic trade-offs, with one locus particularly showing high differentiation and signs of selection in both populations.
Our results further suggest that resistance to solar radiation is an important adaptation to alpine environments, while
vegetative growth and bacterial defense are indicated as selected traits in the lowland habitats. These results provide
insights into genetic architectures and evolutionary processes driving local adaptation under gene flow. We also con-
tribute to understanding of traits and biological processes underlying alpine adaptation in northern latitudes.
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Introduction
Population genetics theory by Haldane (1930) and Wright
(1931) laid the basis for predicting how selection and drift
influence adaptive variation in the presence of gene flow.
More recently, theoretical studies have shown that the inter-
play between these factors can lead to characteristic changes
in genetic architectures underlying local adaptation (Griswold
2006; Kirkpatrick and Barton 2006; Bürger and Akerman 2011;
Yeaman and Whitlock 2011; Akerman and Bürger 2014). An
important prediction is the shift toward fewer large effect loci
that are clustered in areas of reduced recombination, as cor-
related sites under strong selection are less easily swamped by
gene flow (Lenormand and Otto 2000; Lenormand 2002;
Kirkpatrick and Barton 2006; Bürger and Akerman 2011;
Yeaman and Whitlock 2011; Akerman and Bürger 2014).
The generality of this prediction has been shown with a
continent-island model (single population adapting to a
new environment under maladaptive migration) (Bürger
and Akerman 2011; Akerman and Bürger 2014), as well as a
framework where two connected populations experience se-
lection toward distinct optima (Yeaman and Whitlock 2011;
Akerman and Bürger 2014). The adaptive loci are also

expected to show antagonistic pleiotropy, wherein a single
locus is kept polymorphic by differential selection to contrast-
ing environments, because under the alternative scenario of
conditional neutrality (allele is selected for or against only in
one environment, while being neutral in the other), the over-
all beneficial allele will be fixed at all populations over time
(Yeaman and Whitlock 2011; Savolainen et al. 2013; Akerman
and Bürger 2014; Wadgymar et al. 2017; Yoder and Tiffin
2018). The footprint of positive and negative selection on
linked variants (i.e., genetic hitchhiking, Maynard Smith and
Haigh 1974 and background selection, Charlesworth et al.
1993, respectively) can be intensified by gene flow (Laurent
et al. 2016; Pfeifer et al. 2018; Wang et al. 2018), but as mi-
gration also hinders adaptive differentiation, short-scale local
adaptation is restricted to environments where sharp differ-
ences in spatially variation selection can exist. For example,
plant populations growing on toxic soils, either naturally oc-
curring or contaminated by mine tailings, have exhibited such
adaptation (Antonovics and Bradshaw 1970; Sambatti and
Rice 2006; Arnold et al. 2016; Aeschbacher et al. 2017).

In the present study, we examine the genetic basis of local
adaptation among lowland and alpine populations of a
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self-incompatible perennial plant, Arabidopsis lyrata. In
mountainous environments, abiotic factors such as temper-
ature and solar radiation can differ drastically among closely
adjacent areas, producing steep environment gradients
(Gonzalo-Turpin and Hazard 2009; Fischer et al. 2013;
Kubota et al. 2015; Günther et al. 2016), not unlike those
found on toxic soils. Indeed, we have recently demonstrated
that A. lyrata individuals from different altitudes exhibit pop-
ulation-specific phenotypes when grown at native common
garden sites in Norway and in a novel habitat in Finland
(H€am€al€a et al. 2018). Using whole-genome based demogra-
phy modeling and a reciprocal transplant experiment, we
further showed that despite evidence of gene flow, local al-
pine, and lowland populations have highest fitness at their
home sites, satisfying the local versus foreign criterion of local
adaptation (Kawecki and Ebert 2004). This study system and
the combined knowledge of local adaptation and demo-
graphic history, as well as genome-wide recombination infor-
mation from a high-density linkage map (H€am€al€a et al. 2017),
provides us a rare opportunity to study genomic patterns of
adaptive differentiation under gene flow (Savolainen et al.
2013).

Here, we extend our previous work to the genome level by
examining variation potentially underlying the local adapta-
tion. If the alpine adaptation evolved after recent colonization
from the lowland sites, the high-altitude populations are
expected to show lower genetic diversities and stronger pop-
ulation size contractions than the low-altitude populations.
The ongoing gene flow then leads us to look for evidence of
antagonistic pleiotropy (loci showing high differentiation and
signs of selection in both populations) and loci where reduced
recombination contributes to maintaining polymorphisms.
Furthermore, we expect to identify genes and biological pro-
cesses underlying the lowland and alpine adaptation. We
search for signs of selection by employing a measure for
lineage-specific differentiation, the population branch statistic
(PBS) (Yi et al. 2010), on a set of whole-genome sequences.
Unlike traditional differentiation measures, PBS can distin-
guish the selected lineage by combining information from
two closely related populations and an outgroup. As this
method searches for allele frequency differences among pop-
ulations, it is more likely to detect large effect loci instead of
small effect ones underlying truly quantitative traits, because
the latter signal may largely arise from linkage disequilibrium
between populations (Latta 1998; Le Corre and Kremer 2012).
We then explore the potential effects of selection with coa-
lescent and forward simulations, by utilizing parameter esti-
mates available for these populations.

We specifically address the following questions: What do
diversity patterns tell us about the demographic history of
these populations, and do we find footprints of gene flow on
this variation? Do we find more selected sites in areas of
reduced recombination in populations that receive more
migrants? Are the adaptive loci more clustered under higher
gene flow? Is the genetic architecture dominated by condi-
tional neutrality or do we find loci exhibiting variation
consistent with antagonistic pleiotropy? And to what phe-
notypes and biological processes are the outliers associated

with and do we find evidence of adaptive convergence be-
tween the two alpine areas?

