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21 ABSTRACT

22  Speciation is a key evolutionary process which has been studied in numerous organisms and
23  a multiple scales, from lineage radiation to gene expression. However, the factors explaining
24 the rise of new species are not yet fully understood, and the relative contribution of neutral
25  versus selective evolutionary processes in triggering and maintaining reproductive isolation
26  between lineages is still debated. To explore this question, we study the divergence of two
27  butterfly species, Coenonympha arcania and C. gardetta (Nymphalidae), which diverged
28 relatively recently but show strong ecological differences. Whole genome sequence data
29 reved high overall differentiation between the two lineages, best explained by a long period
30 of isolation at the early stage of their divergence. Demographically explicit approaches
31 identify that 6.6% of the genome (32.7 Mbp) is impermeable to gene flow between the two
32  gpecies. Lots of these barrier loci are located on the Z chromosome, potentially spanning 75%
33  of its length which would indicate that alarge Z effect is at play in this speciation. Moreover,
34 only a small proportion of barriers showed signatures of selection, suggesting that non-
35 adaptive processes largely contributed to the build-up of reproductive isolation. Therefore,
36  athough genesinvolved in stress response and response to hypoxia are interesting candidates
37  under selection, the adaptation of C. gardetta to alpine conditions may not to be the main
38  driver of speciation. Our study brings an original example of intertwined adaptive and non-
39 adaptive processes leading to reproductive isolation in a speciation with secondary contact

40  and improves our understanding of the genomic underpinnings of species divergence.

41 KEY-WORDS:. Demographically explicit models — Genomic barriers — Genomic

42  incompatibilities — Speciation genomics — Z chromosome

43


https://doi.org/10.1101/2024.11.29.625973
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.29.625973,; this version posted December 3, 2024. 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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.

44  INTRODUCTION

45 The extensive array of living organisms emerges from a fundamental process in evolution:
46  speciation. In the 20th century, this process was regarded as a series of binary divisions in
47  evolutionary lineages, primarily depicted through phylogenetic trees. While this dichotomous
48  perspective upholds the evolutionary connections between groups, its significance diminishes
49  when lineages are closely related. Hence, speciation is now well accepted as a continuous
50 process, gradually giving rise to distinct entities and eventually species (Stankowski &
51 Ravinet, 2021). The accumulation of mutations in the genomes progressively results in the
52 isolation of the two lineages by reducing the fitness of their hybrids (Presgraves, 2010).
53  Within the whole range of substitutions between two species, only some affect hybrid fitness,
54  ether by generating incompatibilities in gene interactions (i.e., endogenous postzygotic
55 isolation), by being involved in ecological adaptations (i.e., exogeneous postzygotic isolation)
56  or in mating signals (i.e., prezygotic isolation) (Coyne & Orr, 2004). The relative importance
57  of these different types of hybrid incompatibility on the evolution of reproductive isolation

58  variesdepending on the demographic and ecological contexts of the speciation event.

59 Identifying the evolutionary processes that led to the establishment of such barriers
60  between closely related lineages is critical for understanding the emergence of new species
61 (Seehausen et al., 2014). Their nature can be broadly classified according to whether they
62 originated through adaptive or non-adaptive processes. Non-adaptive forces lead to the
63 formation of barriers when interacting genes co-evolve differently within isolated lineages.
64 Negative interactions between these co-evolving loci have been shown to be commonly
65 expressed in hybrids, leading to strong reproductive barriers (Bateson, 1909; Dobzhansky,
66  1936; Muller, 1942). In such case, the formation of hybrids leads to the expression of new
67 interactions that have not been proven by natural selection (Simon et al., 2018). Each set of

68 co-evolving deleterious and compensatory mutations can thus become a potential endogenous
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69 barrier, impacting the hybrid fitness regardless of the ecological context in which the parent
70  species evolved. Conversely, adaptive processes involve loci whose genotype fithess is
71  directly dependent on the environment. In that case, hybrids tend to be lessfit than one of the
72 two parents, depending on the environment in which they are located (Schluter, 2009). The
73  relative importance of the above mentioned non-adaptive and adaptive processes in the build-
74  up of reproductive isolation is tightly linked to the demographic and ecological contexts in
75 which the speciation takes place. In sympatry with environmental heterogeneity, the
76  predominant drivers of barriers are adaptive processes and exogeneous selection (Nosil,
77  2012), while in allopatry endogenous barriers may arise as a result of genetic drift (Endler,

78  1977; Barton & Hewitt, 1985; Noor & Bennett, 2009).

79 To investigate empirically the comparative influences of adaptive and non-adaptive
80  processes on reproductive isolation, it is essential first to pinpoint the genomic regions linked
81 to these barriers, the so-called “barrier loci” (Roux et al., 2016; Ravinet et al., 2017). This
82 sep alows analyzing the evolutionary forces that have influenced their recent history.
83 Identifying species barriers in natura can be achieved when a pair of closely related species
84  are experiencing gene flow, either as a result of secondary contact, or continuously during
85 their divergence process (Smadja & Butlin, 2011; Martin et al., 2013). If strong selection acts
86 against migrant alelesin specific genomic barriers while the rest of the genome is exchanged
87  more freely between species, then patterns of nucleotide polymorphism and divergence may
88  be sufficiently contrasted to detect barrier loci (Fraisse et al., 2021; Laetsch et al., 2023). In
89 that spirit, new methodological developments have taken advantage of large genomic and
90 computational resources to test a local reduction in migration rate using window-based
91 approaches. Two methods have recently been distributed to carry out genomic scans of
92  gspecies barriers: glMble (Laetsch et al., 2023) and DILS (Fraisse et al., 2021). These

93 methods have the advantage to account for the confounding effect of background selection,
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94 which can produce differentiation patterns similar to those of divergent selection
95 (Charlesworth et al., 1997; Cruickshank & Hahn, 2014). Background selection results in a
96 loca reduction of genetic diversity due to purifying selection against deleterious mutations,
97 and promotes high species differentiation without playing a functional role in reproductive
98 isolation (Charlesworth, 2012). The two above mentioned approaches tackle this issue and
99 show great potential to identify genomic regions involved in reproductive isolation. The
100 identification of such barriers stands as a prerequisite to unravel the evolutionary mechanisms
101  determining their evolution. For instance, contrasting the genomic patterns of polymorphism
102  and divergence within these barrier regions against the broader genomic background allows
103 testing whether they are predominantly shaped by local adaptive processes or not (McDonald
104 & Kreitman, 1991; Stoletzki & Eyre-Walker, 2011; Han et al., 2017; Irwin et al., 2018;

105 Shanget al., 2021; Moreiraet al., 2023).

106 In this study we dissect the genetic architecture of reproductive isolation between two
107 temperate butterflies, Coenonympha arcania and C. gardetta, and estimate the relative
108 contributions of adaptive versus non-adaptive processes to their speciation. The two species
109 areecologically divergent, with C. arcania being widely distributed in Europe, from sea level
110  to elevations around 1,500 meters, while C. gardetta is typically encountered in subalpine
111  and apine habitats, above 1,500 meters in the Alps. They diverged around 1.7 million years
112  ago (Capblancq et al., 2015), are morphologically distinct and have parapatric distributions
113  with multiple contact zones at intermediate elevation around the Alps. The two species do not
114 form two distinct monophyletic groups based on mtDNA, which suggests that mitochondrial
115 transfers (and gene flow) occurred sometime during their divergence (Capblancg, 2016).
116  Occasiona hybrids between the two species can be observed in regions of sympatry
117  (Capblancq et al., 2019), confirming a potential for ongoing gene flow, although they would

118  supposedly be unfit or mostly sterile according to previous experimental crosses (de Lesse,
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119 1960). This strong but incomplete reproductive isolation makes the species par an ideal
120 modé to study the genomics of speciation and identify barrier loci along the species genome.
121  In presence of gene flow, if ecological divergence is the main driver of speciation (i.e.,
122  ecological speciation), loci involved in local adaptation and reproductive isolation should be
123  largely shared. Conversely, if reproductive isolation evolved independently from local
124  adaptation, signatures of restricted gene flow should not be necessarily associated with

125 signature of selection.

