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Abstract

Speciation is a complex process that leads to the progressive establishment of reproductive isolation
barriers between diverging populations. Genome-wide comparisons between closely related species
have revealed the existence of heterogeneous divergence patterns, dominated by genomic islands of
increased divergence supposed to contain reproductive isolation loci. However, this divergence
landscape only provides a static picture of the dynamic process of speciation, during which
confounding mechanisms unlinked to speciation can interfere. Here, we used haplotype-resolved
whole-genome sequences to identify the mechanisms responsible for the formation of genomic
islands between Atlantic and Mediterranean sea bass lineages. We show that genomic islands first
emerged in allopatry through the effect of linked selection acting on a heterogeneous recombination
landscape. Upon secondary contact, preexisting islands were strongly remolded by differential
introgression, revealing variable fitness effects among regions involved in reproductive isolation.
Interestingly, we found that divergent regions containing ancient polymorphisms conferred the

strongest resistance to introgression.
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Introduction

Understanding how genetic differences accumulate between populations over time to eventually
form new species is one of the main objectives in Evolutionary Biology (Mayr 1942; Coyne and Orr
2004). Speciation is generally thought as a gradual mechanism that proceeds through intermediate
stages whereby gene flow is not completely interrupted and genomes remain permeable to genetic
exchanges (Wu 2001; Feder et al. 2012; Harrison and Larson 2014). As long as species can still
hybridize, studying gene exchange provides access to the variety of evolutionary mechanisms
involved at the different stages of the speciation process (Barton 1979; Hewitt 1988). Advanced
sequencing technologies now provide a genome-wide view of divergence between closely related
species, improving our understanding of how speciation unfolds at the molecular level (Seehausen et
al. 2014). A growing number of speciation genomics studies have demonstrated the existence of
heterogeneous genomic divergence patterns between entities at different stages of speciation
(Turner et al., 2005; Harr, 2006; Ellegren et al., 2012; Jones et al., 2012; Martin et al. 2013; Gagnaire
et al., 2013; Renaut et al. 2013; Soria-Carasco et al., 2014). However, difficulties to relate empirical
divergence patterns to the underlying mechanisms involved in their formation limit the potential of
speciation genomics approaches (Wolf and Ellegren 2016; Ravinet et al. 2017).

Heterogeneous genome divergence between taxa can have several possible causes that need to
be individually assessed for understanding the underlying mechanisms generating regions of
increased divergence (Harrison and Larson 2016; Yeaman et al. 2016), the so-called genomic islands
(Turner et al. 2005; Harr 2006; Nosil et al. 2009). Among them, accelerated rates of lineage sorting
within populations due to recurrent events of either selective sweeps (Maynard Smith and Haigh
1974) or background selection (Charlesworth et al. 1993) can generate incidental islands of relative
divergence which are not necessarily related to reproductive isolation (Cruickshank and Hahn 2014).
An important objective of speciation research is therefore to identify and understand the origin of
genomic islands associated to barrier loci responsible for gene flow reduction between diverging
populations (Ravinet et al. 2017). Such islands may be themselves explained by different mechanisms
depending on the intensity and timing of gene flow, and the genomic architecture of reproductive
isolation (Yeaman et al. 2016). Elucidating the typical conditions under which each mechanism is at
play is central to understanding the roles of selection and gene flow in the speciation process.

The identification of genomic regions that are truly resistant to introgression remains a
challenging task, especially because the aforementioned mechanisms are influenced by the
recombination landscape and therefore tend to affect similar regions of the genome (Barton and
Bengtsson 1986; Nachman and Payseur 2012; Cruickshank and Hahn 2014). To disentangle the role
of these confounding factors, substantial levels of gene flow may be needed to properly reveal the

genomic regions involved in reproductive isolation. Moreover, the analysis of gene flow and selection
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may be facilitated by the direct detection of introgressed chromosomal segments, combined with an
explicit consideration of the demographic history (Martin and Jiggins 2017). Here, we developed this
type of approach in a high gene flow marine species.