Results
We used whole-genome data from 47 resequenced A. lyrata
individuals. Most of the samples were collected from four
populations growing in two alpine areas in Norway, each
represented by a high and low group (Jotunheimen and
Trollheimen; fig. 1): Lom, Jotunheimen (J1, 300 m.a.s.l.;
n¼ 9), Spiterstulen, Jotunheimen (J3, 1,100 m.a.s.l; n¼ 12),
Sunndalsøra, Trollheimen (T1, 10 m.a.s.l; n¼ 5), and Nedre
Kamtjern, Trollheimen (T4, 1,360 m.a.s.l; n¼ 9). We have pre-
viously shown that individuals from J1 and J3 exhibit local
superiority when grown at reciprocal common garden sites in
Norway. The T1 and T4 individuals were not planted at their
local environments, but when grown at a common garden
site in Finland, they expressed phenotypic differences consis-
tent with altitude adaptation (H€am€al€a et al. 2018). For some
of the analysis, we also included samples from Germany (GER;
n¼ 6) and Sweden (SWE; n¼ 6) as comparison groups (sup-
plementary table S1, Supplementary Material online). Data
from the T4 population represent new collections for the
current study, whereas other samples came from two earlier
studies (Mattila et al. 2017; H€am€al€a et al. 2018).

Alpine Populations Harbor Lower Genetic Diversities
than Lowland Populations
Within each area, the high-altitude populations had lower
synonymous nucleotide diversities than the low-altitude pop-
ulations (P< 2.2� 10�16, one-sided Kolmogorov–Smirnov
[KS] test; supplementary fig. S1, Supplementary Material on-
line). Synonymous Tajima’s D estimates were also more highly
positive in the high-altitude populations (P< 2.2� 10�16,
one-sided KS test; supplementary fig. S2, Supplementary
Material online), suggesting stronger population size contrac-
tions in their history. Differentiation levels, as estimated with
FST, were lower between the neighboring lowland and alpine
populations than between other comparison pairs (supple-
mentary table S2, Supplementary Material online). The
Jotunheimen populations were less differentiated from each
other (J1–J3 FST ¼ 0.09) than populations from Trollheimen
(T1–T4 FST ¼ 0.17).

We then conducted a principal component analysis (PCA)
and an admixture analysis to further evaluate relationships
between the studied individuals. PCA showed distinct divi-
sions, with individuals clustering according to populations
and populations clustering according to geographical location
(fig. 1A). Consistent with the FST estimates, the Trollheimen
populations were more clearly separated from each other
than populations from Jotunheimen. In fact, in a model
with only the focal populations included, variation along
the first two principal components did not separate the J1
and J3 populations (separation happens at PC4; supplemen-
tary fig. S3, Supplementary Material online). The admixture
patterns were in most part concordant with the PCA results.
In general, individuals from the low-altitude populations J1
and T1 had higher admixture proportions (from their
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respective high-altitude neighbors) than individuals from the
high-altitude populations J3 and T4 (from their low-altitude
neighbors) (fig. 1C).

Demography Analysis Reveals Recent Divergence and
Asymmetric Gene Flow
To quantify the levels of gene flow, as well as to have an
estimate of divergence times and effective population sizes,
we conducted site frequency spectra based demography sim-
ulations with fastsimcoal2 (Excoffier et al. 2013). Simulations
involving the Jotunheimen populations J1 and J3 were done
as part of an earlier study (H€am€al€a et al. 2018) and here we
add parameter estimates for the Trollheimen populations T1
and T4. Maximum likelihood estimates (MLE) from the best-
supported models (for model selection, see supplementary
table S3, Supplementary Material online) indicated more re-
cent divergence between T1 and T4 (307 generations ago)
populations then between J1 and J3 (866 generations ago)
populations. The Trollheimen groups also had lower effective
population size estimates (Ne: T1¼ 1,862; T4¼ 779) than the
Jotunheimen groups (Ne: J1¼ 3,370; J3¼ 4,295). Although
the levels of gene flow were clearly higher among the
Jotunheimen populations, population migration rates
(4 Nem) were heavily biased toward the low-altitude popula-
tions in both alpine areas (�36 � higher from J3 to J1 than
from J1 to J3, and�2.4� higher from T4 to T1 than from T1
to T4) (fig. 2D). As A. lyrata is insect pollinated, the asymme-
try in gene flow could result from higher seed dispersal or
pollinator movement from high- to low altitudes, but because
allele frequencies reflect events over extended periods of time,
we cannot rule out other modes of migration that may have
been in effect during colonization of the alpine areas. For all

MLEs and their confidence intervals, see supplementary table
S4, Supplementary Material online.

Genome-Wide Patterns of Population-Specific
Selection
We studied population-specific differentiation to examine the
effects of gene flow on neutral and selected variants and to
ascertain important biological processes at each lowland and
alpine habitat. To this end, we used PBS (Yi et al. 2010) to
distinguish loci that have been under directional selection
after the adjacent low- and high-altitude populations di-
verged. Selection patterns between the neighboring popula-
tions were examined by calculating PBS estimates in 50-SNP
nonoverlapping sliding windows for population trios J1–J3–
GER and T1–T4–GER. Using neutral data simulated under
the best supported demography models, we first generated
�50,000 PBS samples for each population and used the dis-
tributions to find limits to neutral variation in the observed
data. The simulations predicted lower median estimates and
more tightly centered distributions in the low-altitude pop-
ulations than in the high-altitude populations (fig. 3A).
Overall, the observed estimates corresponded well with the
simulated data. Within both areas, the low-altitude popula-
tions had lower median estimates than the high-altitude pop-
ulation and the distributions were less dispersed around the
median. The observed distributions did, however, have
slightly longer lower and upper tails than the neutral ones,
suggesting balancing and directional selection, respectively.
Deviations from the neutral expectations were determined
by comparing the observed estimates against quantiles of the
simulated distributions.

FIG. 1. Locations and altitudes of the Arabidopsis lyrata growing sites.
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Our outlier detection model inferred fewer selected loci in
the low-altitude populations than in the high-altitude pop-
ulations (table 1). As the theory predicts that gene flow leads
to clusters of adaptive loci in areas of low recombination
(Bürger and Akerman 2011; Yeaman and Whitlock 2011;
Akerman and Bürger 2014), we estimated within outlier win-
dow recombination rates and between outlier window dis-
tances for each population. Although all outliers tended to
localize in areas with lower than average recombination rates,
this trend was more pronounced in the low-altitude popula-
tions (P< 0.006, one-sided KS test; supplementary fig. S4,
Supplementary Material online) (table 1). Outliers in the

low-altitude populations were also located marginally closer
to each other than in the high-altitude populations (P< 0.02,
one-sided KS test; supplementary fig. S5, Supplementary
Material online) (table 1), but there was no correlation be-
tween distance and recombination rate (Pearson r¼ 0.022,
P¼ 0.48; supplementary fig. S6, Supplementary Material on-
line). We then compared these results against differentiation
outliers between populations that do not share migrants
(supplementary table S3, Supplementary Material online).
In contrast to the J1–J3–GER and T1–T4–GER models, me-
dian recombination rates from comparisons J1–T4–GER and
T1–J3–GER were higher (J1¼ 2.43� 10�8, J3¼ 2.48� 10�8,

