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Abstract

We studied the impact of genetic introgression in evolution and on evolutionary studies with
whole-genome data from two divergent lineages of sticklebacks. Our results reveal that the
hybrid zone between the lineages ranges across the entire Baltic Sea and parts of the North
Sea with the foreign ancestry decreasing with increasing distance to the source population.
Introgression has also penetrated currently isolated freshwater populations. We identified
footprints of selection on regions enriched for introgressed variants, suggesting that some of
the introgression has been adaptive. However, the levels of introgression were in general
negatively correlated with the recombination rate, suggesting that the introgression has been
largely neutral and adaptive ancestral standing variation likely had a more important role in
shaping the genomic landscape. Our results further suggest that overlooked introgression
can mislead analyses of local adaptation and phylogenetic affinities, highlighting the

importance of accounting for introgression in studies of local adaptation.
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Introduction

Introgression is an important evolutionary process that transfers genetic variation between
divergent lineages. Whole-genome scale analyses have shown introgression to be an
important and pervasive evolutionary force shaping the genomes of many organisms (e.g.
Lamichhaney et al. 2018; Oziolor et al. 2019; Suarez-Gonzalez et al. 2018), including
humans (Huerta-Sanchez et al. 2014; Sankararaman et al. 2014, 2016; Racimo et al. 2015).
Although generally a homogenizing process, there is also accumulating evidence of
introgression fuelling speciation and local adaptation (Lamichhaney et al. 2018; Marques,
Meier, and Seehausen 2019; Suarez-Gonzalez et al. 2018; Hedrick 2013; Oziolor et al.
2019). Because of limitations in both analytical methods and sampling, ancient introgression
is often neglected in population genetic studies, and its importance, consequences, and
contributions in adaptive evolution and speciation of non-model organisms are poorly

understood.

Genomic studies of contemporary hybrids have shown that the rate of introgression is highly
variable among species (Martin et al. 2015, 2019; Malinsky et al. 2018) and populations
(Skoglund et al. 2015; Kuhlwilm et al. 2016), and the extent of introgressed ancestry is
unevenly distributed across the genome (Sankararaman et al. 2014, 2016; Martin et al.
2019; Edelman et al. 2019; Stankowski et al. 2019). The underlying mechanisms shaping
this heterogeneous distribution are not well understood. Generally, introgressed alleles are
regarded to have a negative fitness effect when introduced into new genomic backgrounds
(Martin and Jiggins 2017; Bay et al. 2019) and, according to the Dobzhansky-Muller model
of hybrid incompatibility (Masly et al. 2007, Bomblies et al. 2007, Lee et al. 2008), long-term
negative selection on incompatible loci may create ‘deserts’ of introgression in the genome

(Sankararaman et al. 2014, 2016). Genetic architecture and constraints also play a role, and
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genomic regions characterized by higher gene density and(or) low recombination rate are
expected to show lower levels of introgression (Barton and Bengtsson 1986). On the other
hand, the populations involved in introgression can differ in their dynamics of deleterious
variation and genetic load, affecting the patterns of selection and subsequent distribution of
introgressed ancestry (Henn et al. 2016, Peischl and Excoffier 2015). Low effective
population size (Ne) and strong drift may allow weakly deleterious alleles to accumulate in
one population and thus reduce the relative fitness of the genetic material introgressed to the
other population. The high genetic load has been proposed to be the main driver of selection
against Neanderthal introgression in non-African humans (Harris & Nielsen 2016; Juric,
Aeschbacher and Coop 2016). Large differences in historical Ne among hybridizing
populations have likely been common, but it remains largely unknown how such factors

shape the genomic landscape of introgression.

Although introgressed alleles are generally thought to have negative effects on fitness and
be selected against, some introgressed alleles can be adaptive and rapidly spread in the
recipient population (Hedrick 2013; Suarez-Gonzalez et al. 2018). Such adaptive
introgression is expected to leave a unique footprint of enriched introgressed ancestry. For
instance, altitude adaptation in Tibetan humans (Huerta-Sanchez et al. 2014), the beak

shape of Darwin’s finches (Lamichhaney et al. 2018), and mimicry patterns of a butterfly

(Enciso-Romero et al. 2017) are examples of adaptive traits introgressed from a related

population or species. Several recent studies have taken a genome-wide approach to find

correlated signatures of selection favouring introgressed genetic variations (e.g. Racimo et al

2017; Richards and Martin, 2017; Oziolor et al. 2019; Enciso-Romero et al. 2017). Most of

these studies have focused on terrestrial organisms, and little is known about the possible
role of adaptive introgression in the marine environment (but see: Richards and Martin 2017;
Oziolor et al. 2019), where physical barriers to gene flow are minimal, and the effects of

genetic drift are reduced due to large population sizes (Palumbi 1994; Jokinen et al. 2019).
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The aim of this study was to investigate the extent and mechanisms of introgression
between two ancient lineages of nine-spined sticklebacks (Pungitius pungitius) following
their secondary contact in northern Europe. To this end, we obtained Whole-Genome
Resequencing (WGR) data from 289 individuals from 14 populations, along with an outgroup
species, and estimated the levels of introgression across different populations and genomic
regions to characterize the hybrid zone. Our primary goals were to 1) confirm the
introgression and determine its geographic distribution, 2) understand the evolutionary
forces that have shaped the genomic landscape of introgression, 3) identify the genomic
regions where introgression likely has been facilitated by positive natural selection favouring
introgressed genetic elements, and 4) investigate the effects of genetic introgression on
typical phylogenomic and population genetic analyses. Our results show that ancient
introgression has penetrated deep into the distribution range of these previously separated
lineages, and contributed to local adaptation. However, we find that the proportion of foreign
ancestry is negatively correlated with the recombination rate and suggest that this may be
caused by positive selection on ancestral standing variation, with introgressed variation
being largely neutral. Our findings also highlight the importances of taking historical
admixture into account in population genetic analyses, including studies on the genetic basis

of local adaptation.

Results

Whole-genome resequencing and variant calling

We resequenced 290 individuals from 14 populations (Fig. 1) to an average depth of 12.5X
(range 8-36.7X). After alignment, variant calling and quality control we obtained 7,297,498

single nucleotide polymorphisms (SNPs) over the 20 autosomal linkage groups.
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99 Population genetic structure

100 We analysed the population structure using Principal Component Analysis (PCA) and

101 ADMIXTURE analysis. In PCA, little differentiation was seen among the Eastern European
102 Lineage (EL) populations or the northern Baltic Sea (NBS) populations (FIN-KIV, SWE-BOL,
103  FIN-HEL), whereas the Western European Lineage (WL) populations were clearly

104  differentiated (Fig. 2a). Principal Component (PC) 1, explaining 32.1% of the variance,

105 differentiated the six EL populations from the WL lineage populations, and left the Baltic Sea
106  populations intermediate between them (Fig. 2a, Supplementary Figure S1); PC2, explaining
107  13.5% of the variance, largely captured divergence among the WL populations. The

108 ADMIXTURE analysis was consistent with the PC1 and showed intermediate ancestry

109  proportions varying from 99.9% EL-like to 99.9% WL-like (Fig. 2b).