The European sea bass (Dicentrarchus labrax) provides an interesting model to understand the
evolution of genomic islands (Tine et al. 2014). The species is subdivided into an Atlantic and a
Mediterranean lineage that hybridize in the Alboran Sea (Lemaire et al. 2005). Historical
demographic inferences revealed that the two lineages have started to diverge in allopatry around
300,000 years BP, and then experienced a post-glacial secondary contact generating varying rates of
introgression across the genome (Tine et al. 2014). This evolutionary history mirrors the
distributional range shifts that occurred across many taxa during glacial periods, which are
recognized as an important source of species diversification (Hewitt 1996, 2000). Admittedly,
however, the divergence history of sea bass lineages may involve a more complex succession of
divergence and contact periods potentially paced by the quasi-100,000-year glacial cycles during the
Pleistocene (Snyder 2016). Here, we use haplotype-resolved whole-genome sequences to (i) infer the
divergence history of sea bass lineages from the length spectrum of introgressed tracts and shared
haplotypes, and (ii) identify the different mechanisms involved in the formation and remolding of

genomics islands of differentiation.


https://doi.org/10.1101/223750
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/223750; this version posted November 23, 2017. 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.

79  Materials and Methods
80 A detailed description of the Materials and Methods is provided in the Supplementary Materials.
81 Whole genome resequencing and haplotyping
82 Haplotype-resolved whole genomes were obtained using a phasing-by-transmission approach
83 (Browning and Browning 2011). Experimental crosses were produced between wild sea bass to
84  generate parent-offspring trios and phase parental genomes using their offspring. Parents were
85 either of Atlantic (ATL, N=4), western Mediterranean (W-MED, N=8) or eastern Mediterranean (E-
86 MED, N=4) origin (Fig. S1). Individual genomes were sequenced to an average depth of 15.5X using
87 lllumina paired-end reads of 100 bp. Reference alignment to the sea bass genome (Tine et al. 2014)
88  was performed using BWA-mem (Li 2013). We followed the Genome Analysis Toolkit (GATK) best
89  practice pipeline (McKenna et al. 2010; Van der Auwera et al. 2013) for variant calling and phasing-
90 by-transmission. After quality filtering to retain only phased variants without missing data, the
91  dataset consisted of 2,628,725 SNPs phased into chromosome-wide haplotypes from 14 individuals.
92
93 Detection of introgressed haplotypes and reconstruction of ancestral Mediterranean genomes
94  We used Chromopainter (Lawson et al. 2012) to identify migrant tracts resulting from introgression
95 between Atlantic and Mediterranean genomes. Chromopainter identifies introgressed haplotype
96  blocks within sequence data by estimating the probability of ancestry from Atlantic and
97 Mediterranean lineages at each variable position along every chromosome using patterns of
98 haplotype similarity. We developed a method to analyze chromosomal ancestral probability profiles
99 in order to determine the starting and ending positions of each migrant tract (Fig. S2).
100  Chromopainter requires non-introgressed reference individuals for every potential source population
101 in order to detect introgressed haplotypes in focal samples. Although the Atlantic lineage is only
102  slightly introgressed by Mediterranean alleles, the Mediterranean lineage is by contrast heavily
103 impacted by gene flow (Tine et al. 2014). Therefore, we developed a procedure to reconstruct non-
104  introgressed Mediterranean genomes by removing migrant tracts in a step-wise manner (Fig. S3).
105 Introgressed segments of Atlantic origin were identified by exploiting the different levels of
106  introgression existing between W-MED and E-MED populations. This strategy enabled us to
107 reconstruct the ancestral genetic diversity of the Mediterranean populations before gene flow from
108  the Atlantic, which significantly improved the detection of introgressed tracts (Fig. S4 and S5).
109
110  Analysis of migrant tract length distribution
111 The distributions of migrant tract length observed in Atlantic and Mediterranean populations were
112 compared to simulated distributions obtained under the secondary contact model previously

113 inferred from the joint allele frequency spectrum (Tine et al. 2014). We used the coalescent
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114  simulator msprime (Kelleher et al. 2016) to generate genome-scale haplotype data with variable
115 recombination rates under this model (Fig. S6 and S7). We then used Chromopainter on simulated
116 data to get the genome-wide distribution of migrant tract length in each population and compare it
117  with the observed distributions.

118

119  Testing waves of historical gene flow

120  The demographic history of Atlantic and Mediterranean sea bass populations was inferred from the
121 length distribution of tracts of identity-by-state (IBS) using the method developed by Harris and
122 Nielsen (2013). We extended this approach to test for successive waves of gene flow during
123 divergence. We developed a simple and flexible model that can account for multiple equal-length
124 episodes of divergence and gene flow between two populations. Using only 9 parameters, the model
125 can represent a large range of demographic scenarios including (/) continuous migration, (ii)
126 secondary contact and (iii) periodic trains of pulses (Fig. 3A, Fig. S8). The information about the
127  timing of introgression events is expected to be better preserved within low-recombining regions
128 (Pool and Nielsen 2009; Racimo et al. 2015). Therefore, we only used sequence information from the
129  low-recombining fraction of the sea bass genome (using p < 10, the population-scaled recombination
130  rate estimated by Tine et al. (2014)) to infer the demographic divergence history from the length
131  distribution of IBS tracts.