FIG. 2. Visualization of the population structure and demographic history. Besides the Norwegian populations (J1, J3, T1, T4), individuals from
Sweden (SWE) and Germany (GER) are included for comparison. (A) Genetic variation along the first two eigenvectors of a principal component
analysis (PCA). All six populations included. (B) PCA with only the Norwegian populations included. The percentage of variance explained by the
principal components is shown in brackets. (C) Estimated admixture proportions for the best supported number of ancestral populations (K¼ 6).
(D) Estimated divergence times and migration rates between the Norwegian populations. Times are in years, while assuming a generation time of
two years. Estimates above the colored arrows indicate population migration rates (4 Nem).

FIG. 3. Identification of putatively adaptive loci. (A) Observed population branch statistic (PBS) distributions compared against simulated neutral
samples. Median estimates and interquartile ranges are marked for the observed (bold) and simulated (plain) distributions. (B) Number of
annotated genes found within 5 kb of the significant (q< 0.05) PBS outlier windows.
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T1¼ 2.41� 10�8, T4¼ 2.46� 10�8), and there were no sig-
nificant differences between the low- and high-altitude pop-
ulations (P> 0.33, one-sided KS test).

To explore additional factors that might explain the
occurrence of outliers in low recombination regions, we
examined variation in gene densities and mutation rates
across the A. lyrata genome. We obtained a proxy for
mutation rate by estimating the rate of synonymous sub-
stitutions (dS) between A. lyrata and A. thaliana. A posi-
tive correlation was observed between recombination rate
and gene density (Pearson r¼ 0.159, P< 2.2� 10�16; sup-
plementary fig. S7, Supplementary Material online) and
recombination rate and dS (Pearson r¼ 0.109,
P< 2.2� 10�16; supplementary fig. S8, Supplementary
Material online), but neither gene density (P> 0.09, two-
sided KS test; supplementary fig. S9, Supplementary
Material online) nor dS (P> 0.24, two-sided KS test; sup-
plementary fig. S10, Supplementary Material online)
showed significant differences in outlier areas between
the low- and high-altitude populations. Lastly, to assess
differences in recombination rate estimates between pop-
ulations while controlling for gene density and mutation
rate variation, we fitted the following linear model to our
Jotunheimen and Trollheimen outlier sets: recombination
rate¼ gene densityþ dSþ population. For both data sets,
likelihood-ratio tests (LRT) comparing the fit of a full
model to a reduced model with the population variable
removed indicated significant differences between the
low- and high-altitude populations (P< 0.03, LRT). Thus,
correlated genomic characteristics are not the source for
the observed differences, and the fact that outliers in the
lowland populations are found in areas with lower recom-
bination rates is likely promoted by the interaction of se-
lection and gene flow.

Evidence of Allelic Trade-Off at XRN2 Locus
Most selection outliers were population specific (supplemen-
tary data set S1, Supplementary Material online), likely caused
by selection acting only on a single lineage (conditional neu-
trality). Some loci had, however, strongly differentiated alleles
between the neighboring low- and high-altitude populations,
suggesting possible antagonistic pleiotropy: 42 out of 1,668
genes that were found within 5 kb of an outlier window were
shared between J1 and J3 (based on 10,000 permutated data
sets, the expected number of shared outliers is 22;
P¼ 0.0003), while 67 out of 2,359 were shared between T1

and T4 (43 expected; P¼ 0.0007, permutation test). (fig. 3B).
One locus, XRN2, particularly stood out as one of the top
outliers in T1 and T4, caused by higher than neutral differ-
entiation between all three population comparisons (i.e., T1–
T4, T1–GER, and T4–GER). To evaluate whether the observed
pattern can result from directional selection favoring different
alleles in different populations (antagonistic pleiotropy), we
estimated allele frequencies, pairwise nucleotide diversities
(p), and two neutrality measures: Tajima’s D and Fay and
Wu’s H. Reduced diversity surrounding the selected site is a
classical signal of a rapid selective sweep (Maynard Smith and
Haigh 1974). Negative Tajima’s D, on the other hand, indi-
cates skews in the site frequency spectrum due to excess of
rare variants, while negative Fay and Wu’s H results from
excess of high-frequency derived variants; both of which are
signals of positive selection (Braverman et al. 1995; Fay and
Wu 2000). Allele frequencies showed clear evidence of differ-
entiation, with T1 fixed for one allele and T4 nearly fixed for
the alternative allele. Both populations also had reduced nu-
cleotide diversities, as well as negative D and H estimates in an
�8 kb area around the gene, suggesting directional selection
in each lineage (fig. 4).

To evaluate how likely these results are under our esti-
mated demography parameters, we used forward genetic
models in SLiM 2 (Haller and Messer 2017) to simulate p,
Tajima’s D, and Fay and Wu’s H estimates under different
selection scenarios. We ran the simulation 10 Ne generations
to approach mutation-drift balance and introduced the
sweep mutation with beneficial selection coefficient ab ¼
4 Nes ¼ 100, 1,000, and 10,000. To simulate the effects of a
genetic trade-off, deleterious alleles with selection coeffi-
cient ad ¼ 1=2 ��ab migrated into a population with rate
4 Nem ¼ 0.083 or 0.034. We then recorded the time in
number of generations until p, D, and H dropped below
the initial neutral estimate. The simulations were conducted
as single-origin hard sweeps and as multiple-origin soft
sweeps. For the soft-sweeps, we assumed that 5% of the
corresponding population carried the adaptive allele before
the start of selection. Each simulation was repeated 500
times and the median value retained. These simplified mod-
els show that under a hard sweep with strong trade-off (ab

>100 and ad<�50), p, D, and H could respond to selection
by falling below the neutral estimates within the inferred
time frame. In contrast, H was the only statistic that reacted
similarly to soft sweeps, but the footprints were a lot shal-
lower compared with hard sweeps (fig. 5).

