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Abstract

Incomplete speciation can be leveraged to associate phenotypes with genotypes, thus providing insights
into the traits relevant to the reproductive isolation of diverging taxa. We investigate the genetic
underpinnings of the phenotypic differences between Sporophila plumbea and S. beltoni. S. beltoni has
only recently been described based, most notably, on differences in bill coloration (yellow vs. black in S.
plumbea). Both species are indistinguishable through mtDNA or reduced-representation genomic data,
and even whole-genome sequencing revealed low genetic differentiation. Demographic reconstructions
attribute this genetic homogeneity to gene flow, despite divergence in the order of millions of generations.
We found a narrow hybrid zone in southern Brazil where genetically, yet not phenotypically, admixed
individuals appear to be prevalent. Despite the overall low genetic differentiation, we identified three
narrow peaks along the genome with highly differentiated SNPs. These regions harbor six genes, one of
which is involved in pigmentation (EDN3) and is a candidate for controlling bill color. Within the outlier
peaks we found signatures of resistance to gene flow, as expected for islands of speciation. Our study
shows how genes related to coloration traits are likely involved in generating prezygotic isolation and

establishing species boundaries early in speciation.
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Introduction

Increasing knowledge about the genetic, ecological, and biogeographic contexts in which new

species are formed is central to understanding the processes which lead to speciation. General patterns

can be found by accumulating examples of how speciation has taken place throughout the tree of life [1-

4]. The genetic architecture of reproductive barriers can be studied by leveraging nhon-model systems in

the early stages of speciation and/or by focusing on hybridizing species where these barriers break down.
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For recently diverged taxa, genetic differentiation tends to be localized around areas relevant to
speciation, but with time, genomes will continue to diverge as other differences start to follow [5]. In such
cases, natural hybridization or experimental crossing can help break up genetic linkage through
recombination, and phenotypic traits can still be associated statistically to genetic changes [6]. Whereas
studies following these types of designs have revealed how genomic landscapes are clearly
heterogeneously differentiated [5], the processes driving such differentiation remain debated. Areas of
high differentiation (or outlier regions) can be shaped by processes such as demographic range
expansions [7], background selection combined with low levels of recombination [8], selective sweeps [9]
or resistance to gene flow [10,11]. These processes can leave different signatures in the outlier genomic
regions which researchers can examine with various traditional summary statistics, such as Fsr, Dxy,
Tajima’s D, and Pi, to uncover why genomes are heterogeneously differentiated [11]. However, clarity on
the processes which have shaped many of these genomic regions is still generally lacking [8]. With the
increasing feasibility of whole-genome resequencing, the toolkit for inferring evolutionary processes from
genomic patterns continues to grow, offering researchers greater power to pinpoint regions of the
genome under selection that mediate phenotypes of interest [12].

In birds, genome scans among recently diverged taxa have repeatedly uncovered coloration
genes in areas of high differentiation in species that otherwise show shallow overall levels of genomic
differentiation [10,13-17]. Collectively, these findings point to the importance of coloration differences in
the early stages of speciation, and their likely effectiveness as mechanisms of prezygotic isolation [18-
20]. Notably, de novo mutations in coloration genes, or the reassembly of different variants from standing
variation across permeable species limits [21], may promote speciation. However, many taxa in the early
stages of speciation may be ephemeral [22,23], with their persistence dependent on the accumulation of
additional mutations over time, perhaps facilitated by the biogeographic context in which they were
formed. Nevertheless, recently diverged species, whether they persist or not, will be informative of the
types and location of genetic changes which can lead to initiating speciation.

