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Abstract

The three-spined stickleback (Gasterosteus aculeatus) is an important model system for
the study of parallel evolution in the wild, having repeatedly colonized and adapted to
freshwater from the sea throughout the northern hemisphere. Previous studies identified
numerous genomic regions showing consistent genetic differentiation between freshwater
and marine ecotypes, but these had typically limited geographic sampling and mostly
focused on the Eastern Pacific region. We analysed population genomic data from the
three-spined stickleback marine and freshwater ecotypes covering the entire species’
range to detect loci involved in parallel evolution at different geographic scales. Most

signatures of parallel evolution were unique to the Eastern Pacific and trans-oceanic
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marine-freshwater differentiation was restricted to a limited number of shared genomic
regions, including three chromosomal inversions. Based on simulations and empirical
data, we demonstrate that this could result from the stochastic loss of freshwater-adapted
alleles during the invasion of the Atlantic basin and selection against freshwater-adapted
variants in the sea, both of which can reduce standing genetic variation available for
freshwater adaptation outside the Eastern Pacific region. Moreover, the elevated linkage
disequilibrium associated with marine-freshwater differentiation in the Eastern Pacific is
consistent with secondary contact between marine and freshwater populations that
evolved in isolation from each other during past glacial periods. Thus, contrary to what
earlier studies from the Eastern Pacific region have led us to believe, parallel marine-
freshwater differentiation in sticklebacks is far less prevalent and pronounced in all other

parts of the species global distribution range.

Keywords: Gasterosteus aculeatus; genetic differentiation; linkage disequilibrium; local

adaptation; parallel evolution
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Introduction

The extent to which the evolution of similar phenotypes arises by selection acting on
shared ancestral polymorphism (i.e. parallel evolution') or via distinct molecular
evolutionary pathways (i.e. convergent evolution?#) is a major question in evolutionary
biology. A powerful approach to disentangle these processes is to study the genomic
architecture underlying the repeated evolution of similar phenotypes in similar
environments. After the retreat of Pleistocene glaciers, marine three-spined sticklebacks
(Gasterosteus aculeatus) colonized many newly formed freshwater habitats and adopted
similar changes in a number of morphological, physiological, life history and behavioural
traits®>°. Thus, this species has become one of the most widely used model systems to

study the molecular basis of adaptive evolution in vertebrates in the wild°,

Previous studies of the three-spined stickleback model system have quantified the extent
of parallel evolution by identifying genomic regions that are consistently differentiated
between marine and freshwater ecotypes sampled across different geographic areas311-18,
The focus has historically been on the Eastern Pacific region:13.1419-21 byt several recent
studies have focused on Atlantic populations'?1518 However, only two studies have thus
far included samples from a larger (global) geographic range®*!. Based on whole genome
sequence data from a limited number of individuals from Eastern Pacific and Atlantic
populations (n = 21), Jones et al.'! identified ~200 genomic regions that consistently
separated marine and freshwater individuals globally, representing roughly 0.5% of the
dataset. They also found that 2.83% of the genome showed signatures of parallel selection
in Eastern Pacific freshwater locations — approximately six times more than that at the
global scale (tree i, Supplementary Fig. 2 and Supplementary Table 7 in Jones et al.'! —

suggesting that more loci contribute to parallel evolution at smaller geographic (regional)
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scales. However, since this pattern was unique to the Eastern Pacific (and the focus was
on global parallelism) its implications for a holistic understanding of marine-freshwater
differentiation at both regional and global scales was never discussed. Such global
heterogeneous ecotype divergence is consistent with the results of several other studies
as well. Focusing on 26 candidate genes in six pairs of marine-freshwater populations
across the globe, DeFaveri et al.3 found that only ~50% of the genes under divergent
selection were shared across more than three population pairs, and none were shared
among all populations. This suggested a limited re-reuse of ancestral polymorphism at the
global scale, implicating either an important role of convergent evolution at larger
geographic scales?, or geographic heterogeneity in selective pressure among different?
freshwater ecosystems?34. Furthermore, studies focusing on parallel evolution within
oceans, and even smaller geographic regions, show striking differences in the proportion
of loci involved in parallel freshwater adaptation between Pacific and Atlantic regions!!-
13151821 For instance, Terekhanova et al.}”18 recovered only 21 highly localized genomic
regions involved in parallel freshwater differentiation in the White Sea, in contrast to
Hohenlohe et al.2® and Nelson & Cresko?! who found large genomic regions involved in
parallel freshwater differentiation across almost all chromosomes in the Eastern Pacific
populations. Therefore, the potential mechanisms underlying this apparent large-scale
geographic heterogeneity in genome-wide patterns of parallel evolution in three-spined
sticklebacks remain unexplored. To this end, we analysed population genomic data from a
comprehensive sampling of all major geographic areas inhabited by the three-spined
stickleback, and employed unsupervised and supervised methods to detect loci involved in
parallel marine-freshwater differentiation at different geographical scales. Based on earlier
observations31215-18.22 '\we hypothesize that the genetic parallelism in response to

freshwater colonization by marine sticklebacks is heterogeneous at the global scale, and



86  that the degree of genetic parallelism is much stronger in the Eastern Pacific region than

87 elsewhere.

88  We further seek to understand and discuss the ultimate causes of the marked regional

g9  differences in genome-wide signatures of parallel genetic differentiation among ecotypes.
90 To explain the mechanism behind the repeated use of the same alleles in independent
91  freshwater populations of sticklebacks, Schluter & Conte! proposed the “transporter

92 hypothesis”. This hypothesis postulates that three-spined sticklebacks have repeatedly
93  colonized and adapted to freshwater environments via selection on standing genetic

94  variation in large marine populations. These freshwater-adapted alleles are in turn

95  maintained in the marine populations by recurrent gene flow with previously colonized

96 freshwater populations. Three-spined stickleback populations have persisted in the

97  Eastern Pacific for approximately 26 Mya?326 and from there recolonized the Western

98  Pacific and Atlantic Ocean basins following local extinctions much more recently, during
99 the late Pleistocene (36.9-346.5 kya?’-2). During bottlenecks and founder events, rare
100 alleles are lost at a higher rate than common alleles®3!, Since freshwater-adapted alleles
101 exist in the marine populations only at low frequencies?, it is likely that they were lost to a
102 higher degree than neutral variation during geographic range expansions from the Eastern
103 Pacific (via the sea), thereby reducing the amount of standing genetic variation available
104  for freshwater adaptation outside of the Eastern Pacific. To test this hypothesis, we used
105 individual-based forward simulations designed to mimic the transporter hypothesis, and
106  the general global population demographic history of three-spined sticklebacks outlined
107 above. We conclude with a discussion on other potential biological and demographic