126 To explore these questions, we surveyed whole genomes from natural populations of
127 the two species with four main objectives. 1) study the temporal patterns of gene flow
128 between C. arcania and C. gardetta (i.e., isolation versus continuous migration versus
129  secondary contact versus ancestral migration), 2) locate barrier loci where gene flow is
130 effectively blocked, 3) evaluate the relative importance of adaptive versus non-adaptive
131  processes in determining reproductive isolation, and 4) identify candidate speciation genes.
132  To achieve this, we generated whole-genome short read data for 19 individuals of C. arcania
133 and 17 individuals of C. gardetta and mapped the sequences to the C. arcania reference
134 genome (Legeai et al., 2024). We then explored genetic diversity and differentiation along
135 the genome of the species using 50kbp windows and located genomic regions displaying
136  reduced gene flow (referred to as "barrier loci") using both giMble and DILS. We then
137  sought signatures of selection both within and outside these barrier regions, in order to

138 qualify the forces shaping the observed variation in gene flow levels along the genome.

139 RESULTS

140 A total of 65.2 million cleaned reads were obtained on average per individual (range: 46.6-
141  88.5 million reads), of which 54.5% mapped to the C. arcania reference with a quality score

142  equals or above 20. After removal of PCR duplicates, mean coverage across all individuals
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143  was 18x (range: 13-25.2x), and genotype likelihoods were obtained for 203,075,624 sites that
144  passed quality and coverage thresholds for both species, scattered across 9,844 50kb genomic
145  windows representing 99% of the reference genome length (497Mbp, Legeai et al., 2024).
146 Among these sites, 16,571,294 were polymorphic (8.2% of the covered sites) and were
147  homogeneously distributed along the 30 first large scaffolds of the reference (Supplemental

148  Fig. S).

149 Demographic inferences favor a scenario of secondary contact and low levels of gene

150 flow between species

151 Toinvestigate the history of divergence and gene flow between C. arcania and C. gardetta
152  we compared the likelihood of four speciation scenarios: strict isolation (Sl), isolation with
153 migration (IM), secondary contact (SC) and ancient migration (AM), using Fastsimcoal2
154  (Excoffier et al., 2013) and DILS (Fraisse et al., 2021). We used the whole dataset for
155  demographic inferences because including or not the sexual chromosome Z gave very similar
156  results (Supplemental Table S1).

157 Both procedures favored a model of isolation followed by a secondary contact for the
158 divergence of C. arcania and C. gardetta (Figure 1), in contrast with previous results that
159 favored an isolation with migration scenario (Capblancq et al., 2019), but confirming the
160 presence of gene flow during the speciation process. The initial divergence time estimates
161 were very similar for the two methods with Fastsimcoal2 inferring 1.79 Mya and DILS
162 inferring 1.93 Mya (Figure 1). The secondary contact would have occurred only after a
163 relatively long period of isolation, 360,240 generations ago according to Fastsimcoal2 and
164 498,562 generations ago according to DILS. The migration rate estimated after the secondary
165 contact between the two species was low (Fastsimcoal2: Me acgar = 9.07€-8, Me gar-ac = 3.99e-
166  7; DILS: Me acgar = 2.96-7, Me ga-ac = 7.9€-7), roughly corresponding to an exchange of 0.5 to

167 1.5 individuals every generation. Finaly, the current N estimates inferred were 2,955,432
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168 (Fastsimcoal2) or 2,659,735 (DILS) for C. arcania and 1,748,050 (Fastsimcoal2) or

169 1,257,299 (DILS) for C. gardetta, this time very much consistent with previous estimates

170  inferred from ddRAD-seq data (Capblancq et al., 2019).
[A) Sccondary Cenfact {%5C) (B)
Fastsimenal (95% CIj DILS ¢95% CL)
Ay AV =T11.210 . M
Best scemario BC Ay IV =302,806 R
Ay ¢ §1- 3980332 P :
Divergence times
Timio 1,793,459 (1,694,113 - 1,892,802) 1,930,105 (7,658, 758 - 2,142,893)
Ty 360,240 (293,122 - 427,358 498,562 (381,457 - 602,492)
Effective sices
Narcania 2955432 2,913.267 - 2,997.597; 2,659.735 72,206 304 3,I¥0.278)
N gardetta 1748050 7£,737. 754 - 4, 758548 1.257.299 (795.278 - 1.857.227)
Migration raies
m, arc/par 3.99¢-07 (0 - 1.2¢-03) 7.9¢-07 (6.37e-07 - 9.29¢-07)
m, garfarc 9.07e-08 (0 - 1.2e-04) 2.9e-07 11.87e-07 - 4.33¢-07)
171

172  Figure 1. Scenario of divergence between C. arcania and C. gardetta. (A) Most likely scenario of
173  divergence with its associated parameters. (B) results of Fastsimcoal2 and DILS inferences with the
174  most likely model (SC) in comparison with the three other tested scenarios of divergence (AM, IM
175 and 9l) and the inferred parameter values. 95% confidence intervals are shown in brackets.

176 Identifying genomic barriers to gene flow unravels the importance of the Z

177  chromosome and several autosomal regions

178 To locate putative barrier loci, we used two recently published model-based approaches that
179 test for a local reduction of migration along the chromosome of two diverging species: an
180 adaptation of giMble (Laetsch et al., 2023) — the Ag method — and DILS (Fraisse et al.,
181  2021). Both approaches follow a very similar process that does not contrast different genomic
182  regions among each other, but two demographic models (with or without gene flow) within
183  each genomic window. The gene flow vs no gene flow comparison is made at the window
184 level specifically to account for the variation in local effective population sizes along the
185 genome, variation that can originate from evolutionary factors (linked selection) or be due to
186 intrinsic parameters (reduced recombination rates). The two methods identified 654 genomic
187 regions acting as barrier to gene flow between the genomes of C. arcania and gardetta,