Table 1. Number of Outlier Windows, Within Outlier Window Recombination Rates, and Between Outlier Window Distances for Each
Population.

No. of Outliers Recombination Rate (31028) Distance (kb)

50-SNP 1-SNP 50-SNP 150-SNP 50-SNP 150-SNP

J1 896 (1.1%) 2.14 (2.11–2.15) 2.03 (1.91–2.18) 2.04 (1.79–2.28) 3.18 (2.69–3.67) 11.69 (7.63–14.38)
J3 948 (1.2%) 2.22 (2.20–2.25) 2.38 (2.22–2.70) 2.36 (2.13–2.68) 3.80 (3.18–4.62) 12.52 (9.00–15.21)
T1 966 (1.3%) 2.08 (2.04–2.10) 2.06 (1.83–2.30) 1.97 (1.76–2.22) 3.91 (2.99–4.38) 13.12 (8.38–15.98)
T4 1,160 (1.6%) 2.14 (2.14–2.15) 2.46 (2.36–2.74) 2.55 (2.33–2.70) 3.96 (3.34–4.47) 14.44 (11.99–17.61)

NOTE.—Median estimates and their 95% CIs are shown in different SNP-based window sizes. For the 1- and 150-SNP windows, we assumed the same percentage of outliers as
estimated for the 50-SNP windows. Median genome-wide recombination rate¼3.7� 10�8.
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Biological Processes Show Adaptive Convergence
Most genes that localized within 5 kb of the outlier windows
were population specific (supplementary data set S1,
Supplementary Material online). Among the significant out-
lier loci, 49 out of 1,785 genes were shared between the two
low-altitude populations (25 expected; P¼ 0.0001, permu-
tation test), whereas in the high-altitude populations, 92
genes were shared out of 2,240 (38 expected; P¼ 0.0001,
permutation test). (fig. 3B). We then conducted a Gene
Ontology (GO) enrichment analysis to summarize the bio-
logical processes associated with these outlier genes. In con-
trast to individual loci, significantly enriched GO terms
showed clear correlations among the low- and high-
altitude populations (fig. 6). In the J1 and T1 populations,
“leaf development,” “shoot system development,” and
“response to bacterium” were among the highest enriched
GO categories, whereas the J3 and T4 outliers were enriched
for terms “response to radiation,” “response to light stim-
ulus,” and “cellular response to stress.”

Discussion
We found indications of lower genetic diversities and stronger
population size contractions in the high-altitude populations
than in the low-altitude populations. Combined with the low-
divergence time estimates from the demography models, these
results point toward recent colonization of the alpine habitats
in southwestern Norway. In contrast, populations in regions
not influenced by the last glacial maximum (�20,000 years
ago) likely reflect adaptation on a longer time scales (e.g., A.
halleri in Japan, Kubota et al. 2015 and A. thaliana in Italy,
Günther et al. 2016), making our A. lyrata population set
particularly suitable system for studying recent and reciprocal
adaptation among populations connected by gene flow.

Gene Flow Shapes Patterns of Neutral and Adaptive
Variation
The effects of gene flow on genetic patterns of local adapta-
tion have been intensely studied at the theoretical level

FIG. 4. Evidence of opposing selective sweeps between T1 and T4 populations at candidate loci XRN2. FST gives the relative and dXY the absolute
allele frequency differentiation at variable sites. falt shows frequencies of the alternate nonreference SNP alleles. Nucleotide diversity p indicates a
loss of heterozygosity, Tajima’s D indicates an excess of rare variants, and Fay and Wu’s H indicates an excess of high-frequency derived variants.
Shading marks the coding area of the gene.
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(Lenormand and Otto 2000; Lenormand 2002; Griswold 2006;
Kirkpatrick and Barton 2006; Bürger and Akerman 2011;
Yeaman and Whitlock 2011; Akerman and Bürger 2014),
but the empirical support for number of key predictions
are still weak or missing. For example, under higher gene
flow, is adaptation attributable to fewer large effect loci
that are clustered in areas of lower recombination? We ap-
proach these questions by examining the lineage-specific dif-
ferentiation patterns among populations that receive variable
number of migrants. Based on our previous field experiments
(H€am€al€a et al. 2018), the Jotunheimen populations J1 and J3
are adapted to their home environments, whereas the
Trollheimen populations T1 and T4 expressed phenotypic
differentiation in a novel habitat, suggestive of altitude adap-
tation. The demography modeling indicated highly asymmet-
ric gene flow between the neighboring low- and high-altitude
populations, which combined with the PBS analysis makes
this setup more closely resemble a continent-island model
(Bürger and Akerman 2011; Akerman and Bürger 2014) than
a two-population model of local adaptation (Yeaman and
Whitlock 2011; Akerman and Bürger 2014). Consequently,
the low-altitude populations J1 and T1 showed PBS distribu-
tions with lower and less dispersed overall estimates than the

high-altitude populations J3 and T4, and our simulation-
based outlier detection model inferred more adaptive loci
in the high-altitude populations. Our results further showed
that outlier windows in the low-altitude populations were
found in areas with lower recombination rates than in the
high-altitude populations. The outliers were also slightly more
densely clustered in the low-altitude populations, but the lack
of correlation with recombination rates suggest that this pat-
tern may be driven by other processes. In fact, if the genetic
architecture underlying local adaptation evolves only through
de novo mutations, a considerable amount of time may be
needed for the signature patterns to form (Kirkpatrick and
Barton 2006; Yeaman and Whitlock 2011; Yeaman 2013). As
the observed differences have evolved recently, potentially
during the last 1,000 generations, patterns resistant to allele
swamping (i.e., loci that in areas of low recombination and
clustered loci) were likely present as standing genetic varia-
tion before the selection shift, and they may have been
retained independently under gene flow.

Similar results have previously been found among stickle-
back population pairs that exchange migrants at different
rates (Marques et al. 2016; Samuk et al. 2017). However,
by combining estimates of bidirectional gene flow with

FIG. 5. Insights into selection acting on XRN2. Nucleotide diversityp (�10�3), Tajima’s D and Fay and Wu’s H were simulated for 8 kb area with parameters
corresponding to T1 population. The simulations were ran as single-origin hard sweeps and as multiple-origin soft sweeps. Shown are median estimates
from 500 simulations. Shaded area marks the 95% confidence interval for the estimated divergence time between T1 and T4 populations. Note the
difference in y-axis scales between the hard and soft sweeps. For T4 population, see supplementary figure S11, Supplementary Material online.