108 explanations for the high degree of geographic heterogeneity in patterns of parallel

109  genomic differentiation, and reflect upon the representativeness of the Eastern Pacific

110  three-spined stickleback populations as a general model for the study of parallel evolution.
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Results

Marine-freshwater divergence determined by unsupervised and supervised

approaches

The Linkage Disequilibrium Network Analysis (LDna) was applied on a dataset including
2,511,922 SNPs derived from 166 individuals worldwide to identify and extract clusters of
highly correlated loci, i.e. sets of loci affected by the same evolutionary processes (LD-
clusters). The first step of LDna identified 214,326 loci that were in high LD with at least
one other locus within windows of 100 SNPs (Supplementary Information 1). The next step
of performing LDna on each chromosome separately (only using one locus from each LD-
cluster from step one; Supplementary information 1) resulted in 81 distinct LD-clusters.
From these, a final 29 LD-clusters were obtained (pooling within chromosome LD-clusters
whenever they were grouped by LDna in the final step; Supplementary information 1),
containing a total of 71,064 loci (viz. Cluster 1-29). Eight of these LD-clusters associated
with geographic structure and genetic parallelism are highlighted in Fig. 2a-h. Details of all

29 clusters can be found in Extended Data Fig. 1 and Extended Data Fig. 7.

LDna successfully recovered most of the previously identified regions from Jones et al.
(2012) that differentiated marine from freshwater ecotypes, and failed to recover only small
regions that had low coverage and relatively low levels of marine-freshwater differentiation

(Supplementary Information 2 and Extended Data Fig.2).

Trans-oceanic marine-freshwater parallelism
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LD-clusters 5, 6, 10, 11, 12, 13, 16, 18, 20, 22, 25 and 27 (a total of 2,502 loci, 0.100% of
the dataset; see four representatives in Fig. 1e-h, and all in Extended Data Fig.1, 2)
grouped multiple freshwater individuals from different geographic regions across the
Pacific and Atlantic Oceans (for all P < 0.05, permutation test for ecotype differentiation),
reflecting genetic marine-freshwater parallelism on a global (trans-oceanic) scale. Within
those, LD-clusters 6, 11, 12, 16 and 27 (a total of 1,639 loci, 0.065% of the dataset)
similarly showed high marine-freshwater allelic differentiation (Fst, Fig 1e-h, Fig. 2c-e) in
both the Eastern Pacific and Atlantic, further suggesting global parallelism. Particularly,
loci from LD-cluster 11 mapped to four distinct regions on Chr. V of which one (Fig. 2c-e)
mark the position of the Ectodysplasin (EDA) gene that known to be responsible for
marine-freshwater differences in lateral armour plate development worldwide?. In contrast,
although the remaining clusters (5, 10, 13, 18, 20, 22, 25, a total of 863 loci, 0.034% of the
dataset) also grouped freshwater individuals from both the Pacific and Atlantic Oceans
(similar to LD-cluster 29 above; Fig. 2c-e and Extended Data Fig. 1), they showed much
less marine-freshwater differentiation in the Atlantic Ocean than in the Eastern Pacific (Fig.
2c-e). Among the LD-clusters associated with marine-freshwater differentiation, LD-
clusters 6 and 22 covered previously known chromosomal inversions on Chr. | and XI,
respectively!! (Fig. 1e, Extended Data Fig. 1, Extended Data Fig. 7). In addition, we also
found a putative novel inversion on Chr. V (LD-cluster 19,241 loci) that was not associated
with marine-freshwater differentiation (Extended Data Fig. 1, Extended Data Fig. 7). LDna
and Fst analyses did not detect any significant region showing marine-freshwater
differentiation in the Western Pacific (Extended Data Fig. 3c) and thus, this region is not

considered further here.
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Eastern Pacific marine-freshwater parallelism

LD-clusters 2 (53,785 loci, 2.141% of the dataset, Fig. 1b) and 21 (183 loci, 0.007% of the
dataset, Fig. 1c) separated Eastern Pacific freshwater individuals exclusively from the
remaining samples, a pattern that is not expected by chance alone (permutation test P <
0.001, Extended Data Fig. 1, Extended Data Fig. 7). Rather, this reflects a shared adaptive
response among Eastern Pacific freshwater populations. The exception was two
freshwater individuals from the Eastern Pacific (ALA; Alaska) that did not group with the
other freshwater individuals from the Eastern Pacific but instead with Atlantic (marine and
freshwater), Western Pacific (marine and freshwater) and the marine individuals from
Eastern Pacific (Fig. 1c, Extended Data Fig. 4). LD-cluster 29 (2,728 loci, 0.109% of the
dataset) covering a known inversion on Chr. XXI (Fig. 1d) grouped the Eastern Pacific
freshwater individuals (except the two Alaskan individuals above) together with six Atlantic
freshwater individuals and one Eastern Pacific marine individual. Because this LD-cluster
maps to an inversion, the groups also represent putative inversion karyotypes?2.Thus, this
inversion shows strong ecotype differentiation not only in the Eastern Pacific, but also in a
small proportion of individuals outside of the Eastern Pacific that putatively carry the
freshwater-adapted karyotype (i.e. the karyotype with the highest frequency among
Eastern Pacific freshwater individuals). Notably, no cluster of similar magnitude to LD-
cluster 2 — which separates freshwater individuals from one specific region from all
remaining samples in the data — could be detected outside of the Eastern Pacific,
demonstrating that parallel marine-freshwater differentiation in the Eastern Pacific is much

more prevalent than anywhere else in the world.

A small proportion of the loci from LD-cluster 2 (28 SNPs) mapped to regions that showed

global parallelism in Jones et al. ! (Extended Data Fig. 2). In addition, <1% of all loci in
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LD-cluster 2 (243 SNPs) showed Fst > 0.2 also in the Atlantic (as is evident e.g. from Fig.
2a and Extended Data Fig. 3a). These loci appear to be non-randomly distributed in the
genome (Extended Data Fig. 3a), indicating that indeed they are likely to be linked to
genomic regions involved in marine-freshwater differentiation in both the Atlantic and the
Eastern Pacific. Due to small sample-sizes, the Fst Manhattan plots display a considerable
amount of noise, particularly in the datasets from the Eastern and Western Pacific Oceans

(Fig. 2b,e and Extended Data Fig. 3).