188  representing 6.6% of the genome. These regions were mostly located on the sex chromosome
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189 Z (363 windows = 56% of the barriers) but aso on multiple autosoma regions of high
190 genetic differentiation (Figure 2A). The Ag method returned 6.5% of the genome as barrier to
191  gene flow, with almost the entire Z chromosome (74.7%), suggesting that the very high Fsr
192 and low diversity estimates along this sex chromosome (Supplemental Fig. S2) were not only
193  due to its reduced effective size (3/4 of autosomal N¢). We also tried a migration rate
194  threshold inferred only with the Z chromosome to estimate the Ag, The procedure till
195  returned multiple barrier loci in the Z chromosome but only representing 8.6% of its length
196 (Supplemental Fig. S3). False Positive Rate (FPR) estimated at the window level using
197 simulations was zero for most genomic regions, and only 40 windows returned a non-zero
198 FPR of 1%, supporting the robustness of the procedure. DILS, which, in general, identified a
199  reduced number of barriers compared to the Ag method (only 0.3% of the genome), also
200 found nearly half of the barriers (11/27 windows) on the Z chromosome (Figure 2A). The
201 substantia difference between the number of regions identified as barrier by the Ag method
202 (642 windows) and DILS (27 windows) was somewhat surprising, with only 15 common
203  windows. This calls for further comparisons of the procedures in the future. Hereafter, we
204  considered as barriers all 654 windows that were identified by either one or the other method,
205 or both. Generally, these windows were localized in genomic regions of increased genetic
206 differentiation and low diversity, but not always (e.g., on chromosome 2, 10 or 12),
207 confirming that genetic differentiation and resistance to gene flow may not aways be

208  associated.

209 Patterns of differentiation (Fsr), divergence (dxy), and diversity (r) along the two
210 species genomes were also investigated to locate “genomic islands’ in the genomic
211 landscape. The procedure of Shang et al (2021) was used, which allows to distinguish three
212  scenarios of selection (recurrent, divergent, balancing) from a neutral signal by identifying

213  extreme combinations of m, dxy and Fsr. Only genomic regions putatively under recurrent
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214  selection or balancing selection were identified (Figure 2B). The recurrent selection loci,
215  which showed extremely high values of Fsr, low values of & and average values of dxy, were
216  found in multiple autosomal regions and the Z chromosome. Recurrent selection corresponds
217  to aselective pressure that is acting on the two diverging lineages and was already operating
218  inthe ancestral population. The 24 genomic regions located within barriers and identified as
219 under recurrent selection (circled points in Figure 3B) constituted the genomic window
220  “linked to barrier and with signals of positive selection” set for downstream analyses. One of
221  these regions was located on the Z chromosome and the rest distributed on nine of the 29

222  autosomes.

223 Zooming in on these candidate regions often allowed to identify peaks or “islands’ in
224 the genomic landscape (Figure 2C). As expected, the candidate regions showed elevated Fsr
225  and decreased genetic diversity, but they also returned elevated values of DoS (Direction of
226  Selection) in coding regions, suggesting more positive selection than in the rest of the
227 genome. For example, a peak of high DoS values (>> 0) was observed in the middle of
228 chromosome 15 (Figure 2C), a genomic region identified as a barrier to gene flow and
229  exhibiting increased genetic differentiation between and depleted diversity within the two
230 species. However, when DoS is examined gene by gene along the genome, identifying a
231  gpecific pattern was difficult and many genes with very high DoS values were found in
232  genomic regions not identified as potential barriers or not showing any specific genetic

233  diversity or differentiation (Supplemental Fig. $4).
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Figure 2: Identification of barriers to gene flow between the genomes of C. arcania and C. gardetta.
(A) Genomic windows considered as resistant to gene flow using two process-based procedures: the
AB procedure (AB > 0) and/or DILS (posterior probability of being a barrier > 0.7). (B) Windows
faling into one of the four selection scenarios described in (Shang et al., 2021) based on extreme
patterns of Fgr, dyy and . (C) Zoom on chromosome Z and 15 showing different genetic parameters
for each genomic window and species. Barriers detected with both DILS and Ag approaches are
localized with shaded grey rectangles.

Can we disentangle the evolutionary processes shaping heterogenous genomic

resistance to gene flow?

To better understand the evolutionary forces that shaped the landscape of genetic diversity
within and differentiation between C. arcania and C. gardetta, multiple genetic parameters
were inspected across 9,844 genomic windows on the Z chromosome and the autosomes. As
expected, the Z chromosome showed different patterns compared to autosomes (Figure 3,

Supplemental Fig. S2), with an Fsr amost twice as high on Z than on autosomes (Fsr(z) =

W SPECIES
— L ancana

O garderta
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249  0.687; Fsr(a) = 0.357), amuch lower net divergence (dyz) = 0.0024; dya) = 0.0038), nucleotide
250  diverdty twice as low in both species (nzacania = 0.0074; mayacania = 0.0145; Tz)gardetta =
251  0.0058; ma)gadeta = 0.0131), a much higher DoS on average (DoSz) = -0.033; DoSp) = -
252  0.201) and alower density of genes. Tajima's D values were similar on the sex chromosome
253 (Taima's Dzarcania = -0.58; Tajima's Dz)gadeta = -0.58) but the alpine specialist showed
254  larger estimates on the autosomes (Tajima’'s Dzyacania= -0.65; Tajima’'s Dz)gargetta= -0.36). In
255 a similar trend, the genomic windows identified as barriers showed higher differentiation
256  (Fst(barier) = 0.63; Fsr(no bariey = 0.37), lower net divergence (dxypariey = 0.0031; dano barrier) =
257  0.0038), higher signal of positive selection (DOSparier) = -0.017; DOS(no bariery = -0.196) and
258 lower genetic diversities (Mparienacania = 0.0097; Mo barrienarcania = 0.0143; T(parrier)gardetta =
259 0.0076; (o barrier)gardetta = 0.0128).

260 Four categories of genomic regions were distinguished. The genomic windows
261 identified as barriers were distinguished from the non-barrier windows and, within each of
262  these two categories, windows showing signals of positive selection (i.e., recurrent selection
263  in Figure 2) were distinguished from the windows showing no signals of selection. The four
264  resulting types of windows were: i) unlinked to barrier and without signal of positive
265  selection, ii) unlinked to barrier but with signals of positive selection, iii) linked to barrier
266  without positive selection and iv) linked to barrier with positive selection. Among the
267  windows showing no signal of positive selection, net divergence (ds), gene density and
268 Tajima's D were similar within and outside barriers, whereas a higher genetic differentiation
269  (Fsr), larger DoS and lower autosomal nucleotide diversity () were found in windows linked
270 to barriers compared to those outside barriers (Figure 3). Windows with signals of positive
271  selection, linked or not to barriers, showed increased Fsr, lower d,, m and Tgiimas D
272 compared to regions with no positive selection, but also a higher density of genes.

273  Significantly higher values of Fsr (t-test: p-value = 3.9e-06) and DoS (t-test: p-value = 0.014)
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were found in windows linked to barriers compared to non-barrier regions when positive
selection was identified (Figure 3). However, genomic windows linked to barriers but without
selection were not significantly different than regions unlinked to barriersin terms of d,, DoS
or gene density, confirming that their resistance to interspecific gene flow was not linked to
undetected positive selection. In the same vein, linkage disequilibrium (LD) was much higher
in barriers with positive selection than in the other three categories, consistent with
hitchhiking effects. On the contrary, barrier regions with no signal of positive selection

returned LD values comparable to non-barrier windows, suggesting little linked selection.
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Figure 3: Didribution of genomic parameters in autosomes and chromosome Z, within or outside
barrier loci and within or outside windows under positive selection. Are considered barrier loci here
all the genomic windows that returned a Ag > 0 and/or a DILS posterior probability > 0.7 and fell in
one of the genomic islands identified in Figure 2(A). Student’s t-tests returned extremely significant
results (p-value < 0.001) between the Z chromosome and the autosomes for all parameters. One-way
ANOVA tests with the four categories as grouping factor were conducted independently for the Z
chromosome and the autosomes for each genomic parameter: a p-value < 0.001 isindicated by ‘***’,
p-value< 0.01 by ‘**’, p-value< 0.05 by ‘*’ and ‘ns’ for a p-value > 0.05.