110 Quantification of genomic introgression

111  The occurrence of admixture was assessed formally using D-statistic (Patterson et al. 2012)
112  and quantified using fs-ratio test (Reich et al. 2009) in the direct manner (Petr et al. 2019). In
113 line with the earlier results, the D-statistics indicated that the Baltic Sea populations have
114  admixed with the WL, and the North Sea populations have admixed with the EL (Fig. 2b,
115 Supplementary Table S3). Interestingly, we also found three pond populations (SWE-BYN,
116 SWE-KIR, and FIN-KAR) being introgressed, although for the last two the degree of

117  significance varied depending on the EL source population used (Fig. 2b, Supplementary
118 Table S3). Generally, the ancestry proportions showed opposite gradients on the two sides
119 of the Danish straits with the foreign ancestry decreasing with increasing distance from the
120  source (Fig. 2c, Supplementary Table S4). The admixed North Sea populations (BEL-MAL,
121 DEN-NOR, SWE-FIS) contained 19.1-43.5% and the southern Baltic Sea population (GER-
122  RUE) 60.7% of EL ancestry. The NBS populations were similar to each other and were

123  estimated to contain 77.4—-79.9% of EL ancestry and 20.1-22.6% of WL ancestry (Fig. 2c,

124  Supplementary Table S4). In the landlocked pond populations showing significant D-statistic,
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125 the levels of WL introgression were low. Using multiple EL source populations, the estimated
126 WL ancestries varied between 0-1.1%, 0.7-3.6%, and 3.6—7.0% for FIN-KAR, SWE-KIR,

127 and SWE-BYN, respectively (Supplementary Table S4).

128  We binned the genome into five categories — intergenic, coding DNA (CDS), constrained
129 elements, introns and promoters — and examined the distribution of introgressed variation
130 across these. Using the direct estimation, the three NBS populations showed significantly
131  higher WL ancestry in promoter regions (p = 0.022—-0.048) and significantly lower WL

132  ancestry in constrained elements (p = 0.005-0.046; Supplementary Table S5). For the
133 admixed WL populations, the EL ancestry was significantly lower in the CDS (p < 0.0001),
134  promoter (p = 0.001-0.01), and intron (p = 0.0136—0.0139) categories than in intergenic

135 regions, but no difference was seen in constrained elements (p = 0.476-0.512).

136  Dating of introgression from demographic history

137  Footprints in the genome may allow dating past admixture events (Hawks 2017). With the
138 exception of Swedish inland populations, the population-specific demographic histories

139 inferred using SMC++ indicated that all Baltic Sea area populations experienced a rapid

140 increase in effective population size (N¢) around 5,000-7,000 ya (Fig. 3). Such a pattern can
141  be caused by introgression introducing novel genetic variation in the recipient populations,
142  thus increasing the coalescent Ne. Assuming an average generation time of two years

143  (DeFaveri et al. 2014), the increase in N coincided with the reconnection of the current

144  Baltic Sea and the North Sea around 10,000 years ago (ya; Fig. 3; Schwarzer et al. 2008).
145  The slight differences in the timing of the inferred demographic and the known geological
146  events might owe to the inaccuracies in the mutation rate or the generation time estimate

147 used.

148  Surprisingly, the Scottish freshwater population GBR-GRO showed the greatest increase in
149  Ne. To test whether this rapid increase was driven by introgression from EL, we used a

150 phylogenetic approach (Methods) that classifies locus-specific phylogenetic trees according
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151 to their grouping. We found that 96.3% of the resolved trees (of total 767 trees) grouped with
152  BEL-MAL and only 3.8% suggested EL branch-off, making the eastern introgression an

153  unlikely explanation.

154  Footprints of selection on WL introgression in Baltic Sea populations

155 The NBS populations seemed the most promising system to study the mechanisms and

156  extent of genetic introgression as well as the potential adaptive nature of the introgressed
157  variation. For greater precision, we computed the fd summary statistic (Martin et al. 2015) for
158  100-kb windows with 20-kb steps across the genome, replicating the analysis with three

159 different EL references for each of the three NBS populations. Based on the FDR corrected
160 p-value cut off at 0.05, and the intersection of the nine analyses, we obtained 25 putative
161 introgression-enriched regions with lengths varying from 100-200kb (Fig. 4a, Supplementary
162 Table S6). Shared genetic variation originating from introgression causes a decrease in dyy
163  whereas shared variation due to ancestral polymorphism does not (Martin et al. 2015).

164  Based on patterns of dyy variation as well as information on genotypes and sequencing

165 coverage, we confirmed eight candidate regions to be introgressed segmental duplicates,
166 five to contain introgressed deletions, and one region to be a false positive likely caused by a
167  shared inversion (Supplementary Figure S2 and Supplementary Table S6). The last one was

168 removed from downstream analyses.

169 To rule out incomplete lineage sorting (ILS), we computed the probability of observing tracts
170  of ancestral variation as long as the 24 candidate regions (Huerta-Sanchez et al. 2014).
171  Using local recombination rate estimates (1x101°-1.15x107 per generation per bp) and the
172  lower bound of divergence time (see Methods), the expected length of shared ancestral

173  tracks ranged from 40 bp to 46,512 bp, and the probability of the observed tracks (90,059—
174 199,904 bp) ranged from 0O to 0.416. After excluding four tracks located in non-recombining

175 regions (p > 0.05), the remaining 20 candidate regions were unlikely to be explained by ILS
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176  (p = 0-6.708x10%), and their expected ages ranged from 97 to 29,324 generations

177  (Supplementary Table S6).

178 The U and Q95 tests (Racimo et al. 2015) distinguish adaptive introgression from neutral
179  admixture using the number of sites uniquely shared between the donor and recipient

180 population as well as the allele frequencies on those sites. Using these tests, we obtained
181 seven candidate regions showing signals of selection (Supplementary Table S7) and found
182  four of these to overlap with regions identified with the fd analysis. These four regions were
183 chosen as candidates for adaptive introgression (Al). Integrating information from Fsr, dxy, 17,
184  variant allele frequencies, sequencing coverage, and SNP information from U and Q95 test
185 results, three genes were identified as targets of adaptive introgression (viz. ZP4, PLEKHG3,

186 PIK3R6; Fig. 4b, Supplementary Figure S2 and Supplementary Tables S6 and S7).

187  Finally, we used shared variation to assess the relative contribution of WL genetic variation
188 to the differentiation and adaptation of the NBS populations. In total, 4,323,090 SNPs were
189 variable among the five populations (Methods) with 1.92% (83,057) of the SNPs being fixed
190 between WL and EL. Of the variable sites, 64.23% (2,776,743) were polymorphic in NBS,
191  49.4% (2,135,474) in WL, and 33.37% (1,443,005) in EL (Fig. 5a). Correcting for the

192  different numbers of individuals, the mean nucleotide diversity (1) was roughly equal in NBS
193 and WL (0.033 vs. 0.034), and slightly lower in EL (0.027). Of the SNPs variable in NBS

194  (2,776,743), 16.3% and 11.92% were shared with EL and WL, respectively, while the