Genomic Patterns of Local Adaptation under Gene Flow in Arabidopsis lyrata . doi:10.1093/molbev/msz149 MBE

2563

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/36/11/2557/5522663 by guest on 23 D
ecem

ber 2021

Deleted Text:  
Deleted Text: l
Deleted Text: u
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz149#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz149#supplementary-data


lineage-specific selection analysis, we were able to examine
these patterns not only between the Jotunheimen and
Trollheimen study pairs but also within them, making it pos-
sible to ascertain asymmetric effects and to better approach
the genetic architecture underlying the local adaptation.
Furthermore, although previous studies have shown a trend
of outliers localizing in areas with lower than average recom-
bination rates (Renaut et al. 2013), the effects of gene flow on
this process have not (to our knowledge) been reported in
any other plant taxa.

Conditional Neutrality and Antagonistic Pleiotropy
between Neighboring Populations
A major question in local adaptation research concerns the
role of antagonistic pleiotropy in promoting adaptive diver-
gence (Kawecki and Ebert 2004; Savolainen et al. 2013; Tiffin
and Ross-Ibarra 2014; Wadgymar et al. 2017; Yoder and Tiffin
2018), and this issue is particularly relevant when the focus is
on closely adjacent populations (Yeaman and Whitlock 2011;
Akerman and Bürger 2014). A traditional way to search for
genetic trade-offs is to measure presumably adaptive trait
variation in contrasting environments and to find correlations

between phenotypes and genotypes through genetic map-
ping (Fournier-Level et al. 2011; Ågren et al. 2013; Anderson
et al. 2013; Leinonen et al. 2013). Although this approach has
the potential advantage of linking phenotypes to fitness, fo-
cusing on preselected traits might cause important factors to
be overlooked. Furthermore, causative genes underlying the
often-wide quantitative trait loci (QTL) intervals have rarely
been discovered. Here, we used PBS scans to find loci showing
patterns of opposing selection among the neighboring low-
and high-altitude populations, because under gene flow and
unrestricted recombination, the frequency differentiation is
only expected to be maintained by such fitness trade-offs.

Among the outliers potentially affected by antagonistic
pleiotropy, we discovered one locus (XRN2) with clear evi-
dence of allelic trade-off between the T1 and T4 populations.
In A. thaliana, XRN2 is known to be involved in various RNA
processing tasks (Zakrzewska-Placzek et al. 2010), including
posttranscriptional gene silencing (Gy et al. 2007); a defense
response against viral mRNAs. Examination of p, Tajima’s D,
and Fay and Wu’s H estimates showed that the observed
sequence patterns have likely resulted from two rapid and
opposing selective sweeps, while the forward simulations in-
dicated that selection has to be strong to produce these

FIG. 6. Highest enriched shared and unique GO terms with more than ten supporting genes among the significant PBS outliers. Terms with q value
<0.05 (Fisher’s exact test) are marked with a star.
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patterns in just under 600 generations (the upper confidence
interval for the divergence time estimate). Furthermore, as
suggested by our simulations, the highly negative Tajima’s D
and Fay and Wu’s H estimates are likely the result of a single
or very few haplotypes being swept to a high frequency in
each population. The sweeps might, however, have started
from a standing genetic variation, but due to low Ne and high
drift, nearly all haplotypes were lost during the initial selection
phase, producing hard sweep like patterns (Orr and
Betancourt 2001). In the absence of migration, a hard sweep
with strong selection would likely lead to a wider footprint
than observed here (Kaplan et al. 1989; Kim and Stephan
2002), but empirical studies have suggested that ongoing
gene flow and selection against the migrant alleles might
lead to a signal that is highly localized (e.g., selection on
gene controlling color patterns in deer mice; Linnen et al.
2013; Pfeifer et al. 2018). We nevertheless acknowledge that
this signal could more easily arise from selection that is older
than our demography model suggests, but given the recent
postglacial colonization of Scandinavia by A. lyrata (<10,000
generations ago; Mattila et al. 2017), a genetic trade-off ac-
companied by gene flow is still the most likely source for the
observed patterns. Reduced recombination, on the other
hand, is unlikely to be a factor here, because our linkage
map and the short area influenced by the selective sweeps
indicate that this area of the chromosome recombines freely.

As shown by Martin and Lenormand (2006, 2015), condi-
tional neutrality may actually be the dominant driver of local
adaptation across all environments, because it can evolve
through purely deleterious mutations (as opposed to antag-
onistic pleiotropy, which requires a beneficial effect in at least
one environment). This fact is probably reflected in our
results as well, as the footprint of background selection is
often similar to genetic hitchhiking (Comeron 2017). The
divergence between these populations might also be too re-
cent for antagonistic pleiotropy to become more common, as
it is a prediction based on longer evolutionary time scales
(Yeaman and Whitlock 2011). Furthermore, some trade-off
loci are likely identified as conditionally neutral due to lack of
power to detect selection in both lineages (Anderson et al.
2013; Tiffin and Ross-Ibarra 2014; Wadgymar et al. 2017;
Yoder and Tiffin 2018). Studies based on QTL mapping
have suggested that genetic trade-offs may be more abun-
dant between the long since diverged Swedish and Italian A.
thaliana populations (Ågren et al. 2013; Price et al. 2018).
However, local adaptation between the A. thaliana popula-
tions has evolved in the absence of gene flow, so the patterns
are not due to interaction of migration and selection, but
they might, for example, reflect genomic constraints. In any
case, the apparent prevalence of conditional neutrality can
result in freer spread of alleles, which might be beneficial for
these A. lyrata populations upon climate change (Fournier-
Level et al. 2011; H€am€al€a et al. 2018).