132

133 Whole-genome alignment with an outgroup species

134  We used the 35,012 scaffolds from the Morone saxatilis genome assembly to perform alignments
135  against the reference genome of D. labrax. The Mauve Contig Mover tool (Rissman et al. 2009) from
136  the Mauve software (Darling et al. 2004) and the program Abacas (Assefa et al. 2009) were used for
137  scaffold ordering and anchoring. Insertions specific to Morone saxatilis were removed from the
138  alignment to generate pseudo-chromosome sequences of similar lengths to D. labrax chromosomes.

139

140  Population genomics statistics

141  We used several complementary approaches to assess the level of divergence and introgression
142 between lineages. First, the extent of genetic differentiation between Atlantic and Mediterranean
143 populations of D. labrax was evaluated using both relative (Fsr) and absolute (dyy) measures of
144  divergence. We used Vcftools (Danecek et al. 2011) and MVFTools (Pease and Rosenzweig 2015) to
145 calculate the average Fs; and dyy in non-overlapping 100kb windows. Secondly, we used
146 Chromopainter outputs to directly measure the frequency of introgression as the percentage of
147 positions occupied by migrant tracts per window, and the length of migrant tracts along

148  chromosomes. Finally, we calculated the minimum and maximum pairwise distance between
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149 haplotypes sampled from Atlantic and Mediterranean populations relative to divergence to Morone
150 saxatilis using RND,, (Rosenzweig et al. 2016) and RND,,, statistics. The RND., ratio is sensitive to
151 introgression whereas RND,,,, rather reflects the level of maximal absolute divergence in a given
152  genomic region. Both statistics are robust to mutation rate variation.

153

154

155  Results

156  Spatial population structure and admixture

157 The genetic relationships of the newly sequenced genomes with respect to the range-wide
158 population structure of the European sea bass were evaluated with a PCA including 112 additional
159  individuals genotyped at 13,094 common SNPs (Fig. 1A-B, Supplementary Materials). The main
160 component of genetic variation (axis 1, 43.54% of explained variance) clearly distinguished Atlantic
161 from Mediterranean populations, while the second axis (2.59%) revealed a subtle genetic
162  differentiation between eastern (E-MED) and western (W-MED) Mediterranean basins. Genetic
163  admixture was found to occur along the Algerian coast, which is the principal zone where Atlantic
164  alleles enter the Mediterranean Sea. The resulting inflow of Atlantic alleles within the Mediterranean
165  generates a longitudinal gradient of introgression illustrated by a shift between W-MED and E-MED
166  samples along the first PC axis (Fig. 1B).

167

168  Migrant tracts identification

169  Spatial introgression patterns also left detectable signatures at the haplotype level along
170  chromosomes (Fig. 1C). The proportion of the genome occupied by migrant tracts was twice higher in
171  the W-MED (31%) compared to the E-MED population (13%), which also displayed shorter migrant
172  tracts (Fig. 1C-D). The longest introgressed haplotype detected in the W-MED (2.03 Mb) was twice
173 longer than the longest one detected in the E-MED population (0.98 Mb). More generally, the
174  genome-wide distribution of migrant tracts length showed a reduced abundance of tracts over all
175  class lengths in the E-MED compared to the W-MED population. This shift is consistent with the
176  action of recombination that progressively erodes recently introgressed tracts as they diffuse by
177  migration from the entrance to the bottom of the Mediterranean Sea. Consistently, this effect was
178 not apparent for the shortest migrant tracts (i.e. < 50 kb) that probably reside in the Mediterranean
179  Sea for a much longer time than the time needed to diffuse from west to east. The Atlantic
180 population was the least introgressed, with less than 5% of its genome occupied by tracts of
181 Mediterranean ancestry. Migrant tracts were also shorter (maximum length 0.62 Mb) and less
182 abundant over the whole length spectrum (Fig. 1C-D). This is consistent with a reduced amount of