Geographic structure and regional local adaptation

LD-cluster 1 (10,184 loci, 0.405% of the dataset) separated all Pacific individuals (Eastern
and Western) from the Atlantic individuals (Fig. 1a), thus mainly reflecting trans-oceanic
geographic structure. LD-clusters 4, 8, 9, 14 and 24 (a total of 526 loci, 0.021% of the
dataset, Extended Data Fig. 1) separated freshwater individuals from only one geographic
region; this likely reflects geographic clustering, but could also contain some loci involved
in non-parallel freshwater adaptation. We therefore could not determine the underlying
evolutionary phenomena that produced these clusters (Extended Data Fig. 2). Accordingly,
loci from these LD-clusters showed little marine-freshwater differentiation in both the
Eastern Pacific and Atlantic (Extended Data Fig. 1), and only 2 loci (from LD-cluster 14)
mapped to the marine-freshwater divergent regions identified by Jones et al.'1)regions

(Extended Data Fig. 2).

Proof of concept simulations
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Several potential explanations for geographic heterogeneity in parallel patterns of marine-
freshwater differentiation in three-spined sticklebacks have been suggested®. One such
explanation that has not received much attention in the context of three-spined
sticklebacks is the stochastic loss of freshwater-adapted alleles due to founder events
when three-spined sticklebacks colonized the rest of the world from the Eastern Pacific in
the late Pleistocene (see Introduction). Thus, as a proof of concept, we used forward-in-
time simulations to investigate the conditions under which parallel islands of differentiation

between marine and freshwater ecotypes can arise under such a scenario.

In the simulated data, before Atl (the simulated Atlantic Ocean) was colonized from Pac
(the simulated Pacific Ocean) prior to the closing of the Bering Strait (38-40 Kya), all five
freshwater populations in Pac were fixed or nearly fixed for the freshwater-adapted alleles
of all locally adapted QTL (Fig. 3f). Following the colonization of Atl, the increased
frequency of the freshwater allele in the Atlantic freshwater populations depended on both
QTL density and the level of gene flow between Pac and Atl (Fig. 3f). The highest increase
in freshwater-adapted alleles in Atl was observed when QTL density was low (3 QTL per
chromosome) and trans-oceanic gene flow was high (5 migrants/generation, Fig. 3f).
During post-glacial colonization of new freshwater habitats from the sea (10 Kya to
present), freshwater-adapted alleles (in both Pac and Atl) gradually increased in the newly
formed freshwater populations (Fig. 3f), reflecting local adaptation. This increase was
similarly dependent on the QTL density (both in Pac and Atl) and trans-oceanic gene flow
(only affecting Atl, Fig. 3f). These patterns likely reflect the underlying levels of ancestral
variation in the sea available for subsequent freshwater adaptation (Supplementary Fig.
1a). The lowest frequencies of freshwater-adapted alleles in the sea were always
observed when QTL density was the highest (in both Pac and Atl) and trans-oceanic gene

flow was the lowest (only affecting the Atl, Supplementary Fig. 1a). Furthermore, the
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frequency of freshwater-adapted alleles in both the sea (ancestral variation) and in the
post-glacial freshwater populations (local adaptation) depended on whether the QTL were
located in low or high recombination regions; the lowest frequencies of freshwater-adapted
alleles were always observed in low recombination regions (Supplementary Fig. 1b,c). The
freshwater-adapted alleles in both Pac and Atl freshwater populations never reached
similar frequencies during the post-glacial colonization (10 Kya; Fig. 3f) as before post-
glacial colonization (>10 Kya; Fig. 3f), showing that ancestral variation in the sea was not
sufficient to allow complete local adaptation (i.e. fixation of all original freshwater-adapted
alleles) in our simulations. Note that with the rapid fixation of all the freshwater-adapted
alleles (that started at frequency 0.5 in the freshwater populations in Pac) and the low
mutation rate used (1e® per site and generation), the contribution of de novo mutations (at

the QTL) to freshwater adaptation in these simulations are negligible.

In the simulations, present-day marine-freshwater differentiation (mean neutral Fst) was
always low for the two chromosomes without QTL as well as in high recombination regions
of chromosomes that contained QTL (Fig. 4; Supplementary Fig. 1d). In contrast, Fst for
low recombination regions of QTL-containing chromosomes was high for Pac (for all
parameter settings), indicating strong islands of parallel marine-freshwater differentiation.
This was also true for Atl when QTL density was low (3 or 6 QTL per chromosome) and
when trans-oceanic gene flow was high, but not when QTL density was high (9 QTL per

chromosome; Fig. 4; Supplementary Fig. 1d) and trans-oceanic gene flow was low.

In the LD-clusters with the strongest Pacific-freshwater (PF) versus non-PF genetic
differentiation in the simulated data, the clusters separation score (CSSs; the scaled
centroid distance based on the two first principal components [PCs], with range [0,1]) were

always high (>0.75) between PF and the Atlantic populations (Atlantic-marine and
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freshwater, AF and AM, respectively), similar to LD-cluster 2 (Fig. 3g-h, Supplementary
Fig. 1e). However, the CSS between PF and Pacific-marine (PM) for LD-cluster 2 was also
high (0.62), in contrast to the simulated data where this score was low (starting from < 0.2)
but increased with QTL density, and more so when migration rate during colonization of Atl
from Pac was high (5 migrants/generation; Fig. 3g-h, Supplementary Fig. 1e). This is likely
due to QTL density increasing the distance (in the Principal Component Analyses [PCA])
between PF and PM and migration rate decreasing the distance between Pac and Atl
individuals, as CSS here is scaled by the maximum Euclidean distance between any two
points in the data. Furthermore, when migration rate was low, no LD-cluster showed any
significant CSS between AF and AM. However, when migration rate was high and with
increasing QTL density, LD-clusters similar to LD-cluster 2 were readily observed also in
Atl. This shows that in simulations, low migration rates and high QTL densities are

required to produce patterns similar the observed data.

Discussion

Using genome-wide SNP data from a comprehensive global sampling of marine and
freshwater stickleback ecotypes, we demonstrate that a much smaller proportion of the
genome (0.208% of the dataset) is involved in global parallel marine-freshwater
differentiation than exclusively in the Eastern Pacific (2.149% of the dataset). This shows
that parallel evolution in the three-spined stickleback is much more pervasive in the
Eastern Pacific than anywhere else in the world. Indeed, the LD signal from marine-
freshwater differentiation in the Eastern Pacific is even stronger than that from geographic
structuring between the Pacific and Atlantic Oceans — LD-clusters separating freshwater

individuals from the Eastern Pacific comprised five times as many loci than the LD-cluster
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reflecting geographic structuring between Pacific and Atlantic Oceans. With simulations,
we demonstrate that this pattern could partly be explained by the stochastic loss of low
frequency freshwater-adapted alleles in the sea during range expansion from the Eastern
Pacific. As predicted, the discrepancy between the simulated Pacific and Atlantic
populations in both Fst and CSS analyses was the highest when trans-oceanic gene flow
was low (stronger founder event), but this also required the QTL density of locally adapted
loci to be high, as this reduced the levels of standing variation of freshwater-adapted
alleles in the Atlantic. However, the loss of ancestral variation due to founder effects and
the transporter hypothesis is likely not the only explanation for the large discrepancy in
patterns of marine-freshwater differentiation between the Eastern Pacific and Atlantic
Oceans. In the following, we discuss other alternative biological processes that could

potentially contribute to this discrepancy.