Finaly, to avoid a loss of information associated with averaging gene-level
information across 50kb genomic window we complemented our anaysis with a gene
centered approach, by looking at the proportion of genes showing a positive DoS in the four
previously described categories (Table 1). Overall, 8.4% of the 15,239 analyzed genes

returned a DoS > 0. Windows unlinked to barriers and showing no positive selection were

T T
Alwsomies Z cuvosone



https://doi.org/10.1101/2024.11.29.625973
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.29.625973,; this version posted December 3, 2024. 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.

296 depleted in positive DoS, suggesting a major role of purifying selection in these regions. On
297  the contrary, windows unlinked to barriers but showing signals of selection showed higher
298 values of DoS, presumably because directional selection counteracted purifying selection in
299 these regions. Genomic regions associated with barriers returned an overall inflated
300 proportion of genes with positive DoS and hosted very few genes with extremely low DoS
301 vaue (<-0.5). This confirmed that the patterns observed for DoS on Figure 3 were not due to
302 afew high DoS outlier genes in windows linked to barriers, but to a more general trend in

303 theseregions.

Barrler Selection Nb of genes DoS >0 DoS <-0.5
. . No positive selection 14,255 6.7% 11%
Unlinked to barrier Positive selection 152 21% 6%
; . No positive selection 726 36.8% 1.7%
304 Linkedtobamicr e 57 40.4% 6.4%

305 Table 1. Proportion of genes returning positive (>0) or a very negative (<-0.5) value of Direction of
306  Selection (DoS) within the four different types of genomic windows identified in the study.

307 The genes of reproductive isolation (?)

308 To explore the potential differences in gene functions within the two types of barriers (with
309 or without signal of positive selection), a gene ontology (GO) terms enrichment analysis was
310 conducted for each group. Significantly enriched GO terms were largely shared between the
311 barriers showing signals of positive selection and those showing no such signals (Figure 4).
312  These shared terms included one term associated with energy production: “electron transport
313 chain”, two linked to development: “cell morphogenesis” and “axon guidance”, and another
314 two associated with lipid production: “phospholipid metabolic process” and “lipid
315 biosynthetic process’. One biological process enriched only in barriers with no signals of
316 selection was linked to “sensory perception of smell”, suggesting incompatibilities in the
317  olfactive systems of the two species, without selection acting within or between species. On

318 the contrary, one biological process significantly enriched only in barriers showing signals of
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positive selection was associated with methylation. The Z chromosome was initially
considered separately from the autosomes in the GO terms enrichment analysis, but only one
biological process was slightly significantly enriched in the barrier windows of the sex
chromosome: “regulation of catalytic activity”; this means that al the processes showing

enrichment in barrier windows (Figure 4) are mostly driven by enrichment in autosomal

barriers.
Linked 1o barrier (no positive selection) Linked to barrier (positive selection)
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Figure 4: Results of the GO terms enrichment in the genomic regions identified as putative barrier
loci between C. arcania and C. gardetta (both with and without signals of positive selection), with the
associated biological processes. Only GO terms found significantly enriched with a Kolmogorov
Smirnov test are shown (p-value < 0.05) and GO terms shown in green and yellow have strongly
significant test results, p-value < 0.01 and < 0.001, respectively.

We then inspected the genes located within genomic barriers that also showed signals
of positive selection, hypothesizing that they were the ones driving reproductive isolation
between C. arcania and gardetta. In these windows, we found many genes linked to response
to stress and especially hypoxia in other species, including those encoding serine/threonine
protein kinases, apoptosis-inducing factors, phosphatidylserine synthases or fatty acid

synthetases (Table 2).
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Pararge uegeria
Marlola ivperantus

Maniola jurtina

Meimivsdar jurtimu

Maniniu jurting
Mripinia jurfina

Bicy: fies anvmana

Hicys fies anveama
Phthorimaea onercalelfa
Parzige vegena

Munivle iivperuniin
Parmpe uegeria
Pararge aegeria
Maninia juriing
Vanessa aealania
Marintu iyperantus
Manisia jurling
Mzninia iyperanius
Megioid jurting
Munivla hyperantus
Aricia ugestis
Pararge aegeria
Muanioia juriing
Meriola Jurting
Maninla livperaniny
Mariols perasius
Pararge aogeria
Manioia furting
Bicyclus anynana
Maniola jurtina
Maniola jurtina
Maniola hyperantus
Muniole Jurting
Muniole jurting
Bicvehns ummura
Pararge uegeria
Pararye veywria
Meininle furtimi
Maniola jurtina
Pararge aegeria
Maniola jurtina
Manitola furting
Muniote Juriing
Porunge aeyvria
Musivla hrpenotn
Ewmeta juponica
Mo jurting
Mrnfnie liypessmine
Aricle agesiiy
Selieacn cinxka
Muniola jurting
Muniale jurting
Murtoie lyperaniix
Pararge vegoria
Muniola Jurting
Munfolu hvperanins
Meniola jurting
Vanessu cordul

Table 2: List of the 68 protein-coding genes annotated within the genomic windows identified as
barrier loci between C. arcania and C. gardetta and showing signals of positive selection. The table
includes gene IDs, a description of the associated protein functions and the reference organism for
which the highest homology was found by Diamond v2.0.13 on NCBI NR 2022-11-30.
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342 DISCUSSION

343 When studying divergence between closely related species showing strong ecological
344  divergence in close geographic proximity (i.e., sympatry or parapatry), it is tempting to
345 hypothesize that speciation is mainly driven by divergent selection (Schluter, 2009).
346 Examples showing a large impact of environmental drivers on the speciation process are
347 indeed growing in the literature (Nosil, 2012). However, in more cases than anticipated, the
348 initiation of speciation appears to be linked to non-adaptive intrinsic barriers, even for
349  ecologically divergent species pairs (Presgraves, 2010). Our results show that most genomic
350 regions resisting gene flow between C. arcania and C. gardetta are not under positive
351 selection, even though signatures of selection, putatively linked to the adaptation of C.
352 gardetta to high elevation, can be found in a small proportion of them. The precise
353  contribution of neutral versus adaptive processes on the evolution of reproductive isolation is
354  difficult to estimate without knowing the size effect of the genes involved. However, the
355 large proportion of barrier loci with no signal of positive selection suggests that the build-up
356  of reproductive isolation between the ecologically divergent C. arcania and C. gardetta was

357 largely influenced by intrinsic non-adaptive barriers.
358 Divergence with gene flow but mostly isolation

359 The demographic context of a speciation event, and especialy the extent and continuity of
360 gene flow between the diverging populations, can strongly influence the processes initiating
361 or maintaining reproductive isolation. A secondary contact scenario between C. arcania and
362 C. gardetta appears likely, with putatively strong isolation during the initial stage of the
363  speciation process. The split between the ancestral populations of C. arcania and C. gardetta
364 would have happened at the beginning of the Pleistocene around 1.8 million years ago, in