The Neotropical genus Sporophila contains over 40 species and has the highest speciation rates
of the species-rich Tanager family, to which it belongs [24,25]. This high speciation rate is in part the

consequence of several small groups of rapidly radiating (recent and closely related) taxa in the early
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stages of speciation, making the genus a valuable study system to understand the origin of reproductive
isolation and the process of speciation. Many of these groups have been studied from a genetic
perspective, and consistently show differentiation in male sexual traits (including coloration patterns)
despite little genome-wide genetic differentiation [14,26,27]. The largest of such groups is known as the
capuchino seedeaters, which contains 12 species differing most notably in the plumage patterns of adult
males and in their vocalizations (a primarily cultural trait) [28,29]. Despite their phenotypic diversity,
capuchino seedeaters show extremely low genetic differentiation, except for a few areas of the genome
which are enriched for pigmentation genes. These genes likely mediate the different coloration
phenotypes observed across males from different species [14,20,30], which in turn, impact species
recognition [20]. Similarly, the Variable Seedeater superspecies complex (S. corvina, S. intermedia, S.
murallae, and S. americana) and Morelet's Seedeater (S. morelletti) represent additional cases of
plumage diversity, yet shallow genetic differentiation within Sporophila [26,27,31,32]. Overall, these
examples suggest that localized genetic differences may mediate divergence in coloration traits,
contributing to reproductive isolation and speciation [20].

Another Sporophila species that is not part of the previously mentioned groups, the Plumbeous
Seedeater (S. plumbea), was traditionally thought to contain black and yellow-billed individuals. However,
this presumed intraspecific variation was not a common polymorphism and did not correlate with
seasonality or age (Figure 1A and 1B, [33]). In 2013, the yellow-billed individuals were shown to
constitute a new species, the Tropeiro seedeater (S. beltoni), that bred in the grassland highlands of
southern Brazil [34,35]. S. beltoni is differentiated from S. plumbea primarily through bill coloration, but
also through male size and bill shape, vocalizations, migration phenology and subtle aspects of male
plumage coloration. Furthermore, both species also differ in their breeding ranges, habitat, and phenology
[34,35]. S. beltoni is sexually dimorphic and shares a narrow contact zone (~50-100 km) in the north of its
distribution with the southernmost breeding population of S. plumbea (Figure 1A). In this contact zone,
individuals are mostly segregated by habitat and elevation, though they can breed in close proximity
where their respective habitats are available [34]. Although hybrids have not been definitively identified in
this region, a few individuals with irregularly colored and streaky bills were observed, raising the

possibility that hybridization occurs in this contact zone. However, a preliminary study using reduced-
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103 representation genomic data failed to distinguish these two species [35], suggesting they were of very
104 recent origin and/or continued to experience high levels of gene flow. Together, the phenotypic difference
105 and low genetic differentiation between this species pair provides an opportunity to further investigate the
106  process of speciation.

107 Here we assessed the degree of genetic differentiation between S. beltoni and S. plumbea using
108  whole-genome resequencing, and conducted the first study to search for genomic regions associated with
109 their phenotypic differences. Using the genomes of individuals from each species across both their

110  allopatric ranges (i.e., outside of the contact zone) and within the contact zone, we conducted a

111 demographic reconstruction to understand the demographic patterns in these different geographic

112 regions. We then performed a genome scan which highlighted three narrow regions containing genes that
113 likely mediate differences in beak coloration. We subsequently used genealogy-based statistics derived
114  from topologies extracted from the ancestral recombination graph (ARG) to infer the processes that have
115 shaped genomic outlier regions, and found signatures of reduced gene flow, as is expected for islands of
116  speciation. Our study contributes to the emerging body of literature showing differentiation in genes

117 related to bird coloration, which may mediate prezygotic isolation, before speciation is complete.