Geographic heterogeneity in standing genetic variation

The “transporter hypothesis™ postulates that a low frequency of freshwater-adapted alleles
is maintained in the sea via recurrent gene flow between ancestral marine and previously
colonized freshwater populations. This standing genetic variation is what selection acts on
during the subsequent colonization of freshwater habitats. This implicitly assumes that a
large pool of locally adapted alleles has accumulated over a long period of time, as gene
flow is expected to spread potentially beneficial mutations across demographically
independent populations®?:33, In support of this hypothesis, it has been shown that
haplotypes repeatedly used in freshwater adaptation are identical by descent?°34 and old —
on average, six million years (My), but some are reported to be as old as 15 My?. Notably,

these studies analysed populations from the Eastern Pacific region, which represents the

13



300 oldest and most ancestral marine population?”-28 where three-spined sticklebacks are

301 thought to have persisted since the split from their close relative, the nine-spined

302 stickleback (Pungitius pungitius), approximately 26 Mya?3-26:35 However, populations in the
303  Western Pacific and the Atlantic are much younger, as they were colonized from the

304  Eastern Pacific during the late Pleistocene (36.9-346.5 kya?’28). Furthermore, there is no
305 evidence for trans-oceanic admixture?’-28 following the split of Pacific and Atlantic clades,
306 and there are no extant populations of three-spined sticklebacks in arctic Russia between
307 the Kara Sea and the Eastern Siberian Sea. Thus, the spread of freshwater-adapted

308 alleles from the Eastern Pacific to elsewhere via migration through the Bering Strait is

309 unlikely, and has probably not occurred in recent times. Our simulations show that

310 following colonization of freshwater populations from the sea, the accessibility of

311 freshwater-adapted alleles — which is a function of colonization history, QTL-density and
312 recombination rate — largely determines the number of loci that show high marine-

313 freshwater differentiation. Thus, consistent with previous simulations343¢, genomic islands
314  of differentiation in linked neutral loci require several QTL to cluster in low recombination
315 regions (Fig. 4 and Supplementary Fig. 1d). Furthermore, when trans-Atlantic gene flow
316  was low and QTL density was high, we readily observed LD-clusters that showed high

317 marine-freshwater differentiation only in the Eastern Pacific, not in the Atlantic.

318  Our simulations and empirical data suggest that both stochastic loss of genetic diversity
319  and selection against freshwater-adapter variants played a role in reducing the pool of

320  standing genetic variation of freshwater-adapted alleles in the Atlantic region. During range
321 expansions, genetic diversity is expected to decrease with distance from the source

322 population from which the expansion started®’. This pattern was clear in our simulations as
323 well as in the empirical data, both of which show a statistically significant reduction in

324 heterozygosity in the Atlantic region as compared to the Eastern Pacific region (Fig. 3i,
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Supplementary Information 3). These results are consistent with a moderate founder effect
following colonisation of the Atlantic basin from the Eastern Pacific (Supplementary
Information 3), which could account for the random loss of standing genetic variation of
freshwater adapted alleles. Furthermore, since freshwater-adapted alleles are selected
against in the sea and thus occur at low frequencies in marine environments, they are
even less likely to spread to new geographic regions than neutral alleles®31, Consistent
with this, the mean individual heterozygosity for LD-cluster 2 loci was 29 times higher in
the Pacific compared to the Atlantic Ocean; a very pronounced difference compared to
that in the rest of the genome (Extended Data Fig. 5b). However, the between-ocean
differences in marine-freshwater differentiation in the simulated data (Fig. 4) were much
less pronounced compared to the empirical data (Fig. 2d). Thus, founder effects and
selection are likely not the only factors affecting patterns of marine-freshwater

differentiation in the three-spined sticklebacks at the global level.

Alternative explanations for the observed discrepancy in patterns of marine-freshwater
differentiation between the Eastern Pacific and Atlantic include i) stronger spatial genetic
structure in marine populations outside of the Eastern Pacific causing heterogeneity in
standing genetic variation available for freshwater adaptation, and ii) heterogeneity in
selective regimes among freshwater habitats, both between Atlantic and Eastern Pacific
Oceans and between different geographic areas in the Atlantic. We have further tested
these hypotheses but found little or inconclusive support in our data and in other studies

(Supplementary Information 3).

Secondary contact in the Eastern Pacific

15
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All of the above hypotheses assume that the original source of the ancestral variation in
the Eastern Pacific and elsewhere is the same. That is, ancient Eastern Pacific marine
populations carried most ancestral variation of freshwater adapted alleles at low
frequencies, sourcing the Atlantic region with freshwater adapted alleles which were
partially lost either stochastically or due to selection. However, an alternative hypothesis is
that modern Eastern Pacific freshwater variants were not present in the marine ancestors
but rather in land-locked, ice-lake freshwater populations®®. As glaciers melted, those
populations could have followed meltwater downstream, establishing freshwater
populations with a different stock of alleles. Secondary contact with marine sticklebacks
during this time might have eroded genetic differentiation across most of the genome, with
the exception of those regions involved in freshwater adaptation. In this scenario, the
standing genetic variation responsible for Eastern Pacific freshwater adaptation may not
have entered the Eastern Pacific marine population until after the end of the last glaciation.
Since there is no evidence of gene flow between Atlantic and Pacific populations after the
closing of the Bering Strait (60-30 Kya), this ancestral variation could have remained

unique to the Pacific Ocean.

There is ample evidence for large ice-lakes during the last glacial period (LGP) in North
America, with little (if any) connection to the sea 3°42. Thus, a large part of the genetic
variation underlying marine and freshwater adaptation in the Eastern Pacific could in
principle have evolved in allopatry i.e. separately among the freshwater ice-lake
populations and in the sea (and any other potential freshwater water bodies the sea is in
contact with). Consistent with this hypothesis is the strong pattern of long-range LD
observed among Eastern Pacific marine individuals*?, as well as our LDna results which
revealed one large cluster separating the Pacific and Atlantic Ocean individuals, and one

that specifically separates all Eastern Pacific freshwater individuals from all other
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individuals. The secondary contact hypothesis is also consistent with close to zero
heterozygosity in Atlantic marine individuals observed for LD-cluster 2 loci (Extended Data
Fig. 5a), as well as the mismatches marine-freshwater differentiation in the simulated
compared to the empirical data. Curiously, we found significant isolation by distance in the
Atlantic but not in the Eastern Pacific where overall population structuring was
nevertheless higher than in the Atlantic ( Extended Data Fig. 5d). This could be consistent
with the secondary contact hypothesis, if introgression was stronger in some regions of the
Eastern Pacific compared to others. However, further empirical and simulation studies are
needed to test the extent to which this secondary contact hypothesis provides a better

explanation for the observed data than the transporter hypothesis alone.