365 agreement with previous estimates (Kodandaramaiah & Wahlberg, 2009; Capblancq et al.,
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366 2015). This geological period is known to be associated with climate cooling and with an
367 increasein speciation events (Levsen et al., 2012; April et al., 2013; Nevado et al., 2018). At
368 that time, afraction of the species’ ancestral population likely became isolated and gave birth
369 to the current C. gardetta lineage. Our results aso confirmed the presence of gene flow
370 during the speciation of C. arcania and C. gardetta, since a secondary contact ~400,000
371  generations ago. However, migration between the two species is relatively recent and at low
372  frequency with only a few effective individuals per generation (0.5 — 1.56). While these
373  numbers are comparable with other hybridizing butterfly species with similar divergence time
374  such as Heliconius melpomene and cydno (Martin et al., 2015), they usually correspond to
375  species pairs that have experienced gene flow all along their divergence process, and thus
376  much more cumulative migration throughout their speciation. It is therefore difficult to assess
377 how much migration is associated with effective gene flow between C. arcania and C.
378 gardetta, especialy knowing that mostly F1 hybrids are observed in places where the two

379  species co-occur (Capblancg et al., 2019).

380 The genomics of speciation have been largely studied in pairs of species for which the
381  speciation scenario involves gene flow all along the divergence process (Feder et al., 2012).
382 A pureisolation with migration (IM) scenario is nonetheless unlikely for a lot of hybridizing
383 temperate species, which often encompassed period of strict isolation due to large range
384  shifts associated with climate fluctuations (De Jode et al., 2023). This Coenonympha species
385 pair is one example where migration was interrupted during a large part of the speciation
386 process. In these circumstances, homogenizing gene flow was probably not strong (and/or
387  continuous) enough to lower differentiation at neutral genomic regions in comparison with
388 divergently selected regions, only slightly affecting the genomic landscape of the two species.

389  This pushed us to go beyond the search for contrasts in genetic diversity and differentiation
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390 that is widely used in the literature (Turner et al., 2005; Nosil et al., 2009), to identify the

391  genomic bases of speciation in our species pair.
392 Locating the genomic regions contributing to reproductive isolation

393 The use of process-based procedures was decisive to distinguish the genomic regions
394 involved in reproductive isolation from the regions pervasive to gene flow. The principle
395  behind these methods is relatively simple: scanning the genome of two hybridizing speciesin
396 search for regions resisting gene flow (Fraisse et al., 2021; Laetsch et al., 2023). Recently
397 published procedures use demographically explicit models to test the superiority of a scenario
398  without gene flow over one allowing migration, at the genomic window level. We compared
399 the outcome of two of these methods: DILS, developed by Fraisse and colleagues (2021) and
400 an adaptation of giMble, developed by Laetsch and colleagues (2023): the Ag method. The
401 two procedures identified multiple regions acting as barriers between C arcania and C.
402  gardetta, with one large barrier on the Z chromosome and the rest distributed on nine of the
403 29 autosomes. These were not necessarily located within genomic windows showing extreme
404  patterns of genetic diversity and differentiation. Nonetheless, the results of DILS and Ag are
405 not totally concordant, except for the strong signal on the Z chromosome. It could suggest a
406 different sensitivity of the two methods to the overall heterogeneity of gene flow and/or
407  effective population sizes, or variation in their stringency. It is important to note that we
408 analyzed the Z chromosome together with the autosomes here, which is sometimes avoided in
409 the literature (Laetsch et al., 2023). While the lower effective population size of the Z
410 chromosome is accounted for in this type of procedure, which re-infer local diversity at the
411  genomic window level, differences in migration rates between the sex chromosomes and the
412  autosomes (e.g., sex-biased migration) could lead to erroneous results. We are not aware of
413  such context in Coenonympha butterflies but we need to keep in mind that it could greatly

414  lower the number of barrier loci identified on the Z chromosome (Supplemental Fig. S3).
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415 Exploring the genomic landscape of diversity within and differentiation between
416  species also provided important information. Tajima's D, for example, was low on average
417 but show extreme troughs of negative values a multiple restricted genomic regions.
418 Extremely negative values of Tgjima's D imply arecent and strong increase of low frequency
419 dlleles, which, when forming a peak in a specific genomic location, is usualy linked to a
420  recent selective sweep (Carlson et al., 2005). We observed multiple valleys of very low
421 Taima's D in C. gardetta population. They likely originated in response to the selection of
422  dleles alowing the species adaptation to alpine-like environment during the speciation
423  process. Within or close to these Tgjima's D troughs we also found signals of recurrent
424 selection, which refers to a scenario where a selective pressure that already acted on the
425  ancestral population still acts on the diverging lineages, reducing polymorphisms within and
426  net divergence between species while increasing differentiation (Han et al., 2017; Irwin et al.,
427 2018; Shang et al., 2021). Therefore, genes important for adaptation, both within and
428  between species, to varying environment are good candidates for recurrent selection. Soft
429  selective sweeps on standing genetic variation (i.e., recurrent selection) were for example
430 found as the main source of positive divergent selection in songbirds (Manthey et al., 2021).
431  Some of the regions identified under recurrent selection in C. arcania and C. gardetta may be
432  under positive selection within and divergent selection between species, which, associated
433  with genetic hitchhiking, can result in genomic blocks of strong differentiation (Charlesworth
434 & Campos, 2014). A more thorough genomic study at the intraspecific level would be
435 necessary to confirm if some of the putative speciation genes identified below could be

436 involved inlocal adaptation within one or the two species.
437 The evolutionary processes underlying the formation of genomic barriers

438  Our results show that 6.6% of the genome would be acting as barrier to gene flow between C.

439 arcania and C. gardetta. This is three times more than what was found in a pair of
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440  hybridizing Heliconius butterflies by Laetsch and colleagues (2023), who show that many
441  loci of weak effect, in addition to 25 strong effect loci, were contributing to reproductive
442  isolation. Another recent study also suggests that reproductive isolation, even in the case of
443  sympatric speciation, could be more polygenic than anticipated (Kautt et al., 2020). The
444 barriers identified between the Coenonympha species pair host at least 832 protein-coding
445  genes, and many intergenic regions that could also harbor important regulatory regions.
446  While the exact contribution of each genomic region to reproductive isolation (i.e., their
447  effect sizes) is unknown, it still supports a polygenic nature of reproductive isolation in this

448 caseas wdll.

449 The vast mgority of the barriersidentified on the autosomes (92.5% of the 291 autosomal
450 barriers) did not show signals of directional positive selection. Resistance to gene flow
451 between C. arcania and C. gardetta could then be largely driven by non-adaptive processes,
452  suggesting an important contribution of endogenous barriers to the evolution of reproductive
453  isolation in this species pair. Given that the first 1.5 Myrs of the speciation process was likely
454  redlized in strong isolation between the diverging lineages, we can hypothesize that many
455  genes and/or regulatory regions accumulated independent mutations in C. arcania and C.
456  gardetta genomes. This is supported by the very high genetic differentiation observed on
457  average between the two species. The recombination of co-evolved alleles in hybrids is very
458  often associated with negative interactions, leading to reduced hybrid fitness and increased
459 isolation between the diverging lineages (Coyne, 1992). These endogenous barriers could
460 have arisen as a mgjor driver of reproductive isolation between C. arcania and C. gardetta
461  during the initial stage of their divergence, while they were not exchanging genetic material.
462  However, adaptive signals were still found in a small proportion of the autosomal barriers,
463  suggesting some influence of exogeneous barriers in the evolution of reproductive isolation.