Resistance to Solar Radiation Is Selected for in Alpine
Environments
Besides genome-wide patterns of adaptive differentiation, our
results revealed genes and biological process that may

underlie colonization of alpine and lowland habitats in south-
western Norway. A major factor associated with highland
environments is the increase in solar radiation intensity
(Körner 2007). Indeed, earlier studies conducted on plants
(Fischer et al. 2013), as well as on humans (Yang et al.
2017), have detected directional selection on UV resistance
genes in high-altitude populations. Our analysis also discov-
ered a UV resistance gene TT5 (Li et al. 1993) among the most
significant outliers in J3 and a DNA break repair (a trait related
to increased radiation levels) gene RAD23C (Farmer et al.
2010) was found in T4. Furthermore, genes involved in re-
sponse to light stimulus were discovered in both populations,
and the highest shared outlier between J3 and T4 was ADG1; a
gene thought to be important in acclimation to high light
intensities in A. thaliana (Schmitz et al. 2014). As indicated by
our GO enrichment analysis, loci involved in “response to
radiation” were more numerous than expected among the
outlier loci in the two alpine populations. Additional highly
enriched GO categories were “response to light stimulus” and
“cellular response to stress,” which might also be linked to
adaptation under increased solar radiation. Selection on radi-
ation resistance genes may not, however, be ubiquitous
among highland populations, as shown by studies on A. hal-
leri in Japan (Kubota et al. 2015) and on A. thaliana in Italy
(Günther et al. 2016). Therefore, these results suggest that
solar radiation imposed selection can be a significant driver of
adaptive differentiation in the northern latitudes, even
though the high-altitude areas in Scandinavia are relatively
low elevation compared with highest regions in the world.

Vegetative Growth and Bacterial Defence Are
Important Traits in Lowland Adaptation
We also discovered interesting selection patterns in the low-
altitude populations. Genes involved in leaf development and
vegetative growth were found among the top outliers in J1
and T1, and the corresponding “leaf development” GO cat-
egory was significantly enriched in both gene sets. “Shoot
system development,” another significantly enriched term,
is especially interesting because we have previously shown
that lowland populations generally produce longer flowering
shoots than alpine populations, and the trait had a positive
correlation with fitness at the Finnish sea level field site
(H€am€al€a et al. 2018). Bacterial defence seems to be another
important trait in the lowland habitats. The GO term
“response to bacterium” was significantly enriched in both
lowland populations, and the top outlier in J1 (SRT2) is in-
volved in that process (Wang et al. 2010). The gene exhibiting
allelic trade-off between T1 and T4, XRN2, is also known to be
involved in immune responses in A. thaliana (Gy et al. 2007).
Selection on bacterial defence genes has previously been
reported among populations from different altitudes in
A. halleri (Fischer et al. 2013; Kubota et al. 2015) and in
A. thaliana (Günther et al. 2016), but as those studies relied
on traditional methods to search for differentiation outliers,
the authors could not infer whether the selection target had
been the low- or the high-altitude lineage.

Despite the fact that many outlier genes with same
biological processes were shared between the two high-
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and low-altitude populations, almost all individual loci were
population specific. This lack of correlation at the gene level
likely indicates that populations living in similar environments
have responded to same environmental pressures through
different genetic pathways, suggesting either subtle differen-
ces in phenotypes under selection or that selection has acted
on different genes underlying the same polygenic traits.
Considering the recent divergence time estimate between
populations from the two alpine areas (�2,800 years ago)
and the growing evidence of convergent local adaptation
even among more distantly related groups (Arnold et al.
2016; Yeaman et al. 2016), these results suggest that adapta-
tion to altitude-specific environments in A. lyrata is not con-
strained to only few key genes, which might further aid
adaptation to future climates.

Conclusions
By studying recently diverged, phenotypically differentiated
and locally adapted A. lyrata populations, we have gained
novel insights into adaptive processes driving differentiation
under ongoing gene flow. As predicted by theory, selection
outliers in the lowland populations were located in areas with
lower recombination rates than in the alpine populations. We
also found a locus displaying clear footprints of strong op-
posing selective sweeps in the Trollheimen populations; a
pattern likely caused by antagonistic pleiotropy. However,
most selected loci showed indications of conditional neutral-
ity, potentially reflecting the recent divergence between these
populations. Phenotypes associated with the outliers further
revealed biological processes that may underlie recent alpine
and lowland adaptation in northern Europe. These results
contribute to understanding of processes driving adaptive
differentiation under gene flow, as well as of traits and bio-
logical processes underlying alpine adaptation in northern
latitudes.

Materials and Methods

Study Populations
We studied altitude adaptation among Norwegian
Arabidopsis lyrata populations from two alpine areas
(Jotunheimen and Trollheimen). Both areas were represented
by one low- and one high-altitude population (fig. 1 and
supplementary table S1, Supplementary Material online).
Based on patterns of microsatellite variation, populations
within both alpine areas form distinct genetic clusters
(Gaudeul et al. 2007). The fitness and phenotypic variation
of these populations were previously studied in H€am€al€a et al.
(2018). In that study, the areas were represented by four
populations, which were abbreviated as J1 to J4 and T1 to
T4. Here, we retain the naming convention and call the pop-
ulations J1 (300 m.a.s.l), J3 (1,100 m.a.s.l), T1 (10 m.a.s.l), and
T4 (1,360 m.a.s.l). The distance between the J1 and J3 growing
sites is �25 km, whereas the approximate distance between
T1 and T4 is 30 km. The two alpine areas are roughly 100 km
apart (fig. 1).

Whole-Genome Sequencing
Whole-genome data from two previously published studies
were used (Mattila et al. 2017; H€am€al€a et al. 2018): nine
individuals from J1, 12 from J3 and five from T1. For the
present study, we also sequenced nine individuals from T4
population, which exhibited more high-altitude-specific phe-
notypes (earlier flowering start and shorter flowering shoots,
as well as higher fruit production) in our field experiments
than the previously sequenced T3 population (H€am€al€a et al.
2018). In addition, a German population (abbreviated as GER)
consisting of six individuals was used as an outgroup in the
selection scan (see Selection Scan) and the German and a
Swedish population (SWE; consisting also of six individuals)
were used as comparison groups in admixture and PCA (see
Analysis of Genetic Diversity and Population Structure). The
German and Swedish individuals, as well as five individuals
from J3, came from Mattila et al. (2017), whereas the other
previously sequenced individuals were from H€am€al€a et al.
(2018). In all three studies, DNA was extracted from fresh
leaves using NucleoSpin Plant II kits (Macherey-Nagel), the
libraries for Illumina whole-genome sequencing were pre-
pared with NEBNext master mix kits (New England
Biolabs), and the sequencing was done with Illumina
HiSeq2000 (Mattila et al. 2017) and HiSeq2500 (H€am€al€a
et al. 2018; this study) in Institute of Molecular Medicine
Finland, University of Helsinki, using PE100 chemistry. The
median read coverage per individual ranged from 6 to 25.
The low coverage in some individuals combined with the
variable nature of the short-read sequencing means that in-
formation contained in large part of the data set is insufficient
to call genotypes with high confidence (Nielsen et al. 2011).
Therefore, to lessen the bias caused by uncertain genotypes,
we adopted a SNP call free approach and based all estimated
statistics on genotype likelihoods.