183  gene flow from the Mediterranean to the Atlantic population (Tine et al. 2014). Finally, our method
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184  for reconstructing ancestral Mediterranean genomes effectively removed migrant tracts, since the
185 “desintrogressed” Mediterranean genomes contained very small residual amounts of Atlantic
186  haplotypes (Fig. 1C), except for genomic regions that were strongly introgressed by Atlantic alleles
187  (Fig. S4 and S5, Supplementary Materials).
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Figure 1 — Spatial population structure and introgression. A. Geographical location of samples, including the
newly sequenced genomes (colored circles) and additional reference samples from the Atlantic (dark grey), W-
MED (grey), E-MED (light grey) and the Algerian admixture zone (grey crosses). B. Principal Component Analysis
of newly sequenced genomes combined with 112 individuals genotyped at 13,094 common SNPs (MAF > 0.1).
The first PCA axis distinguishes Atlantic and Mediterranean populations while the second axis reveals a subtle
population structure between W-MED and E-MED. Some individuals from the Algerian coast represent admixed
genotypes between Atlantic and Mediterranean populations. C. Schematic representation of a 2 Mb region
within chromosome 7, showing the mosaic of ancestry blocks derived from Atlantic (red) and Mediterranean
(yellow) populations. For simplification, we only display two individual haplotypes from Atlantic samples, four
from W-MED, four from E-MED, and two “desintrogressed” haplotypes (see text) from E-MED samples. D.
Migrant tract length distribution obtained for the Atlantic (red, showing tracts of Mediterranean origin), W-

MED (orange) and E-MED (yellow) populations (showing tracts of Atlantic origin) using four individuals per
population.
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193  Analysis of migrant tract length distribution

194  An 85% fraction of the 100 kb windows located in low-recombining regions of the Mediterranean
195 genomes present introgressed Atlantic tracts that are on average longer than 50 kb (Fig. S6). Using a
196 recombination clock (Supplementary Materials), we found that this observation is consistent with
197 introgression occurring during the last 17,000 years. Since the most part of the introgressed tracts
198 length distribution is consistent with a recent secondary contact, we evaluated the goodness-of-fit of
199 the previously inferred postglacial secondary contact model (Tine et al. 2014), which places the onset
200  of gene flow 11,500 years ago. We performed coalescent simulations with variable recombination
201 rates under this model to generate whole-genome data using the recombination structure of sea
202 bass chromosomes. The length distribution of migrant tracts obtained from these simulations
203 reproduced well the observed distribution for both the Atlantic and Mediterranean populations (Fig.
204  2). Therefore, the secondary contact model inferred from the joint site frequency spectrum without
205 using linkage information has a high predictive power regarding the length distribution of

206 introgressed tracts when accounting for recombination rate variation.
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Figure 2 — Observed and simulated migrant tract length distributions in the Atlantic and Mediterranean
populations. Observed distributions (grey) of migrant tract length are compared with simulated distributions
(colored) under the post-glacial secondary contact scenario inferred by Tine et al. (2014), illustrated in the top-
right corner. The abundance of introgressed tracts as a function of their length is represented for observed vs.
simulated data in the Atlantic (dark grey vs. red circles, showing tracts of Mediterranean origin) and
Mediterranean populations (light grey vs. yellow circles, showing tracts of Atlantic origin).
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211 Testing waves of historical gene flow