118

119 Results

120

121  Low genomic differentiation between S. beltoni and S. plumbea

122

123 While S. beltoni and S. plumbea individuals sampled outside of the contact zone (n=11 for each
124  species) clustered separately in a PCA derived from ~15 million genome-wide SNPs, those sampled

125  within the contact zone resembled each other, overlapping in the PCA (n=7 for each species; Figure 1C,
126 Figure S1). Moreover, individuals could not be assigned to species using mtDNA (cytochrome ¢ oxidase
127  subunit 1 sequences), irrespective of sampling location (Figure 1D). Although the overall level of genome-
128  wide differentiation was consistently low across groups, it was higher when comparing between allopatric
129 individuals versus between sympatric individuals (Fst = 0.0031 for allopatric, ~0 for sympatric, and on

130 average 0.0015 for all samples combined). Using these genomic data, we then reconstructed the history
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131 of divergence between the two species. We found similarly large current effective population sizes for
132 both taxa (in the order of millions of individuals), which were much larger than the size of the inferred
133 ancestral population (~5 fold; Figure 2A). The divergence time between S. beltoni and S. plumbea was
134  estimated to be between ~3.2 and 3.6 million generations (Figure 2B), and the genetic similarity between
135 the species could be partly explained by high levels of gene flow since their split (between 2 and 4

136  migrants per generation; Figure 2C). There was some variation in the parameter values obtained from
137  models using birds sampled from different parts of the range (allopatric, sympatric, or a combination of
138 both; Figure 2). However, the most notable difference was the direction of gene flow (Figure 2C), which
139  we interpret with caution as it can be particularly challenging to infer under certain scenarios [36]. While
140 migration was inferred from S. beltoni into S. plumbea within the contact zone, the opposite was true for
141 allopatric individuals (or when all samples were combined). It is possible that the patterns of hybridization
142 may be different within and outside of the contact zone, with the former being representative of more
143 recent gene flow (see Discussion).

144

145 Differentiated SNPs are concentrated in three outlier peaks

146

147 When comparing all samples, a small number of SNPs showed differentiation above Fs1=0.20
148 (1.1%) and only 40 SNPs (out of ~15 million) had an Fst value above 0.7 (Figure 3A). Of the 40 variants
149  showing the highest Fst values, 39 were clustered in three divergence peaks: on contigs 404 (24 elevated
150 SNPsin ~100kb on the Z chromosome), 33 (9 elevated SNPs in ~66 kb on chromosome 20), and 382 (6
151  elevated SNPs in ~2 kb on chromosome 11) (Figure 3A). Taken together, the variants from these peaks
152  could be combined to cluster individuals by species in a PCA (Figure S1), and the same was true when
153  distinguishing allopatric individuals using the variants from each peak separately (Figure 3B). However,
154  with the exception of contig 33, sympatric individuals were genetically similar to each other and could not
155 always be assigned to species based on their genotypes in these genomic regions (Figure 3B, Figure
156  S2). The 39 variants showing the highest Fst values in these peaks were in high linkage-disequilibrium,
157 both within but also between peaks, suggesting they are co-inherited despite being on different

158 chromosomes (Figure S3). Moreover, each species showed a common haplotype on each peak, with less
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159 intraspecific variation compared to interspecific differences (Figures S4-S6). Only a few sympatric

160 individuals were heterozygotes or sometimes homozygotes for haplotypes from the other species. We did
161 not find individuals that showed admixture at all three peaks simultaneously (Figures S4-S6).

162

163 EDN3 and PRLR are candidate genes implicated in the phenotypic differences between species
164

165 The divergence peaks we identified involved a total of six genes (Figure 3B, Table 1). Two of
166 these genes, EDN3 which encodes the protein Endothelin-3, and PRLR which encodes the Prolactin

167 receptor, may mediate the difference in beak coloration between S. beltoni and S. plumbea (Table 1; see
168 Discussion). The remaining genes could be related to differences between these taxa that are not

169 immediately obvious to us (Table 1). The variants showing the highest Fsr values in these peak regions
170  were mostly non-coding (74% fell in intergenic regions and 13% in introns; Figure 3B), however two were
171  responsible for non-synonymous mutations in the HSDL1 gene on contig 382. Three additional mutations
172  fell within EDN3 but our annotation of that region was not of sufficient quality to distinguish if they fell

173  within introns or in exons.