195 remaining were either polymorphic in all groups (22.92%) or unique to NBS (48.86%; Fig.
196  5b, Supplementary Table S8). In NBS, 0.68% (5,305 out of 783,691) of the EL or WL-shared
197  SNPs were found to be under positive selection: from those 90.23% were EL-shared and
198  9.77% WL-shared (Fig. 5¢). Given that 11.92% of the NBS SNPs were classified as WL

199  origin, selection on those (adaptive introgression) was extremely rare (0.16%, 518 out of

200 331,078 SNPs).
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201 Interaction between introgression, differentiation, and recombination rate

202  We observed heterogeneity in admixture proportions and differentiation across the genome
203 (Fig. 6a). Specific patterns could be caused by the incompatibility of introgressed genetic
204  variants interplaying with different mechanisms, for example with the local recombination
205 rate and the removal of linked neutral variation (e.g. Schumer et al. 2018). On the other
206  hand, genomic regions experiencing lower levels of recombination are expected to be more
207  differentiated than those experiencing more recombination (Nachman and Payseur 2012).
208  We found the population-specific correlation between the admixture proportion and the local
209 recombination rate to be either negative or insignificant (Supplementary Table S9), though a
210 slightly positive correlation was seen between the mean fd estimate and the recombination
211 rate (Fig. 6b). Rather unexpectedly, Fstr was found to be negatively correlated with

212  recombination rate only in three of the four comparisons between ponds and the EL

213 reference population (Table 1). Positive correlations were found in the rest of the

214  comparisons (rs = 0.03 to 0.39, p < 0.05), regardless of which parental population was used
215 in the comparison (Fig. 6¢,d), or if the comparison was between the WL and EL reference

216  populations (Fig. 6e).

217 Impact of introgression on population genetic analyses

218 Introgression affects population genetic summary statistics, such as nucleotide diversity (),
219  absolute divergence (dxy), and measure of population differentiation (Fst), and may seriously
220 mislead inferences based on them. We found that the level of introgression was negatively
221  correlated with Fst and dxy between the hybrid (NBS) and the minor (WL) parental population
222  (GBR-GRO), but positively correlated when compared to the major (EL) parental population
223  (RUS-BOL; Fig. 7a-b, Supplementary Figure S3). On the other hand, 17 in the hybrid (NBS)

224  population was positively correlated with the level of introgression (Fig. 7c).

225  Fsris probably the most commonly used summary statistic in the identification of local

226  adaptation (Beaumont et al. 2005; Narum and Hess 2011, Bierne et al. 2013). We studied
9/43


https://doi.org/10.1101/2020.05.01.069740
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.01.069740; this version posted May 1, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

227  how such analyses are affected by introgression when it has happened 1) in the target

228  population being tested (often small Ne¢); 2) in the reference population (often larger Ne)

229  being tested against, or 3) in both the test and reference population. For comparison, we
230 analyzed two non-admixed populations. We specifically focused on the origin of outlier

231 SNPs, that is, whether they were classified as WL- or EL-origin in NBS and the admixed
232 target (SWE-BYN; Methods and Supplementary Table S8). The challenge of the analyses
233  was that the correct outliers could not be distinguished. We therefore assumed that

234  introgression from the marine WL is not beneficial in adaptation to pond environments in the
235 EL dominated genetic background, and WL-origin alleles should not be overrepresented

236  among the outliers.

237  In the first scenario, we compared admixed SWE-BYN with non-admixed RUS-BOL and

238 found that 15.9% of the Fst outliers were WL-shared variants, while only 4.7% of the

239 genome-wide variants were classified as such (Supplementary Table S8). Moreover, both
240  the cut-off threshold of Fst (0.837 for p < 0.05) and genome-wide mean Fst (0.3 £ 0.27) were
241  the highest among the four pairwise comparisons performed (Table 2), suggesting that

242  introgression has affected the analysis. In the second scenario, a comparison of non-

243 admixed FIN-RYT and admixed NBS, 2.1% of the outliers were classified as WL-origin, and
244 of those 32% were identified as positively selected WL-NBS shared variants. In the third
245  scenario, we compared admixed SWE-BYN and NBS, and found 4.8% of the outliers to be
246  WL-shared variants, and 47.7% of these classified as positively selected WL-NBS shared
247  variants in NBS. However, 79.9% of the outliers resulting from WL-origin variants showed
248  higher VAF in SWE-BYN than in NBS. It is notable that the number of outliers resulting from
249  WL-origin variants was significantly lower in comparison to an admixed (3,206 for SWE-BYN

250 vs. NBS) than to a non-admixed reference population (7,878 for SWE-BYN vs. RUS-BOL).
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251  Impact of introgression on phylogenomic analysis

252  To test how introgression affects phylogenomic analyses, we reconstructed phylogenetic
253  trees for representative individuals from the 14 populations using maximum likelihood (ML).
254  Intotal, 997 ML trees were obtained from 1,000 randomly selected non-overlapping 100kb-
255  regions. We recorded the placement of the individuals from the seven admixed populations
256  and classified the trees as WL branch-off, EL branch-off, or unresolved. Excluding

257  unresolved trees, the northern Baltic Sea individuals grouped with WL in 10.2-12.7% of
258  cases, while those from the German coast were classified as WL branch-off in 24.8% of
259  cases (Fig. 8b, Supplementary Table S10). A similar pattern was seen in the admixed WL
260 populations, and the most eastern SWE-FIS was classified as EL branch-off in 38.3% of
261 cases, whereas for individuals from the North Sea, the proportion was 13.4-13.6% (Fig. 8b,
262  Supplementary Table S10). When all the 1,000 loci were concatenated together, the single
263  best ML had monophyletic groups of WL and EL+Baltic Sea, both with 100% bootstrap

264  support (Fig. 8a). The branching order of admixed individuals followed their geographic

265  origin and the amount of foreign ancestry from either WL or EL (Fig. 1 and Fig. 8c-d). The
266  single-locus trees showed clearly lower congruence with the concatenated ML tree than the

267  bootstrap analysis, the support for the two groupings falling to 43 and 41% (Fig. 8a).

268 Discussion

269 Inthe present study, we investigated the mechanisms and impact of genetic introgression

270 using two divergent stickleback lineages (Fig. 1). Our inferences based on genetic variation
271  from genome-wide autosomal SNPs confirm the earlier mitochondrial DNA based inference
272  (Teacher et al. 2011) that the Danish straits constitute a contact zone between the Western
273  and Eastern European nine-spined stickleback lineages. However, our results show that the
274  hybrid zone actually extends from the southern and eastern North Sea to the northern Baltic
275  Sea, and that WL introgression has penetrated also into pond populations currently isolated

276  from the Baltic Sea (Fig. 2, Fig. 4c). We observed a gradient in foreign ancestry decreasing
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277  with increasing distance from the Danish straits, and demographic analyses revealed that
278  the introgression may have started 10,000 ya (Fig. 3), soon after the reconnection of the
279  North and Baltic Seas in the Mountain Billingen area (Schwarzer et al. 2008). Admixed

280 populations from the Baltic Sea showed bursts in Ne starting around 5,000 ya, close to the
281  opening of the Danish straits 7,000 ya (Schwarzer et al. 2008). Signals of earlier

282 demographic events may be hidden by the extensive levels of introgression observed, but a
283  deep bottleneck was seen in the non-introgressed FIN-KAR around 12,000-16,000 ya (Fig.
284  3). This bottleneck may be related to the invasion of the Baltic Sea area from the eastern
285  White Sea area after the last glacial period (Guo et al. 2019). We found several landlocked
286  pond populations with low levels of WL admixture in the areas that used to be part of the
287  Baltic Sea before the land uplift following the last glaciation isolated them from the sea

288 (Mobley et al. 2011). The fact that WL introgression has penetrated these ponds confirms
289 that the introgression from WL to EL is not only of recent origin, but must have occurred
290 thousands of years ago. Despite a rapid increase in Ne, we did not find evidence for the WL
291  population GBR-GRO being admixed with the EL. Instead, the population may have

292  experienced some level of admixture with P. laevis that is currently distributed in mainland
293  Europe (Guo et al. 2019) or had a secondary contact with its surrogate marine or another

294  distantly related population.