212 Initial divergence between sea bass lineages has been dated around 270,000 year BP (Tine et al.
213 2014), corresponding to three glacial cycles (Snyder 2016) during which possible genetic interactions
214  may have occurred when interglacial conditions were similar to present. In order to address whether
215 short migrant tracts found within low-recombining regions of the genome could result from waves of
216 historical gene flow, we developed a flexible model of divergence in which the history of admixture
217 can take different forms (Fig. 3A). The modeling scenarios were subdivided into three categories
218  according to the distribution of admixture pulses over time: (i) continuous migration, (ii) secondary
219 contact, and (iii) periodic trains of pulses (Fig. 3B). Our demographic inferences showed an increase
220 in likelihood with increasing numbers of pulses in each scenario (Fig. 3C). This is because the total
221 number of admixture pulses contained in each model (i.e. the product mxn) acts as a hidden
222 nuisance parameter, even though the three different scenarios were built using the same number of
223 model parameters. Therefore, we only compared likelihood values among scenarios with identical
224 number of admixture pulses, considering up to 10 pulses in total (the likelihood tended to flatten out
225 beyond this value). We found the secondary contact scenario to be the best supported model across
226 the entire range of admixture pulse number (Fig. 3C and Table S1), and therefore found no support
227  for a periodic pulse model with separate waves of gene flow. The best-fit secondary contact model (n
228 = 10 pulses, Fig. 3D) provided clear support for asymmetric introgression, with a more than 6-fold
229  higher introgression rate from the Atlantic into the Mediterranean than in the opposite direction,
230  which is consistent with previous findings (Tine et al. 2014). The duration of allopatric divergence
231 relative to the secondary contact period was found shorter than previously reported (Table S2).
232 Nevertheless, the splitting times estimated between Atlantic and Mediterranean sea bass lineages
233 were highly consistent across methods (ca. 300,000 years BP for the best IBS tract model vs. 270,000
234 years BP from the best JAFS model (Tine et al. 2014)).
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Figure 3 — Demographic history inferred from the length distribution of IBS tracts. A. Flexible demographic
model accounting for multiple equal-length episodes of divergence and gene flow between Atlantic and
Mediterranean sea bass populations. An ancestral population of size N splits into two populations of size N; and
N,, experiencing one to several (m) cycles of interrupted gene flow during T4 generations followed by migration
during T, generations. Each contact episode contains one to several (n) pulses of admixture (black arrows),
replacing Mediterranean and Atlantic populations by a proportion f; and f, of migrants, respectively. The n
admixture pulses are homogeneously distributed along each contact episode. B. Modeling scenarios fall into
three different categories according to the distribution of admixture pulses over time: continuous migration,
secondary contact, and periodic trains of pulses. The illustrated example shows these three categories with 9
pulses represented by vertical bars along the timeline. C. The log-likelihood values obtained for the different
categories from two to 10 admixture pulses. Two possible configurations of the periodic pulses scenario exist for
models including a total of 6, 8 and 10 pulses (Table S1), only the best of which is represented here. The periodic
pulses scenario is not defined for 2, 3, 5 and 7 pulses. D. Goodness-of-fit of the best model (m=1, n=10), showing
the length distributions of IBS tracts from observed data (colored lines) compared to model prediction (grey
lines). Upper-left: the three distributions observed within ATL, W-MED, and between ATL and W-MED
populations. Upper-right: model fit within ATL. Lower-left: model fit within W-MED. Lower-right: model fit
between ATL and W-MED.
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239 Chromosomal profiles of divergence and introgression

240 We investigated chromosomal patterns of genetic differentiation (Fs;) and absolute sequence
241 divergence (dyy) between Atlantic and Mediterranean populations. We found highly varying levels of
242 relative and absolute divergence across the genome, with Mb-scale regions of elevated divergence
243 preferentially mapping to low-recombining regions (Fig. 4A-C and S9). Consistent with predictions
244 from the “linked selection hypothesis” (Cruickshank and Hahn 2014; Burri 2017a), Fs; and dyy were
245 respectively negatively and positively related to the population-scaled recombination rate (p = 4N.r)
246 (Fig. 5A-D, S10 and S11). However, the highest Fs; values tended to be associated with high values of
247  dyy mapping preferentially to low-recombining regions (Fig. 5), which is not expected under the only
248 action of linked selection (Burri 2017b). In order to evaluate the extent to which this observation is
249  consistent with the existence of genomic islands resistant to gene flow (Guerrero and Hahn 2017),
250 we compared divergence with measures of introgression. We found that the most divergent
251 windows in terms of both Fs; and dyy are also the ones that strongly resist gene flow, either detected
252 by high RND,., values (>0.05, Fig. 5E-F and S12) or low frequencies of introgressed tracts (<0.1, Fig.
253 5G-H and S13). This is confirmed by the similar levels of ancestral and contemporary Fs; values in
254  these regions (Fig. 4A-B, mauve vs. purple Fgr plots in the red dotted box). Therefore, barriers to gene
255  flow between Atlantic and Mediterranean sea bass tend to involve regions of low-recombination
256  where both relative and absolute divergence are higher than expected under the sole effect of linked
257 selection. The value of Fs; alone is not a good indicator of the barrier strength, since regions with
258 similar Fsrvalues display variable levels of resistance to introgression (Fig. 5E-F). This is illustrated by
259  the finding of islands of differentiation that have been partly eroded by gene flow since secondary
260  contact, especially in the W-MED population (Fig. 4A, mauve vs. purple Fsr plots in the black dotted
261 box).