464 Because selection was supposedly already acting on these genomic regions before the
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465 divergence (i.e, recurrent selection), we can hypothesize that local adaptations in the
466  ancestral population are now differentiating the two species and participate to their
467  reproductive isolation. That would fit well with the strong ecological divergence observed
468 between C. arcania and C. gardetta, and the identification of many genes involved in
469  adaptation to hypoxiain the barriers showing signals of positive selection. Selection against
470  hybrids would then be partially linked to environmental filtering of unfit phenotypes,
471 reinforcing post-zygotic isolation between the two species. Still on the autosomes, many
472 windows subject to positive selection were found in genomic regions permeable to gene flow
473 (56 windows outside barriers and 22 inside), confirming the potential of our framework to
474 differentiate positive selection contributing or not to reproductive isolation (Laetsch et al.,

475  2023).

476 The case of the Z chromosome is striking but also delicate to interpret. We identified the
477  Z chromosome as homogeneously resistant to gene flow, supporting that the Z chromosome
478 is alarge endogenous and/or exogeneous barrier to reproduction between C. arcania and C.
479  gardetta. Unlike on the autosomes, the patterns of genetic diversity and differentiation were
480 not contrasted enough on the Z chromosome to easily differentiate the influence of adaptive
481  and non-adaptive processes on shaping the genomic landscape. The proportion of genes with
482  positive DoS (40%) is relatively important on the Z chromosome but most genes still return
483  negative DoS values, indicating that both positive and purifying selection are at play. We also
484  did not find any molecular pathway particularly enriched on the Z chromosome or known
485 important adaptive genes. An entire chromosome the size of the Z chromosome (25.8 Mbp)
486  responding homogeneously to positive selection is also rather unlikely. In that regard, the
487 accumulation of intrinsic non-adaptive genetic incompatibilities could appear as the most
488 likely contributor of reproductive isolation on the Z chromosome as well. Overall, an

489 important role of intrinsic genetic incompatibilities in C. arcania and C. gardetta
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490 reproductive isolation agrees with the results of experimental interspecific crosses that found

491  that F1 hybrids were mostly sterile or very unfit (de Lesse, 1960).
492 A large Z-¢effect probably at play in Coenonympha

493  Sex chromosomes are known to play an exacerbated role in the divergence of many sexual
494  organisms (Presgraves, 2018) and Lepidoptera in particular (Sperling, 1994). A “large X(or
495  Z)-effect” correspond to an exacerbated divergence of the X (or Z) chromosome produced by
496 selection against unfit or sterile hybrids (Coyne, 1992). It assumes the accumulation of
497  incompdtible aleles and the involvement of the sex chromosomes in post-zygotic barriers to
498 gene flow between diverging populations or species (Presgraves, 2002). Our results support
499 that alarge Z-effect is at play in the divergence process of C. arcania and C. gardetta. First,
500 we found the almost entire Z chromosome acting as a barrier between C. arcania and C.
501 gardetta, confirming its preponderant role in the evolution of reproductive isolation. Second,
502 we found extreme differencesin genomic diversity and differentiation between the autosomes
503 and the Z chromosome, which can indicate an exacerbated influence of the sex chromosomes
504  (Presgraves, 2018; Battey, 2020). The ratio Fsrz)/ Fsr(a) = 1.92 is much higher in the studied
505  Coenonympha species than for most butterfly species pairs (1.44) (Presgraves, 2018). On the
506 contrary, the mz/mn) is extremely low for both C. arcania (0.51) and C. gardetta (0.44). The
507 effective population size of the Z chromosome is % of the one of an autosome, leading to a
508 theoretical diversity ratio of mgzy/mpa) ~ 0.75 (Charlesworth, 2001), much higher than the one
509 we observed. Unbalanced fertility between sex and/or age classes can lower down this ratio
510 but theory predicts that values below 0.64 would most likely imply the involvement of
511  selection (Charlesworth, 2001). Recent bottlenecks can also influence the nz)/na) ratio (Pool
512 & Niesen, 2007) but we inferred very large effective population sizes for both species,
513 making a recent and strong bottleneck unlikely as the driver of reduced diversity on the Z

514 chromosome.
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515 Adaptive genes between C. arcania and C. gardetta

516 In the barriers under positive selection, we identified multiple genes potentially associated
517  with response to hypoxia and other stresses. Those would be consistent with the hypothesis of
518 adaptation to high atitude in C. gardetta, which involves adapting to lower oxygen pressures
519 and more frequent stresses. For example, the serine/threonine protein kinase, coded by a gene
520 on chromosome 21, is suggested to be linked to activation of mitochondrial respiration in
521 response to a decrease in ATP levels, which happens after a stress and particularly during
522  hypoxia (Murray, 2009). We also found one gene coding for an apoptosis-inducing factor on
523  chromosome 9. Apoptosis-inducing factors are known to be involved in adaptation to high
524  elevation in humans (Sharma et al., 2022) and mammals (Wu et al., 2020), dueto their role in
525  regulating apoptosis of the cells during hypoxia. In the same lines, two phosphatidylserine
526  synthases, which act as recognition receptor in apoptotic cells (Naeini et al., 2020) were
527  annotated on chromosome 3, in one of the most interesting genomic barriers. Furthermore,
528 one gene producing a faity acid synthetase was found on chromosome 15, and a reduced
529 oxidation of fatty acids is suggested to be beneficial at high elevation when hypoxia makes
530 oxidation of carbohydrates more favorable (Ge et al., 2012). Those genes are located on
531 various autosomes and the Z chromosome, suggesting that such adaptation to elevation in C.
532 gardetta would be polygenic. The barrier loci also host genes involved in cell functioning,
533 organism development and DNA or RNA repair and expression. Although there is no
534  certainty about the implication of these genes in the speciation process, they might be
535 involved in genomic incompatibilities at the developmental stage or hybrid infertility
536  (Palopoli & Wu, 1994), which would explain the lack of backcrossed individuals found in the
537 field even though F1 hybrids are present. The usual suspects such as cortex, optix or WhtA,
538 which are genes classically involved in butterfly speciation (Van Belleghem et al., 2021),

539  were found nowhere near our identified genomic barriers to gene flow. That could suggest a
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540 weak role of wing coloration, patterning and shape in the isolation of this species pair,
541 contrary to many other examples of tropical and temperate butterflies (Jiggins, 2006;
542 Mavérez et al., 2006; Salazar et al., 2010). Important regulatory regions or structural variants
543  could be involved as well in the reproductive isolation between C. arcania and C. gardetta.
544  Improving our understanding of the Coenonympha genome and its functional annotation in
545  the coming years will be an important step to look beyond the genes and integrate more

546  complex genetic features likely involved in the speciation process.