295 Recent studies suggest that introgression may be an important source of genetic variation
296 fueling adaptive evolution and evidence for adaptive introgression has been found in a
297  diverse array of taxa (Huerta-Sanchez et al. 2014; Sankararaman et al. 2014; Racimo et al.

298 2015, 2017; Dannemann et al. 2017; Richards and Martin 2017; Oziolor et al. 2019;

299  Enciso-Romero et al. 2017; Suarez-Gonzalez et al. 2018; Hedrick 2013). Our results add

300 to this evidence by identifying a set of genes, possibly related to adaptation to the marine
301 environment, with high-frequency WL variants in EL genetic backgrounds that show
302 footprints of selection (Supplementary Tables S7). PIK3R6 has been shown to be

303 differentially expressed between marine and freshwater nine-spined sticklebacks (Wang et
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304 al. 2020), and in response to salinity acclimation between marine and freshwater ecotypes in
305 the three-spined stickleback (Gibbons et al. 2017). Moreover, PIK3R6 is involved in the

306 Phosphoinositide 3-kinase (PI3K) signaling pathway participating in hypoxia adaptation

307  (reviewed in Zhu et al. 2013). Of the other Al genes, PLEKHG3 was found to be a PI3K-
308 regulated Rho guanine nucleotide exchange factor (Nguyen et al. 2016), involved in

309 maintaining cell polarity and directional motility (Nguyen et al. 2016), and possibly important
310 inresponse to infections (Van Keymeulen et al. 2006, Muthuswamy and Xue 2012) in

311  brackish water environments. Interestingly, we also found evidence for adaptive

312  introgression in ZP4 that plays an important role in sperm-egg interactions during fertilization
313 (Wassarman et al. 2001). The structure of the chorion, the coat of the egg cell, is an

314  important adaptive feature for fish in brackish water conditions of the Baltic Sea (Lgnning
315 and Solemdal, 1972; Nissling et al. 2002). Although further work is needed to identify the
316 actual targets of selection and biological functions of the candidate genes, it seems

317 reasonable that the adaptively introgressed WL variants could have facilitated

318 acclimatization to the brackish water environment of the Baltic Sea.

319 The influence of natural selection can be seen on the levels of introgression among different
320 categories of genomic elements. We found WL ancestry in the admixed Baltic Sea

321  populations to be significantly enriched in promoter regions and depleted in constrained
322 elements (Supplementary Tables S5). This suggests that introgression is more likely to

323  induce regulatory changes in gene expression than changes in protein-coding genes

324  (Gittelman et al. 2016; Dannemann et al. 2017; McCoy et al. 2017; but see: Petr et al. 2019;
325 Silvert et al. 2019), and that these changes happen at a very local scale, leaving central
326  regulatory processes and developmental enhancers (Visel et al. 2008) less affected. While
327 the different distributions of foreign ancestry in EL and WL populations may be explained by
328 the lower overall levels of introgression in WL populations, also the environment and

329  population demographic histories of the two introgression directions are very different. The

330 invasion of EL from the White Sea to the Baltic Sea area was likely associated with a
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331  population bottleneck as well as a shift from saline to freshwater and then back to brackish
332  water conditions. The WL introgression to the Baltic Sea populations may thus have been
333 advantageous and facilitated EL fish to re-adapt to a marine-like (brackish water)

334  environment. Introgression in the opposite direction may not have given similar advantages.

335 Recombination rate variation is known to play a key role in shaping the genomic landscape
336  of introgression (e.g. Kim et al. 2018; Martin et al. 2019). Unlike previous studies (e.g.

337  Schumer et al. 2018; Martin et al. 2019; Edelman et al. 2019; but see: Pool 2015), we found
338 that the admixture proportions were mostly negatively correlated with recombination rates
339  (Supplementary Table S9). The opposing results could be understood if genomic

340 incompatibilities are the dominant force shaping the genomic landscape of introgression in
341 the studies reporting positive correlations, but not in studies reporting negative correlations.
342 In fact, the level of introgression can be negatively correlated with recombination rate when
343 the deleterious variants are recessive, and the patterns are expected to be even stronger
344  when the donor population has a large Ne compared to the recipient population (Kim et al.
345  2018). Given that no hybrid incompatibility exists between WL and EL populations (Natri et
346 al. 2019) and the historical population sizes appear to have been highly uneven, the

347  negative correlation we observed may not be unexpected.

348 However, a negative correlation between fd and recombination rate may also result from
349  selection favouring specific variants derived from the major parental population. We found
350 the Baltic Sea polymorphism shared with WL to be largely neutral, and among the few

351  positively selected sites (5,305), selection was more frequently acting on native EL-shared
352 than on WL-shared genetic variants (90.23% vs. 9.77%; Fig. 5). If the EL origin variants

353 have a small selective advantage, the selection will be most efficient in high recombination
354  regions, driving a negative correlation between introgressed WL variation and recombination
355 rate. Interestingly, if local adaptation plays a role, we should see its impact also in population
356 differentiation, measured as Fsr. Whereas linked selection can produce negative correlation

357  between Fst and recombination rate through decrease in Ne and increase in drift in low
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358 recombination regions, selection is more efficient in high recombination regions and

359  produces positive correlation between Fst and recombination rate under divergent

360 adaptation. This correlation would be strengthened if local adaptations are common and the
361 targets for selection are enriched in high recombination regions (Keinan and Reich 2010). In
362 line with that, both Fsr (Table 1) and the density of genes (Varadharajan et al. 2019) are
363  mostly positively correlated with recombination rate. Taken together, the results suggest that
364 the two stickleback lineages have been under divergent selection on numerous loci and the
365  selection on those loci has been strong enough to resist both the impact of drift and

366 introgression.

367 The alternative approaches to quantify WL introgression to the Baltic Sea populations

368 measured different signals and produced slightly contrasting results (Fig. 2, Fig. 8). Of the
369 discrepancies between different approaches, the most interesting is the one between the
370  ancestry proportions estimated with the fs-ratio test and the polymorphisms shared between
371 the Baltic Sea hybrid populations and the two ancestral lineages. While nearly 80% of the
372 hybrid population genomes are inferred to be of EL origin (77.4—79.9% in fs-ratio's direct
373  estimation of EL), they share only 16.3% of their polymorphism with EL and as much as
374  11.9% with WL. This can be explained by the bottleneck in the EL lineage colonizing the
375 Baltic Sea, and the loss of much of the ancestral variation there. Interestingly, 90.2% of the
376  positively selected ancestral variants are of EL origin, suggesting that, although much of the
377  variation was lost, the important adaptive variation was retained through the bottleneck in the
378 colonizing lineage. In contrast, a high proportion (99.84%) of the WL-origin polymorphism
379 appeared to be selectively neutral, confirming the limited role of WL introgression in

380 adaptation of the Baltic Sea sticklebacks.