174

175  Outlier genomic regions are speciation islands

176

177 We explored the divergence peaks to search for signatures that could reveal the processes

178 involved in shaping these regions. We first looked at Tajima’s D and nucleotide diversity, which tend to be
179  reduced after selective sweeps. Although Tajima’s D was on average negative and nucleotide diversity
180  was reduced in the three peaks, more extreme values could be found outside of the peaks within the
181  same contigs (Figure S7). Therefore, based on these statistics alone, it is not conclusive whether

182  selective sweeps have occurred within these outlier peaks. We next looked at H12 and H2/H1 which can
183 be used to distinguish hard and soft selective sweeps, but again did not find conclusive patterns (Figure
184 S7). We also compared Fst and Dy values and observed slightly elevated Dyy in some windows within
185 the Fst divergence peaks (compared to both windows outside of the Fst peaks or in contigs without Fst

186 peaks), suggesting these regions may have accumulated some absolute sequence differences between
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the species (Figure S8). This prompted us to search for signatures of selection in more depth using three
statistics derived from topologies extracted from the ancestral recombination graph (ARG) (Figure 4A).
The species enrichment score measures the probability of observing clades containing individuals from a
certain species [9]. The relative TMRCA half-life, RTH’ [37], is a normalized version of the time to most
recent common ancestry (TMRCA). Finally, the inter-species cross-coalescence measures the average
age of the most recent coalescence events between tips in the tree which belong to the different species.
We followed the reasoning outlined by Hejase et al. [9], where areas under selection are expected to
show species enrichment, but these could be the product of either species-specific and recent selective
sweeps, or they could be older islands of speciation that resist gene flow. These two extreme scenarios
can be distinguished by using RTH’, which we expect to be low when selective sweeps produce shallow
clades, and the inter-species cross-coalescence, which we expect to show larger values when gene flow
is selected against (i.e., delayed cross-coalescence [9]). Following this logic, we obtained values for the
three statistics in the divergence peaks and for a control set of contigs which represented ~10% of the
genome, and we used the latter to establish species-specific thresholds of significance for each statistic.
We also conducted this analysis for all samples together, and for sympatric and allopatric samples
separately. The analysis shows genealogies within the peak regions which are significantly enriched for
each species (Figure 4B, Table 2, Table S2, Figures S9-S12). These clades show low RTH’ values,
sometimes for one species but in some cases for both, and for the peaks on contigs 404 and 382 we also
observed delayed cross-coalescence (Table 2, Table S2). These patterns were accentuated when
conducting the analysis with samples from outside of the contact zone and generally weaker or lost when
using sympatric birds from within the contact zone. Taken together, these regions show evidence of
having undergone selection and experiencing reduced migration compared to other areas in the genome,
especially when analyzing allopatric samples which may be more representative of historical processes

(see Discussion).

Discussion
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214 Whole-genome sequencing of Sporophila beltoni and Sporophila plumbea revealed little genetic
215 differentiation between this species pair despite their marked phenotypic differences, similar to what has
216 been found in other Sporophila species [14,26,32]. The highest levels of differentiation were concentrated
217  inthree narrow peaks, containing only six genes, which are candidates for mediating the phenotypic
218  differences between our focal taxa. However, unlike the other Sporophila species which have shown this
219  pattern of genetic homogeneity [9,14], we inferred S. beltoni and S. plumbea to be comparatively old, in
220  the order of 3 million generations (~1 Myr). For comparison, the 10 species of southern capuchino

221  seedeaters (those found south of the Amazon River [38]) began to diverge within a narrow window over
222  the last million years [39]. Our demographic modelling suggests high levels of gene flow, and not recent
223 origin, as a possible explanation for the genetic homogeneity between S. beltoni and S. plumbea. This
224  scenario of relatively deep divergence, high overall gene flow, and a small number of highly differentiated
225 regions suggests that these divergence peaks could be islands of speciation [40], i.e., regions of the

226  genome that resist homogenization through gene flow. In contrast, in capuchino seedeaters most

227 divergence peaks, which are also enriched for coloration genes, were found to be shaped through recent
228  species-specific selective sweeps [9]. Therefore, divergence in regions of the genome containing

229 pigmentation genes has likely evolved through different processes in S. beltoni/plumbea and capuchino
230  seedeaters [9,14].