547 MATERIALS& METHODS
548 Genomic data acquisition

549  Nineteen individuals of Coenonympha arcania and 17 individuals of C. gardetta were
550 sampled across the two species ranges in Europe, with a particular focus on the Alps and their
551  surroundings (Supplemental Table S2). The body of each individual was stored in 90%
552  alcohol and kept at -20 °C until processing. Whole genomic DNA was extracted in the lab
553 from the thorax of each sample using the Qiagen DNeasy blood and tissue kit. Extracted
554 DNA was sent to the Genotoul platform (https.//www.genotoul.fr) for whole genome
555  sequencing library preparation using the TruSeq Nano DNA Illumina’s Library Preparation
556  kit. The 37 libraries were then sequenced on a lane of 1llumina NovaSeq 6000 $4 to generate
557 paired-end 150-bp reads. Read sequences were demultiplexed, clipped of Illumina adapter
558  sequences, and trimmed of low quality flanking sequence (Q<20) using a sliding window of 6
559  bp using Trimmomatic (Bolger et al., 2014). Mapping of the sequence reads was performed
560 with the program BWA (Li & Durbin, 2009), using the BWA-MEM agorithm. As a
561 reference, we used the new BST1 assembly of C. arcania genome described in (Legeai et al .,
562 2024). The SAM files resulting from the aligned reads were converted to BAM files using

563 SAMtools (Li et al., 2009). PCR duplicates were removed using the “ markdup” function in
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564 sambamba-0.6.8 (Tarasov et al., 2017). The filtered BAM files were sorted and indexed
565 using SAMtooals.

566 We used ANGSD (Analysis of Next Generation Sequencing Data) (Korneliussen et
567 al., 2014), to produce genotype likelihoods for each individual and covered genomic site.
568 ANGSD was first ran independently for each species using the SAMtools genotype
569 likelihood model, only using reads having unique best hits, setting a minimum MapQ score to
570 keep aread to 20, a min nucleotide Q score to consider a site to 20, a minimum number of 5
571 individuals with coverage to consider a site, a minimum of 3 and maximum of 60 reads to
572  estimate genotype likelihood for one individual, keeping only biallelic sites, performing the
573  base aignment quality (BAQ: Phred-scaled probability of a read base being misaligned)(Li,
574  2011) asin SAMtools. We then identified the genomic sites (monomorphic and polymorphic)
575 that were covered for both species and re-ran ANGSD with all samples using the “-site”
576  option to produce a global dataset. For downstream analyses, we either directly used the
577  genotype likelihoods or “hard called” genotypes using a posterior probability cutoff of 80%

578  (more detailsin Supplemental Code S1).

579 Inference of historic population dynamics and species divergence

580 A Site Frequency Spectrum (SFS) was inferred and optimized for each species from the
581  genotype likelihoods using the real SFS sub-program of ANGSD. A total sequence length of
582 203 Mb was used for creating the SFS, including monomorphic and polymorphic sites, all
583 covered in both species. We used Fastsimcoal2 (Excoffier et al., 2013) to compare the
584 likelihood of different speciation scenarios, including strict isolation (Sl), isolation with
585 migration (IM), secondary contact (SC) and ancient migration (AM). To avoid making the
586  models overly complex, we modeled gene flow as homogeneous along the genomes and both
587  gene flow and N. as homogeneous through time for a specific period. These models were

588 compared running 30 independent maximizations of the likelihood based on the observed
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589 joint SFS derived from the two species SFS, and retaining the run/model with the lowest
5900 AIC. Once the most likely scenario was identified, we estimated the timing of divergence
591  (Tsit), the timing of gene flow (Tgenefiow), the current populations sizes (Nacania, Ngardetta), and
592 the migration rate between species (Macaniagardettar Myardetta arcania). 1 NESE parameters were
593 estimated running 30 independent maximizations of the likelihood based on the observed
594  joint SFS derived from the two species SFS, and retaining the estimate with the highest
595 likelihood. We then performed 100 parametric bootstraps to obtain the 95% confidence

596 interval for each parameter estimate.

597 In paralel, we used the procedure implemented in DILS (Fraisse et al., 2021) to
598 compare the same divergence models with an ABC framework. DILS was run on 9,840 sets
599  of sequences representing the genotype data for the 36 samples on 20 kbp long genomic
600  windows along the entire reference genome. For a random selection of 1000 sequences, DILS
601 first conducts a genome-wide analysis using an ABC procedure based on random forest and a
602 large set of summary statistics. This first step of the procedure identifies the genome-wide
603 model, and associated parameters, that reproduce best the observed dataset. We checked the
604 validity of the procedure using goodness-of-fit tests (Supplemental Table S3 and Fig. $4).
605 Genetic data were simulated under the best supported model, using the estimated parameters.
606  These simulations then empirically produce the statistical distributions summarized under the
607 inferred model. We then examine whether the value observed from the Coenonympha dataset

608 iscorrectly captured by the inferred model for each of the summary statistics.
609 Locating barrier loci in the genomes

610 To look for barrier loci between C. arcania and C. gardetta, we tested a local reduction of
611 gene flow aong the genome using an adaptation of the model-based approach developed in
612 glMble (Laetsch et al., 2023) and the procedure implemented in DILS (Fraisse et al., 2021).

613 We had to modify the available version of glMble because it assumes an isolation with
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614 migration scenario between the diverging populations when the most likely scenario of
615 gpeciation for C. arcania and C. gardetta was a secondary contact after a period of strict
616 isolation (see Results). Otherwise, we followed a similar procedure, which tests if the
617 migration rate estimated for a specific genomic region (me;) is reduced compared to the
618 migration rate inferred for the entire genome (m “¢), using coalescent modeling. In our case,
619 thelikelihood of a secondary contact (SC) model was compared to a model of strict isolation
620 (Sl) for each genomic region of interest. In the first model of divergence, my;isfixed to m(]e,
621 the divergence time (Tsi) and the timing of secondary contact (Ts;) are also fixed to their
622 genome-wide estimates and only the effective population sizeS Nacania @nd Ngardeta are
623 inferred to account for heterogeneity in genetic diversity along the genome. In the second
624 model meis fixed to O (SI) while Narcania 8Nd Ngarderra @€ inferred, and divergence time (Tgiit)
625 s fixed to its genome-wide estimates. Finally, the difference in likelihood (Ag) between the
626 two models is estimated to determine if having me; = O improves the fit of the model to the
627 data. The genomic regions for which Ag > 0 show areduced local migration rate compared to
628 the genome-wide estimate and can be considered as putatively involved in reproductive
629 isolation. To apply that procedure on our data, we first used real SFS to estimate and optimize
630 a local 2D-SFS between C. arcania and C. gardetta for each 50kb genomic window
631 described above. We then used Fastsimcoal2 (Excoffier et al., 2013) to estimate, for each
632  window, the likelihood and parameters of the two models described above. We estimated Ag
633 for each genomic window and qualified a region as barrier to gene flow when Ag > 0. To
634  account for a possible difference in migration rates between sex chromosomes and autosomes
635  we re-ran the procedure independently for the Z chromosome, using an overall migration rate
636 estimated with this chromosome only. However, if the Z chromosome hosted many barriers,
637 this Z focused procedure would lead to underestimating the real migration rate and therefore

638 the number of barriers on this chromosome. We acknowledge that this is rather circular and
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639 unfortunately impossible to resolve precisely without knowing the nature and frequency of
640 migration events between species. Finally, uncertainty in the procedure was quantified by
641 estimating a false positive rate (FPR) for each window. We simulated 100 replicates under
642 thelocally best fitting set of N estimates but fixing meto mJe and Tgit to the time estimate
643 found with the global model. We then used the same procedure as above to measure the
644  fraction of the simulation replicates for which AB > 0.