381  We discovered that Fst and dyy can be both positively or negatively correlated with levels of
382  introgression, depending on which parental population they are compared with (Fig. 7a-b,
383  Supplementary Figure S3). On the other hand, 7 was always positively correlated with levels

384  of introgression. As such, these results are perfectly expected and confirm that gene flow
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385 introduces new variation and makes populations more similar to the donor, but more
386 differentiated from the other parental population. More important are the consequences of
387 this, i.e. that unaccounted introgression may seriously alter local estimates of 17, Fsr and dyy.

388  Of these, Fst has been widely used in identification of loci putatively involved in local

389  adaptation (Hoban et al. 2016; Lotterhos and Whitlock, 2014; Matthey-Doret, 2019).

390 Although the difficulty of false-positive outliers and the effect of admixture are recognized
391 (Lotterhos and Whitlock 2014; Hoban et al. 2016; Narum and Hess 2011; Nachman and
392  Payseur 2012), the impact of introgression on our ability to discern local adaptation from
393  outlier analyses is not well understood (but see Cruickshank and Hahn 2014; Hey 2010). By
394  investigating Fst patterns of admixed populations, we demonstrated that especially

395 introgression in the focal population can heavily affect the results. In a comparison of an
396 admixed pond population to a non-admixed reference, we found outliers to be WL-shared
397  variants three times more often than expected from the genome-wide estimation of ancestry
398 proportions (Table 2). While many of the outliers are likely false inferences, introgression
399 also increases the variance of Fst estimates and makes the detection of the true signal

400  difficult. In a comparison to an admixed reference, 79.9% of the WL-NBS shared variants
401 had a higher VAF in the admixed pond population: these WL-origin variants may have had
402  adaptive value in the pond, but they may as well be explained by the small N. and the

403  demographic history. On the other hand, if introgressed variants have been driven to high
404  frequencies independently, a comparison of two admixed populations may underestimate
405 the local adaptation. In our analyses, the impact of introgression in the reference population
406  only seemed small.

407  If introgression has a general tendency to lead to overestimation of local adaptation, it may
408 be instructive to note that stickleback fishes have spearheaded the study of local adaptation:
409 numerous investigations have been conducted to understand how colonization of freshwater
410 habitats by marine ancestors has molded the genetic architecture of freshwater populations

411  (e.g. Hohenlohe et al. 2010; Jones et al. 2012; Fang et al. 2019). However, few — if any — of
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412  these studies have considered the possible effects of historical gene flow from a divergent
413 lineage or species in both focal (freshwater, small Ne) and reference (marine, large Ne)
414  populations, and the possibility of biases in Fst based inference should be re-examined.
415  Besides the test statistics, unaccounted introgression may affect the studies of parallel local
416  adaptation. Isolated populations have generally been regarded as independent natural

417  replicates (e.g. Jones et al. 2012), and unaccounted introgression may lead to heavily

418  biased results and interpretations. Introgression increases the levels of standing genetic
419  variation in admixed populations, providing more targets for selection and thereby

420 differentiating the patterns of parallelism among admixed populations from those in non-
421  admixed ones. Observing non-parallel patterns of local adaptation in studies where one
422  regional set of populations has experienced introgression or secondary contact, and others
423  have not, should not come as a surprise. Finally, introgression can also bias others tests
424  requiring a neutral baseline of differentiation such as quantitative trait analyses (e.g.

425  Leinonen et al. 2013).

426  Despite no single tree correctly representing phylogenetic relationships across the genome,
427  phylogenetic trees are commonly inferred for closely related individuals (Martin et al. 2019;
428  Stankowski et al. 2019). Our analyses provide a genome-wide view on the effects of

429  introgression on tree topologies and illustrate that the probability of a sample being placed in
430 the WL or EL lineage correlates with the amount of WL introgression in the population. It is
431  also noteworthy to remind that the concatenation of large genomic data can hide the

432  topological heterogeneity and give seemingly strong support for a single tree (Salichos and
433  Rokas 2013). We obtained 100% support for all but one node in a bootstrap analysis of the
434  full concatenated data while the phylogenetic congruence support varied from 8% to 65%
435  across the nodes of the tree (Fig. 8), clearly better reflecting the underlying signal. We also
436  observed the specific biases of trees inferred from admixed samples such as intermediate
437  placement of admixed samples and shorter distances between the admixed sample and its

438  sources than between the two sources (Kopelman et al. 2013).
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439 In conclusion, our comprehensive study of genetic introgression between two divergent

440  sticklebacks lineages shows that introgression is geographically widespread, and to some
441  extent, has contributed to local adaptation in the recipient populations in the Baltic Sea area.
442  Although the observed negative correlation between levels of introgression and

443  recombination rate is a stark contrast to findings in most earlier studies (e.g. Schumer et al.
444 2018, Martin et al. 2019; Edelman et al. 2019; Stankowski et al. 2019), it is consistent with
445  the observed positive correlation between population differentiation and recombination rate,
446  as well as with our analyses of positive selection. The results demonstrate that genetic

447  recombination and selection on ancestral standing variation can shape the genomic

448  landscape of both introgression and differentiation in unexpected ways, though further work
449 s still required to understand how general our findings are. Finally, our work has important
450  practical implications for studies of local adaptation. With a growing number of studies

451  showing widespread introgression among divergent lineages, it may be advisable to analyze
452  possible effects of admixture before committing to analyses of local adaptation. As

453  demonstrated by our results, unaccounted admixture can profoundly affect the interpretation

454  of commonly used population genetic summary statistics.

455 Methods

456  Sample collection

457  The samples used in this study were collected in accordance with the national legislation of
458  the countries concerned. A total of 289 nine-spined stickleback individuals (15-27 per

459  population) were sampled from two earlier identified evolutionary lineages, the EL (ten

460 populations) and the WL (four populations). The lineage assignment of populations was
461 based on information from earlier studies (Teacher et al. 2011, Guo et al. 2019), and

462  confirmed with data from this study (see Results). The samples were collected during the

463 local breeding seasons via seine nets and minnow traps. After anesthetizing the fish with an
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464  overdose of MS-222, whole fish or fin clips were preserved in 95% ethanol and stored at -
465  80°C until DNA extraction. In addition, one P. tymensis individual serving as an outgroup
466  was collected from Hokkaido, Japan (43°49'40"N,145°5'10"E). The sampling sites are shown
467 in Fig. 1, more detailed information, including sampling site coordinates and dates, sample

468  sizes, population codes, and species hames are given in Supplementary Table S1.