262 Variable degrees of resistance to gene flow among genomic regions were also detected using
263  spatial comparisons of divergence patterns. Despite the strong correlation observed between
264  ATL/W-MED and ATL/E-MED Fs; patterns (Fig. S4), some peaks of ancestral differentiation almost
265  completely vanished in ATL/W-MED contemporary patterns, but remained remarkably unchanged in
266 the ATL/E-MED comparison (Fig. 4, black dotted box). By contrast, some peaks seem to have resisted
267 to introgression in both ATL/W-MED and ATL/E-MED comparisons (Fig. 4, red dotted box). These
268  differences are consistent with variable strength of the barrier effect among genomic regions
269  involved in reproductive isolation.

270 We also tested the theoretical prediction that introgressed tracts closely located to sites where
271  selection against introgression is strong should be shorter compared to the average tract length
272 (Sedghifar et al. 2016). At the genome scale, the length of introgressed tracts was largely determined

273 by the local recombination rate, and tracts at a given position were on average longer in the W-MED
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274  compared to the E-MED population (Fig. 4F-G). However, by combining information across the
275 strongest barriers to gene flow identified with outlier values of RND.,,, we found that the mean
276  length of introgressed tracts was reduced (up to four-fold) in the close vicinity (< 200 kb) of the
277  barrier loci (Fig. S14), consistent with theoretical predictions.

278 Finally, in order to determine if the strength of barriers to gene flow is related to the degree of
279  past differentiation and maximal divergence between Atlantic and Mediterranean alleles, we
280 evaluated the effect of these two factors on the frequency of introgression. Both ancestral Fs; and
281  RND.., were found to negatively affect the frequency of introgression (Fig. 6). This was not a
282 methodological artifact, since our desintrogression method would on the contrary tend to
283  overestimate the ancestral Fsr in highly introgressed regions, where the reconstructed ancestral
284  diversity of the Mediterranean population may be downwardly biased. Therefore, our results
285 indicate that the regions with the highest level of pre-contact differentiation and maximal divergence
286  were the less likely to introgress during the recent secondary contact episode.

287
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Figure 4 — Population genetic statistics calculated in non-overlapping 100 kb windows along chromosomes 7
and 17. A. Fs; measured between the Atlantic and contemporary (purple) or ancestral reconstructed (mauve)
W-MED or E-MED (B.) population. C. dyy calculated between the Atlantic and the W-MED (black) or E-MED
(blue) population. D. Frequency of introgression in the W-MED (orange) or E-MED (yellow) population. E.
RND,.i, measured between the Atlantic and W-MED (black) or E-MED (red) population. F. Average length of
introgressed tracts in the W-MED (dark blue) or E-MED (light blue) population. G. Population-scaled
recombination rate (p = 4N.r) averaged between Atlantic and Mediterranean population, inferred by Tine et al.
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Figure 5 — Relationships between divergence (Fs; and dyy), the population-scaled recombination rate
(p = 4N.r) and introgression statistics (RND,i, and Fi.ro). A-D. The density of points appears in color scale
from low (blue) to high (red) densities. E-G. The color scale indicates the value of RND, (E-F) or the frequency
of introgression (G-H) in the corresponding window from low (blue) to high (yellow) introgression rate values.
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Figure 6 - Frequency of introgression for different levels of past genetic differentiation and allelic divergence
measured with RND,,... A. Introgression as a function of past Fs; measured between the Atlantic and the
reconstructed ancestral W-MED or E-MED (B.) population. C. Introgression as a function of RND,,,, measured
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293  Discussion

294  Inference of divergence history from phased data

295  We used two very different approaches based on haplotype information to resolve the history of
296  divergence and gene flow between Atlantic and Mediterranean sea bass lineages. First, our
297  coalescent simulations with recombination showed that the observed length distribution of
298 introgressed tracts can be well reproduced by the postglacial secondary contact model inferred in a
299  previous study (Tine et al. 2014). We then evaluated whether the presence of short introgressed
300 tracts in low-recombining regions could indicate the existence of older admixture events. Although
301 there is a possibility that during the whole divergence history, the quasi-100,000-year glacial cycles
302 (Snyder 2016) have promoted discrete waves of gene flow, we did not find evidence for a cyclic
303 connectivity model representing glacial oscillations. Instead, our demographic inferences based on
304  the IBS tract spectrum also supported a scenario of secondary contact and confirmed that Atlantic
305 and Mediterranean sea bass lineages have started to diverge around 300,000 years BP.