Conditions that allow global parallelism

Genomic islands of parallel ecotype divergence were more likely to arise in the simulations
when several QTL clustered in the same low recombination region. Surprisingly these
were also the QTL where the frequency of the freshwater-adapted allele showed the
lowest frequencies in the sea and thus, were least likely to spread to Atlantic during
colonisation from Pacific. Since QTL in low recombination regions are less likely to be
separated by recombination when freshwater-adapted individuals migrate to the sea, it is
reasonable to assume that the selection pressure against these “haplotypes” in the sea is
stronger*3. However, this is not consistent with the empirical data showing that the
genomic regions most likely to show global parallel ecotype divergence are inversions,
where recombination in heterokaryotypes is particularly restricted. Our simulations assume
that freshwater-adapted alleles are selected against in the sea (and the strength of this

selection is equal for all QTL) while in reality, selection against some of the "freshwater
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haplotypes/karyotypes” in the sea may be weak or even absent, allowing them to easily
spread during range expansions. Consistent with this reasoning, in PCAs based on loci
from LD-clusters corresponding to inversions (LD-clusters 6, 22 and 29) several marine
individuals also cluster with the freshwater individuals (Fig. 1d,e, Extended Data Fig. 1),
indicating frequent occurrence of the “freshwater karyotypes” in the sea. Indeed,
Terekhanova et al.'” found that the genomic regions most commonly involved in local
adaptation in multiple independent freshwater populations were also those with the highest
frequencies in the sea. In other words, the most geographically widespread genomic
regions involved in freshwater adaptation (sensu the transporter hypothesis) are likely to
experience the weakest selection against them in the sea, allowing them to remain at

higher frequencies in the sea as standing genetic variation *’.

Are three-spined sticklebacks a representative model to study parallel evolution?

Since the pattern of parallel genetic differentiation between marine and freshwater
stickleback ecotypes in the Eastern Pacific is in stark contrast to what is seen across other
parts of the species distribution range, it is reasonable to question the generality of the
findings from the Eastern Pacific stickleback studies with respect to parallel evolution on
broader geographic scales. A recent review of parallel evolution suggests that even
dramatic phenotypic parallelism can be generated by a continuum of parallelism at the
genetic level 44, For instance, the coastal ecotypes of Senecio lautus exhibit only partial
reuse of particular QTL among replicate populations*®, and genetic redundancy frequently
underlies polygenic adaptation in Drosophila®®. Similarly, using Fsr outliers to detect

putative genomic targets of selection, Kautt et al.*’ (cichlid fishes), Le Moan et al.*®
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(anchovy) and Westram et al.*® (periwinkles) showed that phenotypically very similar

populations often share only a small proportion of their Fst outliers.

One exception that seems more general across taxa is the repeated involvement of
chromosomal inversions in parallel evolution. Chromosomal inversions could store
standing variation as a balanced polymorphism and distribute it to fuel parallel
adaptation®. For instance, the same Chr. | inversion involved in global marine-freshwater
differentiation in three-spined sticklebacks 11.15:17.18, this study 5|5 differentiates stream and
lake ecotypes in the Lake Constance basin in Central Europe®!. Two other clear examples
where most genetic differentiation between ecotypes at larger geographic scales is
partitioned into inversions come from monkey flowers (Mimulus guttatus®?) and marine

periwinkles (Littorina saxatilis®354).

While our study focuses exclusively on marine-freshwater ecotype pairs of three-spined
sticklebacks, other ecotype pairs within freshwater habitats, such as stream vs. lake and
benthic vs. limnetic, also exist. A recent study focusing on stream-lake populations found
that putative selected loci showed greater parallelism in the Eastern Pacific (Vancouver
Island) than the global scale (North America and Europe®®), i.e. a similar pattern as
reported by our study. Furthermore, Conte et al.>® studied the extent of QTL reuse in
parallel phenotypic divergence of limnetic and benthic three-spined sticklebacks within
Paxton and Priest Lakes (British Columbia), and found that although 76% of 42 phenotypic
traits diverged in the same direction, only 49% of the underlying QTL evolved in parallel in
both lakes. For highly parallel traits in two other pairs of benthic-limnetic sticklebacks, only
32% of the underlying QTL were reported to be shared®’. Thus, these studies are also in
stark contrast to the original conclusions of widespread genetic parallelism in three-spined

sticklebacks. Notably, the two freshwater individuals from the Eastern Pacific that did not
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cluster with the remaining freshwater individuals from the Eastern Pacific (and were
subsequently removed from the datasets used for Fst genome scans) were from Alaska.
These two individuals are also phylogenetically distinct from other freshwater individuals
from the Eastern Pacific 2. One explanation for this could be that the highly divergent
freshwater populations in the Eastern Pacific have a different colonization history than the
Alaskan lakes. More specifically, the former could have been colonized from some
divergent ice-lake refugia (see above), whereas the latter could have independently been

colonized from the sea.

Conclusions

Our results demonstrate that genetic parallelism in the marine-freshwater three-spined
stickleback model system is in fact not as pervasive as some earlier studies focusing on
Eastern Pacific populations have led us to believe. Our analysis of geographically more
comprehensive data, with similar and less assumption-burdened methods as used in
earlier studies, shows that the extraordinary genetic parallelism observed in the Eastern
Pacific Ocean is not detectable elsewhere in the world (e.g. Atlantic Ocean, Western
Pacific Ocean). Hence, the focus on the Eastern Pacific has generated a perception bias —
the patterns detected there do not actually apply to the rest of the world. Furthermore, our
simulations show that the spread of freshwater-adapted alleles can be hampered if
colonization of the Atlantic from the Pacific was limited, particularly for QTL clustered in
low recombination regions (i.e. those most likely to result in parallel islands of ecotype
differentiation). Therefore, geographic differences in the incidence and pervasiveness of
parallel evolution in three-spined sticklebacks likely stem from geographic heterogeneity in

access to, and amount of, standing genetic variation, which in turn has been influenced by
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selection as well as historical population demography. Such historical demographic factors
include founder events as well as the potential accumulation of genetic ecotypic
differences in allopatry during the last glacial maximum, followed by a secondary contact
only after the Atlantic Ocean was colonized via the sea from the Eastern Pacific. Hence,
while striking genome-wide patterns of genetic parallelism exist (e.g. in Eastern Pacific
sticklebacks), the conditions under which such patterns can occur may be far from

common, perhaps even exceptional.