469 DNA extraction and whole-genome resequencing

470  Extractions of genomic DNA were conducted following the standard phenol-chloroform

471  method (Sambrook and Russell 2006) from alcohol-preserved fin clips. DNA libraries with an
472  insert size of 300—-350 bp were constructed, and 150-bp paired-end reads were generated
473  using an lllumina HiSeq 2500/4000 instrument. Library preparations and sequencing were
474  carried out at the Beijing Genomics Institute (Hong Kong, China) and the DNA Sequencing

475  and Genomics Laboratory, University of Helsinki (Helsinki, Finland).

476  Sequence alignment and variant calling

477  The reads were mapped to the nine-spined stickleback reference genome (Varadharajan et
478  al. 2019) using the Burrows-Wheeler Aligner v.0.7.17 (BWA-MEM algorithm, Li 2013) and its
479  default parameters. Duplicate reads were marked with samtools v.1.7 (Li et al. 2009) and
480 variant calling was performed with the Genome Analysis Toolkit (GATK) v.4.0.1.2 (McKenna
481 et al. 2010) following the GATK Best Practices workflows. In more detail,

482  RealignerTargetCreator and IndelRealigner tools were applied to detect misalignments and
483  realign reads around indels. The HaplotypeCaller was used to call variants for each

484  individual, parameters set as -stand_emit_conf 3, -stand_call_cof 10, -GQB (10,50), variant
485  index type linear and variant index parameter 128000. Then GenotypeGVCFs algorithms
486  were then used to jointly call the variants for all the samples using default parameters.

487  Interspecific variants were removed and binary SNPs were extracted with bcftools v.1.7 (Li

488 et al. 2009), excluding sites located within identified repetitive sequences (Varadharajan et
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489 al. 2019). Sites showing an extremely low (< 5x) or high average coverage (> 25x) and
490 quality score < 30 were filtered out using vcftools v.0.1.5 (Danecek et al. 2011). For
491  subsequent filterings of dataset used in different analyses, see Supplementary Table S2 for

492 details.

493  Analysis of population genetic structure

494  The approximate population structure among all study samples was estimated using PCA
495  within the PLINK toolset v.1.90 (Purcell et al. 2007) and ancestry estimation within

496 ADMIXTURE v.1.3.0 (Alexander et al. 2009). In the latter, the number of ancestral

497  populations (K) was set to 2 to represent WL and EL. In both PCA and ADMIXTURE

498 analysis, the distance between two neighboring SNPs was restricted to be 10 kb to control

499  for the effect of linkage disequilibrium.

500 Test and quantification of genomic introgression

501 Patterson’s D statistic (Patterson et al. 2012) was used to assess if certain populations share
502 more derived alleles with a donor population than is expected by chance. Using the typical

503 topology of ((P1, P2), P3; O),

__ sum(nBABA) —sum(nABBA)

504 =
sum(nBABA) + sum(nABBA)

(1)

505 and an excess of BABA genealogies indicates gene flow between P1 and P3. We used P.

506 tymensis always as an outgroup (O), and performed two distinct tests:

507 1) To assess EL introgression to WL populations, we used RUS-BOL, FIN-RYT, and FIN-

508 PUL as P3; and GBR-GRO and BEL-MAL as P2 and P1, or P1 and P2, respectively.

509 2) To assess WL introgression in all other populations, we used GBR-GRO as P3, RUS-

510 BOL, FIN-RYT, and FIN-PUL as P2 and the rest of the populations (except BEL-MAL) as P1.
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511  For the populations yielding significant (i.e. Z =2 3) estimates of the D-statistic, the fs-ratio test
512  (Reich et al. 2009) was applied to quantify the amount of foreign ancestry. Following Petr et

513 al. (2019), the direct estimation of EL ancestry (ag.) was estimated as:

fa(FIN=PUL, Outgroup; Test, GBR—GRO)
514 CZEL = .
f4(FIN-PUL, Outgroup; RUS—BOL, GBR—GRO)

(2)

515  Assuming no admixture from other groups, the WL ancestry is then 1 - ag,.

516  Direct estimation of WL ancestry (aw.) was estimated as:

517 o __ fa(GBR—GRO, Outgroup; Test, RUS—BOL or FIN—PUL)
WL ™ £ (GBR-GRO, Outgroup; BEL—-MAL, RUS—BOL or FIN-PUL)'

3)

518  We caution that this may underestimate the true proportion of WL ancestry as BEL-MAL is
519 admixed with EL. D-statistics and fs-ratio tests were performed using ADMIXTOOLS v.5.1

520 (gpDstat v.755, gpF4ratio v.320; Patterson et al. 2012).

521  To quantify the amount of WL and EL ancestry in different genomic features, the genome
522  was binned to intergenic, CDS, constrained elements, introns and promoters based on the
523 genome annotation (Varadharajan et al. 2019). Promoter regions were defined as 1kb-

524  stretches upstream of the gene start, and locations of constrained elements were lifted over
525  from the three-spined stickleback genome annotation (Ensembl release ver. 95) using

526  Crossmap v.0.3.3 (Zhao et al. 2014). A significance test was applied to assess whether EL
527 and WL ancestry were significantly enriched or depleted in any of the genomic features.
528 Following Petr et al. (2019), the a value of a given annotation category was resampled

529 10,000 times from a normal distribution centered on the a with a standard deviation equal to
530 the standard error given by ADMIXTOOLS. An empirical p-value was then calculated for the
531 estimated «a for each genomic feature to test the hypothesis that the ancestry proportion

532  does not differ from that of the intergenic regions.
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533 Reconstruction of demographic history

534 SMC++ (v.1.15.3; Terhorst et al. 2017) was used to reconstruct the demographic histories of
535 the study populations because of its ability to utilize unphased data from multiple individuals.
536  The individual with the highest sequencing coverage (in most cases 20X) was set as

537  ‘distinguished individual’, and mutation rate of 1.42x108 per site per generation (Guo et al.
538 2013) and generation time of 2 years (De Faveri et al. 2014) were assumed. To focus on the
539 last glacial period (15-110 kya) and opening of the connection between the Baltic Sea and
540 the North Sea (~10 kya; Schwarzer et al. 2008), the time interval of inference was limited to
541  1,000-1x10°8 generations ago. To avoid overfitting, we set --regularization-penalty 5 --ftol

542  0.01 --folds 4.

543  Quantification of introgression across the genome (fd)

544  The modified D-statistic, fd (Martin et al. 2015), was used to quantify introgression at finer
545  genomic scales. We used a fixed window size of 100-kb with a 20-kb step size using the
546  scripts from Martin et al. (2015) and estimated two-tailed p-values from the Z-transformed fd
547  values using the standard normal distribution and corrected for multiple testing with the
548  Benjamini-Hochberg false discovery rate (FDR) method (Benjamini and Hochberg 1995).
549  Windows with positive D and fd values with a number of informative sites = 100 and FDR
550 value < 0.05 were retained as outlier loci (see below). To minimize population-specific
551 effects (such as inversions) in the reference population, three non-admixed populations
552  (FIN-PUL, FIN-RYT, RUS-BOL) were used alternately as the EL source for the three NBS
553  populations; GBR-GRO was always used as the WL source, giving nine pairwise

554  comparisons. Intersections of all outlier loci among the nine pairwise computations were

555  considered as putative introgression-enriched regions, merging overlapping regions into one.