306 The only disagreement between the two approaches concerned the relative duration of the
307 divergence and contact periods. Admittedly, the power of our inferences may be limited by the
308 confounding effects of time and recombination on the length of introgressed tracts (Pool and Nielsen
309  2009; Liang and Nielsen 2014; Racimo et al. 2015). Therefore, haplotype-based methods may be
310 sensitive to local inaccuracies in the estimation of recombination rate along the genome.
311 Furthermore, although the magnitude of divergence was captured by the between-lineages
312  spectrum of shared IBS tracts, the two within-lineages spectrums were highly similar, possibly leading
313  to alack of signal to precisely estimate the duration of secondary contact with the IBS tract method.
314 Finally, the two approaches implemented here neglect the effects of temporal changes in
315  effective population size and selection against introgressed tracts. Populations surviving in glacial
316  refugia possibly experienced bottlenecks (Hewitt 2000), which could have impacted the IBS tract
317  spectrum (Harris and Nielsen 2013). Furthermore, the removal of blocks of foreign ancestry by
318  selection may explain the over-predicted abundance of introgressed tracts shorter than 500 kb in the
319 Mediterranean (Fig. 2) and of IBS tracts longer than 100 kb (Fig. 3). Future works will have to
320 integrate the effect of selection against introgression within demographic models, as previously done
321  for demographic inference from unphased data (Sousa et al. 2013; Roux et al. 2016; Rougeux et al.
322 2017).

323

324  The remolding of genomics islands of differentiation

325 The role of gene flow in generating genomic islands is a long standing debate (Wu 2001; Cruickshank
326 and Hahn 2014; Burri 2017a; Ravinet et al. 2017). In particular, whether gene flow simply remodels

327  evolving or pre-existing divergence patterns or constrains divergence to evolve principally in low-
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328 recombining regions remains an open question (Yeaman et al. 2016). Our results demonstrate that
329 linked selection (Cutter and Payseur 2013) has generated heterogeneous genome divergence
330 between sea bass lineages during their geographic isolation. This was supported both by the
331 genome-wide correlations between divergence and recombination and the reconstructed ancestral
332 landscape of divergence. We previously showed that large-scale variation in recombination rate
333 across the sea bass genome is responsible, in interaction with selection, for increased rates of lineage
334  sorting in low-recombining regions (Tine et al. 2014). The reduction of recombination in the center of
335 chromosomes relative to their peripheries is a common feature of fish genomes (Bradley et al. 2011,
336 Roesti et al. 2012), which is possibly due to crossover interference (Allendorf et al. 2015) and
337  increased recombination in telomeric regions during male meiosis (Lien et al. 2011). Therefore,
338 linked selection generating heterogeneous differentiation across the genome can be seen as a null
339  expectation for allopatric divergence in sea bass, as in other fish.

340 Gene flow after secondary contact has the potential to rapidly remodel heterogeneous
341 divergence landscapes by eroding neutral differentiation (Barton and Bengtsson 1986; Yeaman et al.
342 2016). However, whether genomic islands generated by linked selection tend to contain reproductive
343 isolation loci and to act preferentially as barriers to gene flow remains unresolved. Our direct
344  detection of introgressed tracts revealed broad variation in the rate of introgression among regions
345 displaying similar levels of divergence. In some regions where ancestral peaks of Fs; have been found,
346  the amount of introgression was high and the peaks almost vanished after secondary contact. This
347  suggests that these incidental islands do not contain reproductive isolation loci (Cruickshank and
348 Hahn 2014). On the other hand, reduced introgression in many regions confirms the view that
349  introgressed alleles generally have negative fitness effects in the foreign genetic background (Martin
350 and lJiggins 2017), although we did not specifically address the extent of adaptive introgression. The
351  spatial comparison of introgression patterns between recipient populations (W-MED and E-MED) at
352  variable distances from the source population (ATL) provides information about the distribution of
353 fitness effects of introgressed tracts. Some genomic islands were resistant to introgression in both
354 Mediterranean populations, indicating strong selection against introgressed tracts. In most genomic
355 islands, however, introgression was more reduced in the E-MED compared to the W-MED. This either
356  suggests that stronger migration overwhelms the effect of selection in the W-MED, or that selection
357  takes more time to remove weakly selected migrant tracts as they diffuse from the western to the
358 eastern part of the Mediterranean Sea. An important result stemming from the analysis of
359 introgression is that the degree of resistance to gene flow for a given region was positively related to
360 the past level of differentiation and to the absolute divergence between haplotypes, independently
361 of the local mutation rate. Therefore, the strength of selection against introgressed tracts at a given