Material and Methods

Sample collection

We obtained population genomic data from 166 individuals representing both marine and
freshwater ecotypes from the Eastern and Western Pacific, as well as from the Eastern
and Western Atlantic Oceans (Fig. 1i, Extended Data Fig. 6, Supplementary Table 1).
Additional data from previously published studies were retrieved from GenBank. Fish
collected for this study were sampled with seine nets, minnow traps and electrofishing.
Specimens were preserved in ethanol after being euthanized with an overdose of Tricaine
mesylate (MS222). The samples were collected under appropriate national fishing or
ethical licenses granted to collectors of the respective countries listed in acknowledgement
in Fang et al. (2018). In Finland, the fishing is permitted by land owner according to the
Finnish Fishing Law (58 27.5.2011/600). The research does not involve animal

experiments according to Act of Animal Experimentation (FINLEX 497/2013).

To study the extent of genetic parallelism among freshwater sticklebacks with different

phylogeographic histories, we classified global samples into seven biogeographic regions
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based on their phylogenetic affinities: (i) Eastern Pacific, (ii) Western Pacific, (iii) Western
Atlantic, (iv) White and Barents Seas, (v) North Sea and British Isles, (vi) Baltic Sea and
(vii) Norwegian Sea 28 (Fig. 1i). A summary of coordinates, ecotype and population
information on the sampled individuals and re-acquired samples is given in the

Supplementary Table 1.

Sequencing and genotype likelihood estimation

Restriction site associated DNA sequencing (RADseq) using the enzyme Pstl was
performed for the 62 individuals sampled in this study, using the same protocol as in Fang
et al. (2018), where DNA library preparation and sequencing method are described in
detail. The raw RAD sequencing data has been uploaded to GenBank. Previously
published RADseq and whole genome sequencing (WGS) data for an additional 104
individuals from 62 populations were retrieved from GenBank (Supplementary Table 1). All
RADseq and WGS datasets were mapped to the three-spined stickleback reference
genome (release-92, retrieved from Ensembl® using BWA mem v0.7.17%°. PCR duplicates
were removed using the program Stacks v2.5%° for pair-end RAD data, and SAMtools v1.9
(function “markdup”®?) for whole genome data. Given the heterogeneity in sequencing
depth among different datasets, and particularly the very low coverage of the data
retrieved from Jones et al.'1, most of the analyses were performed directly using genotype
likelihoods, avoiding variant calling whenever possible. Genotype likelihoods where
estimated from the mapped reads using the model of SAMtools®! as implemented in the
program suite ANGSD v0.929%2, Full scripts for the genotype likelihood estimation and
filtering parameters are publically available through DRYAD. Bases with a g-score below

20 (-minQ 20) and reads with mapping quality below 25 (-minMapQ 25) were removed,
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and variants were only retained if they had a p-value smaller than 1e® (-SNP_pval 1e* flag
in ANGSD). We retained sites with a minimum read depth of two (-minindDepth 2) in at
least 80% of the sampled individuals (-minind 133). The sex chromosome (Chr. X|IX5364)
was excluded from downstream analyses due to sex-specific genomic heterogeneity®°:66,
The raw output of genotype likelihoods from all 166 individuals comprised 2,511,922

genome-wide loci.

Unsupervised approach to determine marine-freshwater differentiation

LDna uses a pairwise matrix of LD values, estimated by r2, to produce a single linkage
clustering tree. The hierarchical clustering algorithm uses the LD matrix to combine two
clusters connected to each other by at least one edge. In the resulting tree, the nodes
represent clusters of loci connected by LD values above thresholds, where the threshold
value is proportional to the distance from the root??. As the LD threshold is sequentially
lowered, an increasing number of loci will be connected to each other in a fashion that
reflects their similarity in phylogenetic signals. For each cluster merger (with decreasing
LD threshold), the change in median LD between all pairwise loci in a cluster before and
after the merger is estimated as A. When two highly interconnected clusters merge, A will
be large (unlike when only a single locus is added to an existing cluster), signifying that
these two clusters bear distinct phylogenetic signals. LDna is currently limited to ~20,000
SNPs at a time due to its dependence on LD estimates for all pairwise comparisons
between loci in the dataset. To analyse the whole dataset, we applied a novel three-step
LDna approach to reduce the complexity of the data in a nested fashion. First, we started
with non-overlapping windows within each chromosome®’, then performed the analysis on

each chromosome individually??,and finally on the whole dataset (Supplementary
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Information 1). In all steps of LDna, we estimated LD between loci from genotype
likelihoods using the program ngsLD®8, setting the minimum SNP minor allele frequency at
0.05. Full scripts for the LDna analyses are provided in DRYAD. In the first step, we only
kept loci that were in high LD with at least one locus (r?>0.8) within a window of 100 SNPs,
as most SNPs in the data were not correlated with any other adjacent loci (so-called
singleton clusters®’), and thus, are unlikely to be informative in the LDna analyses

(Supplementary Information 1).

The main evolutionary phenomena that cause elevated LD between large sets of loci in
population genomic datasets are polymorphic inversions, population structure and local
adaptation, all of which are expected to be present in our dataset??. There are specific and
distinct predictions about the population genetic signal and the distribution of loci in the
genome that arise from these evolutionary phenomena?. First, clusters with LD signals
caused by polymorphic inversions are expected to predominantly map to the specific
genomic region where the inversions are situated. In addition, PCAs of these loci are
expected to separate individuals based on karyotypes. In general, the heterokaryotype is
expected to be intermediate to the two alternative homokaryotypes (provided that all
karyotypes exist in the dataset), and the heterokaryotypic individuals are expected to show
higher observed heterozygosity than the homokaryotypes. However, this is not always so
clear, for instance when the inversion is new and mutational differences have not yet
accumulated. Second, a PCA based on loci whose frequencies are shaped by genetic drift
is expected to separate individuals on the basis of geographic location, with no (or very
little) separation between marine and freshwater ecotypes. Third, an LD signal caused by
local adaptation (globally) is expected to cluster individuals based on ecotype, regardless
of geographic location, with both the locus distribution and LD patterns to some extent