556  Read coverage and called genotypes were used to classify the introgression events and to
557 rule out false inferences e.g. due to structural variants. Introgressed regions were defined as

558 duplicates or deletions if the average read coverage was above 20 or below 1, respectively,
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559 and there was an excess of heterozygous or missing genotypes across the regions shared
560 between GBR-GRO and the three Baltic Sea populations. The length of the introgressed
561 segments (m, see below) was defined as the distance between the first and last SNP within

562  each region.

563 Introgression was distinguished from ILS using a test based on recombination rate. The

564  expected length of a shared ancestral sequence due to ILS can be calculated as L=1/(r*t),
565 where ris the local recombination rate (scaled as per base-pair per generation) and t is the
566  number of generations since divergence. Following Huerta-Sanchez et al. (2014), we

567 assumed an exponential distribution for the length of the introgressed tracks with the

568  probability of observing a shared track of length 2 m (in base pairs) being exp(-m/L).

569 Conditional on observing the WL nucleotide at position j, the expected length is the sum of
570 two exponentially distributed random variables with expected lengths L, which follows a

571  Gamma distribution with shape parameter 2 and a rate parameter lambda = 1/L. Thus, the
572  probability of each of the introgressed segments was computed as the probability of

573  observing a fragment of at least a given length, m, as 1-Gamma(m, shape=2, rate=1/L). This
574  probability was estimated separately for each of the introgressed segments. The t was set to
575 be 215 000, based on 0.43 Mya divergence between WL and EL and generation time of two
576  years, and the mean local recombination rate r was obtained from Varadharajan et al. (2019)

577  binned to the size of the candidate regions.

578 Footprints of selection in Baltic Sea populations

579  Footprints of selection on introgressed variants were searched using the U and Q95 tests
580 following Racimo et al. (2017). Both tests are based on the variant allele frequencies (VAF)
581 and focus, respectively, on the number of SNPs shared with donor population at high

582  frequency in a focal population but at low frequency in a reference population, and the 95%
583 quantile of the frequency of the SNPs that are shared with a donor population and at low

584  frequency in a reference population. The VAF was estimated separately for WL (GBR-GRO),
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585 EL (FIN-RYT, FIN-PUL, RUS-BOL), and NBS (FIN-HEL, SWE-BOL, FIN-KIV) populations,
586  and the tests were performed using 100-kb windows with a 20-kb step and discarding

587  positions with more than 25% missing data. We first calculated the U20g. s w.(0.01, 0.2, 1) to
588 count the SNPs that are at < 1% frequency in the combined EL reference population, at =
589  20% frequency in the combined NBS population, and fixed (100% frequency) in the WL

590 population. We then calculated the Q95EL, nBs, wiL(0.01, 0.2, 1) to obtain the 95% quantile
591  VAF of these SNPs in NBS. The intersection of the top 1% regions of the U20 and Q95 tests
592 and the candidate regions from the fd test were considered as putative adaptive

593 introgression (Al) regions. Within each Al region, Fsr, dxy, and m were calculated for 10-kb
594  sized windows with a 5-kb step using the scripts from Martin et al. (2015), sequencing

595 coverage, SNP information from U and Q95 test results, and variant allele frequencies

596 (minor allele frequency [maf] = 0.05) were used to identify candidates for possible adaptive

597  evolution among the gene annotations (Varadharajan et al. 2019).

598 The VAFs were also used to assess the relative contributions of introgression (WL origin)
599 and ancestral standing genetic variation (EL origin). VAFs were estimated for all variants in
600 WL (GBR-GRO), EL (RUS-BOL), and NBS (FIN-HEL, SWE-BOL, FIN-KIV) populations,
601 discarding sites with more than 25% missing data or VAFnss = 0. We defined the variants in
602 the Baltic Sea populations to be of NBS-EL or WL-NBS shared based on their

603 presence/absence and absence/presence in RUS-BOL and GBR-GRO, respectively. Based
604  on these two sets of SNPs, we then classified the variants in the Baltic Sea populations as
605 follows. (1) WL-NBS shared SNPs (VAFw >0 and VAFg. =0) were defined as WL-origin; (2)
606 WL-NBS shared SNPs with VAF\ss>0.84, which is above the 99% quantile of the Q95 test
607  scores, were defined as selection on WL-NBS shared variants (as a proxy of adaptive

608 introgression), the rest being neutral (as a proxy of neutral introgression); and (3) EL-NBS
609 shared SNPs with VAFngs>0.88, which is above the 99% quantile of the SNP category

610 (VAFnes[VAFe >0 and VAFw =0]), were defined as selection on ancestral variants.
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611 Impact of introgression on population genetics analyses

612 We examined the covariation of admixture proportions (fd) with several population genetic
613  statistics: nucleotide diversity (17), absolute divergence (dy), and measure of population
614  differentiation (Fst). The statistics were computed genome-wide in 100-kb non-overlapping
615 windows. The mean recombination rate was estimated from the linkage map (Varadharajan

616 etal 2019) for 10-kb windows and binned into 100-kb non-overlapping windows.

617  To evaluate the effect of introgression on Fsr-based outlier detection, the per-site Fst was
618 computed using vcftools v.0.1.5 (Danecek et al. 2011). Non-admixed FIN-RYT and admixed
619 SWE-BYN pond populations were used as test populations, and non-admixed RUS-BOL and
620 the three admixed Baltic Sea populations (NBS; grouped together) as the reference

621 populations, requiring maf > 0.05 to reduce background noise. Negative Fsr values were
622  discarded and p-values were estimated from the Z-transformed Fst values using the

623  standard normal distribution. Fst estimates with p < 0.05 were regarded as outliers.

624 Phylogenomic analysis

625 Phylogenetic relationships were estimated with RAXML v.8.2.9 (Stamatakis et al. 2014),
626  selecting randomly one individual from each population and using P. tymensis as the

627  outgroup. To capture the effects of ILS and variation in evolutionary history across sites,
628 1,000 non-overlapping regions, each 100-kb in size, were randomly selected. The

629 ‘GTRGAMMA’ model was used and --asc-corr=lewis was applied to correct for

630 ascertainment bias in the SNP data. The per-locus maximum likelihood (ML) trees were
631 classified as WL monophyletic, EL monophyletic, and paraphyletic using the ape package
632 v.5.3 (Paradis et al. 2019) in R v.3.5.1. A consensus phylogeny was constructed using the
633  concatenated sequence of the 1,000 loci and support values obtained from 100 bootstrap

634  replicates, inferred using the same parameters.
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874  Figure 1. Geographic locations of sampled freshwater (o) and marine (A ) nine-spined
875  stickleback populations. Red and blue colours refer to western (WL) and eastern (EL)
876  lineage origin, respectively.
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878  Figure 2. Population structure and estimated ancestry proportions of the studied