Sequence Processing and Allele Frequency Estimation
Low-quality reads and sequencing adapters were removed
using Trimmomatic (Bolger et al. 2014). The reads were
aligned to A. lyrata v1.0 reference genome (Hu et al. 2011)
with BWA-MEM (Li and Durbin 2009). Duplicated reads were
removed and indels realigned with GATK (DePristo et al.
2011). Likelihoods for the three possible genotypes in each
biallelic site were then calculated with the GATK model in
ANGSD (Korneliussen et al. 2014). We only used reads with
mapping quality over 30, while sites needed to have quality
over 20 and sequencing depth no less than 4�. Allele fre-
quencies for the selection scan were then estimated directly
from the genotype likelihoods using a model by Kim et al.
(2011). The strict filtering associated with SNP calling (com-
monly the ranking genotype needs to be ten times more likely
than the others) can especially reduce the number of hetero-
zygote calls in areas of low coverage (for a comparison be-
tween SNP calls and genotype likelihoods in our data, see
supplementary fig. S12, Supplementary Material online).
The method used here circumvents that problem by taking
the genotype uncertainty into account, producing unbiased
allele frequency estimates even with the minimum threshold
coverage (Kim et al. 2011; Nielsen et al. 2011).
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Analysis of Genetic Diversity and Population Structure
We studied genetic variation within populations by estimat-
ing two summary statistics with ANGSD (Korneliussen et al.
2014): nucleotide diversity p, which is an estimator of the
population mutation rate h ¼ 4 Nel (Tajima 1983), and
Tajima’s D, which approximates how far the population is
from a mutation-drift balance (Tajima 1989). PCA and ad-
mixture analysis were conducted to further assess the genetic
relationships between the study populations. Genotype like-
lihoods were estimated for 4-fold degenerate sites with
ANGSD and used as a input for PCAngsd (Meisner and
Albrechtsen 2018). As suggested by the program documen-
tation, we used the optimal number of PCs to define the likely
number of ancestral populations (K).

Demography Simulations
Site frequency spectra based coalescent simulations were
used to estimate divergence times, migration rates, and effec-
tive population sizes. Estimates involving the Jotunheimen
populations J1 and J3 were inferred as part of an earlier study
(H€am€al€a et al. 2018), and here we conducted additional sim-
ulations for the Trollheimen populations T1 and T4. Briefly,
derived site frequency spectra (SFS) were estimated for 4-fold
degenerate sites in ANGSD (Korneliussen et al. 2014) and the
demography models were fitted to these in fastsimcoal2
(Excoffier et al. 2013). We tested four different migration
models between the Norwegian populations: no migration,
unidirectional migration (from 1 to 2 and from 2 to 1), and
bidirectional migration. To explore alternative explanations
for the estimated migration parameters, we also tested
whether asymmetric expansion after a bottleneck may lead
to spurious signals that could be mistaken for gene flow.
Simulations were repeated 50 times to acquire global maxi-
mum likelihood estimates for the parameters. Model selec-
tion was based on the Akaike information criterion (AIC)
scores. We then used 100 nonparametric bootstrap SFS to
define 95% confidence intervals for the parameter estimates.
For more information about the demography analysis, see
H€am€al€a et al. (2018).

As our approach for examining the genetic architecture of
local adaptation rely on accurately estimating the direction of
gene flow, we evaluated the performance of the inference
method with simulated data. We used MLEs from the best
supported demography models (supplementary table S4,
Supplementary Material online) to generate 10,000� 10 kb
fragments for each population. As with the observed data, SFS
from the simulated samples were estimated with ANGSD and
used as an input for fastsimcoal2. A reasonable correspon-
dence between parameters estimates from the observed and
simulated data sets (supplementary table S5, Supplementary
Material online) confirmed that fastsimcoal2 performs reli-
ably with our A. lyrata populations.

Selection Scan
Selected sites were detected by scanning the chromosomes
for areas of unexpectedly high differentiation between the
populations; a pattern indicative of directional selection
(Lewontin and Krakauer 1973). The relative levels of

differentiation were estimated with FST measure by Hudson
et al. (1992): 1 �(HW/HB), where HW and HB are the mean
number of differences within and between populations, re-
spectively. However, here we used a more specific formula,
developed for the two population, two allele case by Bhatia
et al. (2013):

FST ¼
ðp1 � p2Þ2 � p1 1�p1ð Þ

n1�1 �
p2ð1�p2Þ

n2�1

p1 1� p2ð Þ þ p2ð1� p1Þ

where ni is the sample size and pi is the minor allele fre-
quency in the two populations to be compared. This esti-
mator has been shown to be unbiased by unequal sample
sizes and less prone to overestimating differentiation than
other commonly used FST measures (Bhatia et al. 2013). The
selection scan was conducted in SNP-based window sizes to
prevent biasing the estimates with unequal SNP numbers. As
the average linkage disequilibrium decays rapidly in these A.
lyrata populations (supplementary fig. S13, Supplementary
Material online), 50-SNP nonoverlapping sliding windows
(median length �3 kb) provided a good trade-off between
resolution and independence of the estimates. We also used
1- and 150-SNP (median length�10 kb) windows to confirm
patterns related to genetic architecture of local adaptation.
FST for a window of size n was calculated using the weighting

method by Reynolds et al. (1983): 1� ð
Pn

i¼1

HiW=
Pn

i¼1

HiBÞ. FST

can, however, be inflated by reduced within-population nu-
cleotide diversities, brought on, for example, by background
selection or reduced recombination (Charlesworth 1998;
Cruickshank and Hahn 2014). For this reason, we also esti-
mated absolute levels of differentiation between the popu-
lations; an index commonly called dXY (Nei 1987;
Cruickshank and Hahn 2014). dXY for a window of size n
was calculated with a formula:

dXY ¼
1

n

Xn

i¼1

pi1 1� pi2ð Þ þ pi2ð1� pi1Þ

This measure is indifferent to within-population levels of
diversity, but it can be biased by unequal sample sizes.
Therefore, to balance the shortcomings of both FST and
dXY, we focused on sites that were detected as outliers using
both measures.