645 We compared the Ag results to the outputs of DILS, which, in addition to inferring
646  demographic parameters, look for barrier loci in the genomes (Fraisse et al., 2021). DILS was
647  executed with the sameinput file that was described in the “ demographic inferences” section.
648 The random forest-based ABC procedure was conducted on each genomic window
649 independently to decide between a scenario of divergence with secondary contact (SC) and a
650 scenario of strict isolation (SI) at the 50kb window level, while accounting for potential
651 variation in effective population size across genomic regions. The mode “bimodal” was used
652  (two categories of locus in the genome: proportion P linked to barriers with migration rate of
653  zero, 1-P not linked to barriers with non-null migration) and we used a mutation rate of
654 2.9x10° for the simulations. Windows returning a S| posterior probability > 0.7 were

655  considered as barrier loci.

656 Spoecies genomic diversity along the genome

657 To characterize patterns of genetic diversity along BST1 reference genome for the two
658  gpecies, we first estimated two population-specific parameters with Tajima's D (Tajima,
659  1989) and pairwise nucleotide diversity (). We measured these parameters for each species

660 independently using the same filtering options, as described above. Pairwise diversity (i) and

661 Taimas D were calculated on abutting genomic windows of 50kb using the realSFS
662  subprogram of ANGSD and its function “thetaSat” (Korneliussen et al., 2013) from the

663  species-specific genotype likelihood files. To look at the heterogeneity of genetic divergence
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664 aong the genome of the two species, we estimated dyy, the absolute genetic divergence, d,,
665 the net genetic divergence, and Fsr, asa proxy of genetic differentiation, using the same 50kb
666  abutting genomic windows as for the species-specific parameters described above. d,, was
667 estimated following Toews et al. (2016). For each polymorphic site we measured the
668 probability of sampling different alleles between the two species using the species-specific
669 ANGSD adlde frequency files (.mafs files) and the formula dyy = f1* (1= f5) + f5 *
670 (1 - f1), where f; is the minor allele frequency in species 1 and f, is the minor allele
671 frequency in species 2. The site-specific estimates obtained were then averaged within each
672  genomic window, including monomorphic sites as 0s. Net divergence d, was estimated for

_ (”arcaniu“'”gardetta)
2

673 each genomic window as follow: d, = dyy . Mean pairwise Fsr values

674  were aso estimated for each window from the optimized SFS produced for each species as
675 described above and using the function “fst” of the realSFS program. Pairwise LD was
676 estimated using the program ngsLD (Fox et al., 2019), restricting comparisons to pairs of
677  polymorphic sites within each window of 50 kb used above for the estimation of the genetic
678  diversity parameters. LD decay was estimated for each genomic window by weighting the r?
679 of the correlation between loci by their physical distance (bp) along the genome. The
680 averaged value was recorded for each window and used as a proxy of linkage strength along

681 the genome.

682 Direction of Sdlection (DoS)

683  We used SNPeff (Cingolani et al., 2012) and the positions along the BST1 reference genome
684 to annotate the variants to functional classes: upstream and downstream of genes, introns,
685  synonymous, nonsynonymous, intronic, or intergenic sites. We then used this information
686 and the frequency of the different alleles within C. arcania and C. gardetta populations to

687 estimate, for all protein-coding genes, the direction of selection (DoS) statistics proposed in
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688 (Stoletzki & Eyre-Walker, 2011). This metric results from the adaptation of the McDonald-
689 Kreitmand (MK) test for selection (McDonald & Kreitman, 1991), where the number of
690 synonymous and nonsynonymous substitution (D,, and D) are compared to the number of
691 synonymous and nonsynonymous polymorphisms (P, and Ps). The direction of selection is
692 estimated as follows: DoS = D,/ (Dn + D) - Pn/ (Pn + Ps), with DoS > 0 suggesting positive
693  selection and DoS < 0 suggesting purifying selection on deleterious mutations (Stoletzki &
694  Eyre-Walker, 2011). In our case D, and Dswere mutations with divergently fixed allelesin C.
695 arcania and C. gardetta populations when P, and Ps represented mutations that were

696  polymorphic in one or the two species.
697 Sgnals of selection along the genomes

698 To locate genomic windows under selection we followed the “correlation of genomic
699 landscapes’ approach proposed in Shang et al. (2021) and adapted form Han et al. (2017) and
700 Irwin et a. (2018), which differentiates four evolutionary scenarios based on extremeness of
701  genomic parameters. Each scenario corresponds to specific divergence and selection history
702  with each history being characterized by different patterns of genetic differentiation (Fsr), net
703 divergence (dxy) and nucleotide diversity (r). Divergence with gene flow, when selection
704  acts only at specific genes involved in reproductive isolation while gene flow is pervasive
705 elsewhere in the genome, results in high Fsr, high dxy and low n. Allopatric selection, when
706  selection acts independently within the two isolated species, results in high Fsr, average dxy
707 and low m. Recurrent selection, which relates to similar selective pressure in the two
708 diverging lineages and their ancestral population, results in high Fsr, low dxy and low =.
709  Balancing selection, where ancestral polymorphism is maintained by selection, resultsin low
710  Fsr, highdxy and high =. We considered the parameters as being “low” or “high” when they

711  were in bottom or top 5% of the distribution, respectively, and “average” when they fell
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712 between the 30% and 70% percentiles. This characterization was conducted independently on

713  the Z chromosome and the autosomes.

714 Exploration of the candidate genes

715  Four types of genomic windows were characterized based on their association with a barrier
716 locus (“linked to barrier” or “unlinked to barrier”) and if they showed signals of positive
717  selection (divergent, recurrent or alopatric) with the “correlation of genomic landscapes’
718  approach described above (“positive selection” or “no positive selection”). To explore further
719 the potential pathways involved in reproductive isolation between C. arcania and C. gardetta
720  we then looked at the genes located in these four types of genomic regions. To assess if these
721  lists of annotated genes were overrepresented for different molecular functions or biological
722  processes, we conducted for each group of windows a gene ontology (GO) term enrichment
723 analysis using the topGO R-package (Alexa & Rahnenfuhrer, 2023) and tested the
724 dignificance of the enrichment using a Kolmogorov Smirnov test. Finally, we exhaustively
725 looked at the genes located in windows linked to barrier and showing signals of positive

726  selection.

727 DATA ACCESS

728 Sequence data generated in this study have been submitted to the NCBI BioProject
729  database (https://www.nchi.nlm.nih.gov/bioproject/1053281), under accession number

730 PRINA1053281.

731  Custom scripts to reproduce the analyses conducted in the study can be found in the
732 Supplemental Code S1 and 2, as well as on Github:
733 https://github.com/Capbl ancg/Speci ation-Coenonympha-butterfli es/tree/master/ Speciation-

734  genomics-arcania-gardetta
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