879  populations. a. The first two principal components of the PCA analysis with three individuals
880 from each nine-spined stickleback population. The colour indicates the proportion of “EL-like”
881  ancestry as estimated with ADMIXTURE (K=2). b. Population genetic structure inferred with
882  ADMIXTURE (K=2) using selected genome-wide SNPs (see Methods for details). Each row
883  represents a population, and red (WL-like) and blue (EL-like) colours show the estimated
884  ancestry proportions. Population labels colored in red and blue refer to the lineage of the
885  population (WL and EL, respectively), the asterisk indicating the significance at Z = 3 in D-
886  statistic. c. The WL ancestry proportions estimated by f4-ratio test with 95% confidence

887 intervals for the alpha values. Dark red and blue colours refer to direct estimation (aw.) or in-
888  direct estimation (aw. = 1 - ag) of WL ancestry, respectively. For details about D-statistic and

889  f4-ratio tests, see Methods and Supplementary Table S3, S4.
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Years Before Present

Figure 3. Ancestral effective population sizes (Ne) of nine-spined stickleback populations as
a function of time (scaled as years before present, assuming average generation time of two
years). Black and grey vertical lines mark the estimated times of first (through Mt. Billingen)
and second (through Danish Straits) Baltic Sea—North Sea connection, respectively. The
Western Lineage, the Baltic Sea, admixed pond and the non-admixed Eastern Lineage

populations are coloured by orangeish, yellowish, greenish and blueish colours, respectively.
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Figure 4. Adaptive introgression in the northern Baltic Sea populations. a. Manhattan plot of
WL admixture as measured by fd across the 20 autosomal linkage groups. Each dot
represents 100-kb regions and shows the mean fd values across nine comparisons (three
northern Baltic Sea populations x three EL reference populations), red indicating regions
significantly enriched for WL ancestry identified using different EL source populations (see
Methods). The peak in LG18 is caused by a high-frequency inversion in EL reference
populations not involved in introgression (Supplementary Figure S2). b. LG1:28680001-
28840000 and c. LG11:8000001-8140000 are examples of candidate regions for adaptive

introgression (Al). Shown are gene structure (coding sequences in orange), per site variant
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allele frequencies (heatmap), and line plots of Fsr, dxy and 17 variation in northern Baltic Sea
populations (10kb-windows with 5-kb step). Color frames indicate different population sets
(see Supplementary Figure 2). Fst and dxy measured against RUS-BOL and GBR-GRO are
shown in light blue and pink, respectively. Regions identified as adaptive introgression (see
Methods) are marked with red squares.
a. NORTHERN BALTIC SEA b. [[] Shared Polymorphism [ | EL-NBS Shared
(r=0.033.+0.013) [[] WL-NBS Shared [] NBS Unique
31.70% - 2291% 11.92% 16.30% 48.86%
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Figure 5. Shared polymorphisms among the northern Baltic Sea (NBS) populations and
representative populations from Western Lineage (WL; GBR-GRO) and Eastern Lineage
(EL; RUS-BOL). a. Venn diagram shows the number of polymorphic sites shared between
the groups and nucleotide diversity (i7; in parentheses, genome-wide mean and standard
deviation of 100-kb window estimates) for each group. b. The boxes, with colours matching
those in a., show the relative proportion of shared and unique polymorphism in the NBS
populations. c. The shaded area shows the proportion of WL-NBS or EL-NBS shared

polymorphisms inferred to be under positive selection.
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Figure 6. Variation in admixture proportion (fd), measure of population differentiation (Fsr),
absolute divergence (dxy), nucleotide diversity (17), coding sequence (CDS) density, and
recombination rate across different linkage groups (LGS). a. Mean fd, Fsr, dyy, 1T estimates of
the three northern Baltic Sea (NBS) populations (FIN-HEL, SWE-BOL and FIN-KIV), CDS
density, and inferred recombination rate (in cM/Mb) estimated in non-overlapping 100kb-
windows. Fst, and dxy were measured against RUS-BOL. fd, Fsr, dyy, 7 and CDS density
estimates are smoothened (loess, span=0.2). Correlation between recombination rate and:
b. mean fd estimates of the three NBS populations, c. mean Fsr between the three NBS and
RUS-BOL population, d. mean Fsr between the three NBS and GBR-GRO population, and
e. Fst between the WL (GBR-GRO) and EL (RUS-BOL) source populations. Colours indicate
density of points from low (dark blue) to high (yellow).
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Figure 7. Effect of introgression on estimates of population differentiation (Fst) and
nucleotide diversity (17) in the three northern Baltic Sea (NBS) populations. Correlation
between mean estimates of admixture proportions (fd) and: a. Fsrto minor (GBR-GRO) and
b. major (RUS-BOL) parental population, and c. 1 of the NBS populations. Colours indicate

density of points from low (dark blue) to high (yellow).
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Figure 8. Phylogeny for representatives of each population shows intermediate placement of
admixed populations. a. The tree shows the ML solution for the concatenated data with
support values from 100 bootstrap replicates and from congruent single-locus trees (in
brackets) for each tree node. Proportions of resolved trees for taxon placement are given
after the taxon label. Red and blue show b. the proportion of resolved trees supporting the
taxon's monophyly with WL or EL, and c. the ADMIXTURE Q values (K=2) for the same
individuals. d. Red and blue show the eastern (a) and western (1-a) ancestry for the

population as estimated with f4-ratio test.
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954 Table 1. Spearman rank correlations (rs) between recombination rate and Fsr estimated in
955  100-kb windows. Correlations are given against WL (GBR-GRO) and EL (RUS-BOL)

956 reference populations.

GBR-GRO RUS-BOL
s p s p
GBR-GRO 0.306 <2.2e-16
DEN-NOR 0.147 < 2.2e-16 0.364 < 2.2e-16
BEL-MAL 0.174 <2.2e-16 0.389 <2.2e-16
SWE-FIS 0.137 < 2.2e-16 0.332 < 2.2e-16
GER-RUE 0.251 <2.2e-16 0.284 <2.2e-16
FIN-HEL 0.308 <2.2e-16 0.182 <2.2e-16
SWE-BOL 0.319 <2.2e-16 0.166 <2.2e-16
FIN-KIV 0.299 <2.2e-16 0.136 <2.2e-16
SWE-BYN 0.155 <2.2e-16 -0.105 < le-10
SWE-KIR 0.259 <2.2e-16 0.034 0.030
FIN-KAR 0.290 <2.2e-16 -0.085 < le-6
FIN-PUL 0.330 < 2.2e-16 0.188 <2.2e-16
FIN-RYT 0.223 <2.2e-16 -0.038 0.015
957
958
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959

960 Table 2. Fsroutlier test of four pairwise comparisons.

961
Ouitliers resulting from WL-shared variants
o mean Fsr+ Fsy threshold
Focal Reference : Positively -
n P;(;p:ur:;ic;r;sof selected in SD (p=0.05)
BS
SWE-BYN RUS-BOL 7878 0.159 0.30+£0.27 0.837
FIN-RYT NBS 1371 0.021 439 0.26 £ 0.24 0.733
SWE-BYN NBS 3206 0.048 307 0.25+0.23 0.717
FIN-RYT RUS-BOL 0 0 0.25+0.24 0.736
962

963 NoOTE.—NBS: the combined admixed northern Baltic Sea populations (FIN-HEL, SWE-BOL,
964  FIN-KIV), n: number of outliers, SD: standard deviation. Population label in bold letters refers

965 to an admixed population.
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