being negatively correlated with local recombination rate346°, The reason for this
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correlation is that gene flow between ecotypes erodes genetic differentiation in sites linked
to locally adapted loci with the exception of regions where recombination is restricted (for
instance in inversions, or close to centromeres or telomeres). No such pattern is expected
for LD caused by population structuring, as the main source of this LD is the random
genetic drift that, in the absence of gene flow, generates LD in a fashion that is
independent of genome position (Kemppainen et al. 2015) and background selection is
also not expected to result in strong patterns of within-species genetic differentiation,
particularly when there is at least some level of gene-flow’®"*, If a set of loci contributes to
local adaptation exclusively in a particular geographic area, a PCA based on these loci will
only separate individuals based on ecotype in that region. We considered loci to be
involved in parallel evolution only if they grouped individuals of the same ecotype from
more than one independent location. Otherwise, it is not possible to discern drift from local
adaptation, particularly if Neis small (i.e. genetic drift is strong). To determine if an LD-
cluster was likely associated with parallel freshwater differentiation, we first used
expectation maximisation and hierarchical clustering methods to identify clusters of
individuals in PCAs that contained a minimum of seven individuals, of which at least 85%
are freshwater ecotypes (the “in-group”; dotted line; Fig. 1a-h, Extended Data Fig. 1). With
less than seven in-group individuals, there was no power to detect significant associations,
even if all individuals were freshwater ecotypes. Second, if such in-groups were detected,
we used permutations to further test whether this cluster contained more freshwater
individuals than expected by chance (Supplementary Information 4). We benchmarked
LDna by quantifying the proportion of regions previously identified by Jones et al.!! as
involved in marine-freshwater ecotype differentiation (globally and within the Eastern
Pacific) that were correctly recovered by LD-cluster loci (Supplementary Information 2).

Note that freshwater individuals from locations without marine individuals were also
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important for the analyses, as they can inform us about the geographic scale of parallel
marine-freshwater differentiation (for the LD-clusters where marine-freshwater

differentiation also involved geographic regions where marine samples were available).

Supervised approaches to determine marine-freshwater differentiation

Genome-wide allelic differentiation (Fst estimated from genotype likelihoods in ANGSD)
between marine and freshwater ecotypes was estimated separately for the three major
oceans in our study: Eastern Pacific, Western Pacific and Atlantic Oceans. All available
samples were always used, but due to the small number of available Pacific marine
individuals, marine individuals from the Eastern (n=4) and Western Pacific (n=13) were
pooled and treated as a combined Pacific marine group in Eastern and Western Pacific
ecotype comparisons (Extended Data Fig. 8) in order to reduce the noise of non-window
based (single SNP) analyses. To determine whether pooling of Eastern and Western
Pacific marine individuals could bias Fst estimates, we first estimated Fst in 100 kb
windows for Eastern Pacific marine vs. Eastern Pacific freshwater and Western Pacific
marine vs. Eastern Pacific freshwater individuals, as using large windows allowed us to
obtain precise estimates even when the marine group comprised of only four marine
individuals from the Eastern Pacific. The two sets of window-based pairwise Fst estimates
were highly correlated (r = 0.904; P<0.001; Extended Data Fig. 3d-g), suggesting that
pooling marine individuals from Eastern and Western Pacific should not strongly affect
SNP based estimates. Note that from the results of the unsupervised LDna, two Eastern
Pacific freshwater individuals from Kodiak Island, Alaska (ALA population) never grouped
with the other Eastern Pacific freshwater individuals. Therefore, in agreement with earlier

phylogenetic analyses?®, these two individuals were excluded from the supervised
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analyses. The squared correlation coefficient of Fst before and after this exclusion was

0.88, indicating that this did not affect the results.

In each comparison, the sites were firstly filtered from raw mapped reads, retaining sites
with less than 25% missing data with quality control (-minindDepth 1, -uniqueOnly 1, -
remove_bads 1, -minMapQ 20, -minQ 20). We retained only variable sites (-SNP_pval 1e-
6) in each region, resulting in 1,218,858 SNPs in the Eastern Pacific, 1,072,257 SNPs in
the Western Pacific, and 1,681,923 SNPs in the Atlantic Ocean. We then obtained
genotype likelihoods and site allele frequency likelihoods of the variants (-GL 1, -doSaf 1).
Based on these likelihoods, we estimated the two-dimensional site-frequency spectrum
(SFS) for each pair of ecotypes (realSFS) and calculated the pairwise weighted Fst

(realSFS fst).

Proof of concept using simulated data

The simulations were performed with quantiNemo’2. and aimed to recreate the transporter
hypothesis model in the Eastern Pacific (referred to as “Pac” in the context of simulations),
to simulate the colonization of the Atlantic (referred to as “Atl” in the context of simulations)
from Pac 60-30 Kya during the last known opening of the Bering Strait?”:’374 and the
subsequent post-glacial (10 Kya) colonization of newly formed freshwater habitats in both
oceans (simulation details can be found in Supplementary Information 4). In short,
simulations begin with one marine population in Pac connected to five independent
freshwater populations by symmetrical gene flow (i.e. no gene flow exists between any of
the freshwater populations; Fig. 3a) for 10k generations (40-50 kya). This is followed by

colonisation of Atl from Pac (with Atl having identical population structure to Pac) by
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allowing one or five migrants per generation between the oceans for 2 Ky (38-40 Kya),
after which no further gene flow is possible. The retreat of the Pleistocene continental ice
sheets (at 10 Kya; Fig. 3d) and the colonization of newly formed freshwater habitats is
simulated by removing four of the freshwater populations, immediately followed by the
emergence of four new (post-glacial) freshwater populations (in both Pac and Atl; Fig. 3e).
The fifth freshwater population remains as a “glacial refugia” that continues to feed
freshwater-adapted alleles to the sea as standing genetic variation. Post-glacial local
adaptation is thus only possible due to the spread of freshwater-adapted alleles from the

sea in accordance with the transporter hypothesis! (Fig. 3a-e).

Marine-freshwater differentiation was based on bi-allelic QTL with allelic effects of either
zero or ten, with the selection optima in the marine habitat being zero and the selection
optima in all freshwater populations being 20. Thus, a freshwater individual homozygous
for allele 2 for a given QTL meant that the individual was at its optimal phenotype, and vice
versa for marine individuals. Selection intensities were such that a sufficient amount of
standing genetic variation was allowed in the sea and rapid local adaptation in freshwater
was possible (see Supporting Information 4 for details). In simulations, all allele
frequencies started from 0.5 in all populations (including the QTL in the freshwater
habitats). The simulated genome was comprised of ten equally sized chromosomes, with a
total genome size of 1000 bps. Regions of both low (centromeric regions) and high
(chromosome arms) recombination were represented (Supplementary Information 4).
Either 3, 6 or 9 QTL per chromosome were randomly placed in eight of the chromosomes,
after which the positions were fixed, leaving the last two chromosomes without any QTL.
Twenty replicate simulations were run for each of the six different parameter settings (two
levels of trans-oceanic gene flow rates and three different QTL densities). The frequency

of freshwater-adapted alleles was recorded at 50-generation intervals throughout the
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simulations. Population genomic data were saved at the end of the simulations

(representing present-day sampling).