362 genomic location seems to be at least partly explained by the coalescence time between haplotypes.
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363 The expected amount of absolute divergence in low-recombining regions of the sea bass genome
364 can be determined by summing values of ancestral diversity (6., = 0.001, estimated from the mean
365 diversity of contemporary populations) and sequence divergence due to the accumulation of
366 mutations in both lineages after split (2uT = 0.001, determined using the divergence time estimated
367  from demographic models). This amounts to E(dxy) = fanc + 2uT = 0.002, a value twice higher than the
368 observed genome-wide average, possibly due to introgression. By contrast, the strongest barriers to
369 gene flow between Atlantic and Mediterranean sea bass involve regions with higher dyy values
370 ranging between 0.002 and 0.005. This excess of coalescence time is not expected under a scenario
371  whereby differential introgression reshapes a heterogeneous divergence landscape previously
372  established by linked selection alone (Burri 2017b). To explain these results, we thus need to
373  consider the sorting of ancient polymorphisms during the divergence period, later acting as barrier
374  loci upon secondary contact.

375 The origin of such alleles that started to diverge before the average coalescent time expected
376  from historical reconstructions remains uncertain. Recent studies have emphasized the role of
377 introgression from a distantly related lineage as a source of new adaptations (Dasmahapatra et al.
378  2012; Huerta-Sanchez et al. 2014; Lamichhaney et al. 2015), which can possibly play a role in
379  reproductive isolation. Although we found no evidence for contemporary gene flow between D.
380 labrax and its closest relative D. punctatus (Tine et al. 2014), we cannot rule out a possible past
381 admixture with D. punctatus or an extinct lineage, or the existence of an ancestral population
382  structure (Racimo et al. 2015). Another possible explanation involves the existence of balanced
383 polymorphisms maintained for a long time in the ancestral population, followed by the fixation of
384  alternative alleles in the derived populations (Guerrero and Hahn 2017).

385 Whatever the origin of the alleles that contribute to reproductive isolation, our results clearly
386  show that barrier loci tend to map preferentially to low-recombining regions. Such pattern may arise
387  through different but non-mutually exclusive mechanisms. First, during isolation, weakly deleterious
388  mutations are more likely to become fixed by drift or due to hitchhiking with a positively selected
389  allele if recombination is reduced (Birky and Walsh 1988). This may trigger the fixation of
390 compensatory mutations independently in each population, which could become genetic
391 incompatibilities upon contact. Another effect of linked selection is to accelerate lineage sorting
392 (Cruickshank and Hahn 2014), increasing the chance to fix alternative alleles in low-recombining
393 regions during short isolation periods (i.e. < 10 N, generations). Finally, during secondary contacts,
394  the retention of divergence is facilitated when multiple incompatibility loci combine their effects
395 through linkage. Therefore, the density of selected sites determines, in interaction with
396 recombination, the strength of selection against introgressed tracts and the tendency for increased

397 neutral introgression near chromosome extremities (Barton and Bengtsson 1986; Yeaman et al.
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398 2016; Aeschbacher et al. 2017; Martin and lJiggins 2017). These different effects are likely to be
399  amplified if ancestral variation is fueled by foreign alleles coming from a distant lineage during the
400  divergence history.

401

402  Conclusion

403  To conclude, our results shed new light on the origin and remolding of genomic islands during the
404  divergence history of European sea bass lineages. Thanks to the use of haplotypic information, we
405 provide a more mechanistic understanding of the complex interplay between linked selection, allele
406  age and resistance to introgression. The recombination landscape appears to be an essential driver of
407  the observed genomic patterns, influencing both lineage sorting and introgression. Our findings also
408  support that the genomic islands generated by linked selection tend to be disproportionately
409 involved in reproductive isolation during allopatric speciation, although some of them are purely
410 incidental and are currently being eroded by gene flow. However, revealing the broad range of
411 selective effects associated with the divergent regions found in speciation genomics studies may
412 necessitate moderate to high levels of contemporary gene flow. Finally, the probability of
413 introgression in a particular genomic region is negatively related to the level of divergence between
414 alleles, a result possibly indicating that either past admixture or long-term balancing selection has
415 participated to the evolution of reproductive barriers in sea bass.

416
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