A single differentiation measure, either FST or dXY, can de-
tect localized selection, but it cannot distinguish which line-
age has been the target. A recently developed method, the
PBS (Yi et al. 2010), overcomes this limitation by comparing
differentiation estimates between two closely related popu-
lations and an outgroup. The FST and dXY values were first
transformed into relative divergence times: T ¼ �lnð1� XÞ,
where X is the differentiation measure. PBS for population 1
was then estimated as:

PBS ¼ T12 þ T13 � T23

2

The obtained value quantifies the magnitude of allele fre-
quency change in a lineage 1 since its divergence from the
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closely related population 2 and the outgroup 3. Selection
acting only on a single lineage would appear as higher than
neutral differentiation between the focal populations (i.e.,
T12) and one of the outgroup comparisons (e.g., T13), whereas
different alleles being under selection in both focal popula-
tions would lead to high differentiation between all three
population comparisons (i.e., T12, T13, and T23). We acknowl-
edge, however, that this assignment is sensitive to difference
in power to detect selection in the focal lineages—a common
issue in searches for genetic trade-offs (Anderson et al. 2013;
Tiffin and Ross-Ibarra 2014; Wadgymar et al. 2017; Yoder and
Tiffin 2018). By choosing a sufficiently different outgroup, we
can reduce the chance that loci under differential selection
between the focal populations are also under selection in the
outgroup, as this can introduce bias into the analysis.
Therefore, the German population was chosen as the out-
group over the Swedish one, because it diverged from the
Norwegian populations�30,000 generation ago (supplemen-
tary table S4, Supplementary Material online) and its natural
growing environment is highly different from the Norwegian
environments (Leinonen et al. 2009). Lineage-specific selec-
tion patterns among the focal populations were estimated by
calculating PBS estimates for population trios J1–J3–GER and
T1–T4–GER. To further evaluate if selection acting on the
outgroup lineage influences our results, we compared pop-
ulation-specific PBS outliers (for explanation of the outlier
detection, see next section) to FST and dXY outliers estimated
between the corresponding focal population and the out-
group (e.g., PBS outliers in population J1 were compared
against regular differentiation outliers between J1 and GER).
Each comparison had minimal (�5%) overlap, suggesting
that selection acting on the outgroup lineage causes no major
bias in categorization of the putatively adaptive loci.

Outlier Detection
We compared the PBS estimates against simulated samples
to find sites that show higher differentiation than expected
under neutrality. Neutral data were generated with coales-
cent models in ms (Hudson 2002), by taking into account the
genome-wide recombination rates and the demographic his-
tory of these populations. This approach can produce realistic
approximations of the null distribution, which generally leads
to fewer false positives compared with methods based on
specific population genetic or statistical models (Lotterhos
and Whitlock 2015; Hoban et al. 2016). The relevant MLEs
from the demography models (i.e., divergence times, migra-
tion rates, and effective population sizes, going back to a most
recent common ancestor of these populations) were used for
the population comparisons. Recombination rates for
sequences that corresponded in size to observed window
lengths were pulled randomly from a linkage map published
in an earlier study (H€am€al€a et al. 2017). The map was con-
structed by crossing populations representing the two A.
lyrata subspecies (one from Eurasia and one from North
America) and it is not specific for the populations of the
present study. However, we expect that in A. lyrata, as in
many other species (Ritz et al. 2017), the large-scale recom-
bination patterns are conserved among populations, making

the linkage map a suitable tool for the current study. The map
consists of 1,515 uniquely located markers, genotyped for
354 F2 progeny. The median distance between adjacent
markers is 48 kb. Based on recombination rate estimates
from other plant species (Gaut et al. 2007), the map should
be well able to catch the broad scale recombination rate
variation existing in A. lyrata. The mutation rate was set to
l ¼ 7� 10�9 following Ossowski et al. (2010). Using the
simulated data, we acquired �50,000 neutral PBS estimates
for each population, which constituted the null distributions
for outlier testing. We defined P values as the proportion of
neutral estimates that had the same or higher PBS value than
the observed one. The P values were subsequently trans-
formed into false discovery rate based q values (Storey and
Tibshirani 2003) to reduce the bias caused by multiple testing.
PBS estimates with q value<0.05 were considered significant.
We have implemented this PBS scan and outlier detection
method into a new C program, PBScan, available at: https://
github.com/thamala/PBScan

Analysis of Putatively Adaptive Loci
To examine processes potentially affecting localization of the
adaptive loci, we estimated recombination rates, gene densities,
and mutation rates for the outlier areas. We used the linkage
map and A. lyrata v1.0 genome annotation (Hu et al. 2011) to
estimate recombination rates and gene densities, respectively.
Additionally, we used A. lyrata–A. thaliana whole-genome
alignments from Mattila et al. (2017) to estimate the propor-
tion of synonymous nucleotide substitutions per synonymous
site (dS), which served as a proxy for mutation rate (Begun and
Aquadro 1992). To evaluate whether outlier statistics differ
between populations, distributions were compared with boot-
strap based KS test (Sekhon 2011) with 10,000 replicates.

For one especially interesting locus, XRN2, we also exam-
ined what evolutionary scenarios may have produced the
selection patterns by conducting simulations under different
forward genetic models in SLiM 2 (Haller and Messer 2017).
As in the case of neutral simulations, we used the estimated
demography parameters, mutation rate from Ossowski et al.
(2010), and recombination information from the correspond-
ing area of the linkage map (r¼ 3.7� 10�8). Selection param-
eters (4 Nes¼ 100, 1,000, and 10,000) were based on Pennings
and Hermisson (2006).

Lastly, we examined to what biological processes these
outliers are associated with using a GO (Ashburner et al.
2000) analysis. Although GO enrichment analysis has known
caveats, such as those related to difficulty in defining the null
expectations for significant testing or spurious signals caused
by linked selection, it remains one of the best tools for sum-
marizing functions among large quantities of genes (Gaudet
and Dessimoz 2017). PANTHER tools (Mi et al. 2017) was
used to detect significantly enriched terms among genes
that localized within or were closer than 5 kb of significant
(q value <0.05) outlier windows.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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