Linking empirical data to simulated data

LDna identified one major cluster (LD-cluster 2; see Results) that separated all Eastern
Pacific freshwater individuals from the remaining individuals (Atlantic, Western Pacific and
marine samples from the Eastern Pacific, pooled). From the simulated data, we first sub-
sampled individuals from Pac and Atl to match the samples size of the empirical data
(excluding the Western Pacific samples, as this ocean was not included in the
simulations), and used LDna to detect clusters similar to LD-cluster 2 using Cluster
Separation Scores (CSS; custom R-scripts available from DRYAD). Cluster Separation
Scores were calculated as the Euclidean centroid distance in a PCA (based on
coordinates from the two first principal components scaled by their eigenvalues) between
two groups of individuals, standardized by the longest distance between any two
individuals in the PCA (CSS thus ranges between [0,1]). PCA of the simulated datasets
were performed by the function snpgdsPCA from the R-package SNPRelate”. CSS
scores are known to correlate with Fsr, but give higher resolution when genetic
differentiation is high, and are less sensitive to small sample sizes'!. In LDna, we are only
interested in clusters with high A-values (see above and Supplementary Information 1).
Therefore, from the ten LD-clusters with the highest A-values (from each simulated
dataset), we considered the cluster with the highest CSS between PF (Eastern Pacific
freshwater) and non-PF individuals to be the strongest candidates for showing high
ecotype differentiation specifically in Pac, and thus, the most similar to LD-cluster 2 in the

empirical data. The non-PF individuals were comprised of PM (Eastern Pacific marine), AF
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(Atlantic freshwater) and AM (Atlantic marine) individuals pooled. To further assess how
similar the patterns of population differentiation (in PCAs) were in the above LD-clusters
(simulated data) and empirically obtained LD-cluster 2, we compared the CSS’s for all

pairwise comparisons between PF and the other three groups of individuals (i.e. “PF vs.

PM”, “PF vs. AF” and “PF vs. AM”) in the simulated and empirical datasets. To further

assess the extent to which clusters similar to LD-cluster 2 could be produced in the Atl, we

used the same procedure as above to look for the LD-clusters with the highest CSS scores

between AF and non-AF individuals (AM, PF and PM), and calculated CSS scores

between AF individuals and the three non-AF groups.

Data availability

The new RAD sequencing data have been uploaded to the GenBank under accession
numbers SAMN14078677-SAMN14078738. Previously published sequencing data are

retrieved from studies specified in Supplementary Table 1.

Code availability

The scripts used for analysing empirical data (genotype likelihood estimation, filtering,
LDna) and simulated data are available in DRYAD repository:

https://doi.org/10.5061/dryad.b2rbnzsbl.
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FIGURES

Figure 1| Linkage Disequilibrium network analysis (LDna). (a-h) Eight main clusters of
loci identified by LDna (LD-clusters). In each panel (LD-cluster), the top and middle plots
present the marine-freshwater differentiation (Fst) between Atlantic and Eastern Pacific
samples, respectively. The bottom plot shows the principal component analysis (PCA)
based on the LD-cluster loci. The seven different colours represent the geographic origin
of populations. Solid and open circles refer to freshwater and marine ecotypes,
respectively. All identified LD-clusters (29 in total) and corresponding information are
presented in Extended Data Fig. 1 and Extended Data Fig. 7. (j) Map of the sampled
populations; colours match those in the PCA results. A Mercator projection of the sampling

map is shown in Extended Data Fig. 6.

Figure 2 | Genetic parallelism identified by the unsupervised and supervised
methods. (a) Comparison of marine-freshwater differentiation (Fst) in the Atlantic (x-axis)
and Eastern Pacific (y-axis) datasets for the three LD-clusters (LD-clusters 2, 21 and 29)
associated with strong marine-freshwater parallelism in the Eastern Pacific. (b) Genome-
wide Fst of the Eastern Pacific samples for loci of the LD-clusters coloured as in (a). (c)
The same as (a) but for the twelve LD-clusters (5, 6, 10, 11, 12, 13, 16, 18, 20, 22, 25 and
27) that are involved in global marine-freshwater genetic parallelism. (d) and (e) Genome-
wide Fst of the Atlantic and Eastern Pacific samples, respectively, with colours
corresponding to LD-cluster loci in (c). The position of the Ectodysplasin (EDA) locus is

indicated in (d) and (e).
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Figure 3 | Ecological genetics in simulated data. (a-e) A schematic of the demographic
scenario used for the simulations that is consistent with the “transporter hypothesis”. (a)
Initial local adaption of the freshwater populations in the Pacific. (b) The colonization of
stickleback populations from the Pacific to the Atlantic. (c) Geographic isolation between
the two oceans. (d) Extinction of lakes during the last glacial period (LGP) with the survival
of refuge populations. (e) The post-glacial colonization of the new freshwater populations.
(f) Frequency of selected (freshwater-adapted) alleles in the newly established freshwater
populations through generations at high and low levels of trans-oceanic gene flow and
different QTL-densities. (g) PCA of the empirical data (LD-cluster 2; left) and the simulated
data (right), with ecotypes and geographical regions as shown in the figure legend. (h)
Cluster separation score (CSS) of the empirical and simulated data in the Pacific and
Atlantic oceans, respectively. (i) Boxplots of observed heterozygosity in different
geographical regions in the empirical and simulated data (empirical data, GLM,
F2,64=43.05, P<0.001; simulated data: GLM, F1,238=509.7, P<0.001; Supplementary
Information 3). Only trends, rather than absolute values, of heterozygosity should be
compared between empirical and simulated data (refer to Extended Data Fig. 5 for further

information)

Figure 4 | Genomic differentiation in simulated data. (a, b) Genome-wide marine-
freshwater differentiation (Fst) from simulated data (data from the last generation
representing present day sampling). For each parameter combination, loci from all 20
replicates were pooled. Red dots indicate QTL, and blue dots indicate loci from LD-
clusters that were the most similar to LD-cluster 2 (empirical data) showing the strongest

marine-freshwater differentiation in the Eastern Pacific (grey represent non-LD cluster
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loci). (c) Fst distribution of QTL in the simulations (all replicates pooled), indicating the
proportion of loci that were either fixed (Fst~1), lost (Fst~0), or were fixed to different

degrees in only 1, 2 or 3 of the four freshwater populations (0.1 < Fst < 0.9) since post

glacial colonisation. A small amount of noise (along the x-axis) has been added to the QTL

positions to improve their visibility.
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