231 The two outlier peaks with the highest levels of differentiation and encompassing most of the
232 highly differentiated SNPs (on contig 404 and contig 33), contained only three genes, two of which have
233 functions that may mediate the phenotypic differences between our focal taxa. EDN3 functions in

234  melanoblast proliferation and differentiation, and mutations (including duplications) in either the EDN3
235  geneitself or its receptors (EDNRs) can lead to hypo or hypermelanization in quails and chickens [41],
236  and to several piebalding phenotypes in domestic pigeons [42]. These differences in pigmentation have
237  been shown to affect not only feathers, but also other body parts, like the chicken comb [43] or even

238 internal organs [41]. The Prolactin receptor (PRLR) is implicated in keratinization and feather formation
239 [44] and Prolactin itself is known to stimulate molt [45] and is involved in coloration phenotypes in other
240 taxa [46]. It is therefore likely that these genes are involved in mediating the coloration differences

241 between S. beltoni and S. plumbea, the most notable of which is in the beak. These differences in beak
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242 color may contribute to promoting prezygotic reproductive isolation, as has been found between

243 subspecies of Long-tailed Finches (Poephila acuticauda) [47,48]. Within the genus Sporophila, species
244 have either gray, black, yellow or orange bills [24]. The clade containing S. plumbea and S. beltoni has a
245  total of six species (also including S. albogularis, S. falcirostris, S. collaris and S. schistacea) [49], and
246  four of these six species have orange bills, suggesting that the black melanized bill is possibly a derived
247  traitin S. plumbea. More work is needed to understand if EDN3 and PRLR mediate beak coloration

248  across multiple Sporophila species, as is the case with the BCO2 gene and carotenoid-based coloration
249  in Setophaga warblers [50].

250 It was previously unclear whether S. beltoni and S. plumbea hybridized in their contact zone in
251  Southern Brazil (Figure 1A, [34]), mainly due to the lack of individuals with a clear mixed phenotype in the
252 wild. However, our study shows extensive admixture in this region, likely due to ongoing hybridization.
253 Therefore, this narrow area of contact likely constitutes a hybrid zone. This hybrid zone coincides with a
254 region where the breeding habitat of both species is degraded due to human activities, an aspect which
255 may have contributed to increasing the overlap between the breeding ranges of both species and resulted
256  in high levels of recent gene flow [51]. It remains to be determined whether this habitat alteration, and the
257 possibly associated increase in gene flow, remains restricted to this narrow contact zone or if it may have
258  consequences for the completion of speciation. Within the divergence peaks, sympatric individuals were
259 more similar to each other than allopatric individuals, and in some analyses (e.g., PCA or admixture

260 plots), some were indistinguishable (Figure 3B, Figure S1-S2). The exception was the peak on contig 33
261  which contained the EDN3 gene that may be involved in controlling beak coloration, allowing the correct
262  species identification in the contact zone (Figure 3B). Heterogeneous genomic landscapes tend to show a
263 larger number of peaks outside of contact zones, where gene flow is reduced [52-54]. This increased
264  level of divergence could be due to selection on traits in allopatry, unrelated to reproductive isolation and
265  where gene flow does not occur [52]. If this is true for our focal taxa, the lack of admixture in EDN3 in
266 both allopatry and sympatry constitutes further evidence that this gene may mediate phenotypic

267 differences relevant to reproductive isolation. However, we note that the genome-wide level of

268 differentiation between S. beltoni and S. plumbea is very low in allopatry (Fst = 0.0031), and that we infer

269 high levels of genome-wide gene flow when analyzing sympatric or allopatric samples (Figure 2C). It is

10
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270 therefore possible that the three peaks of differentiation that we have identified have resisted gene-flow
271 during speciation. This prompted us to search for signatures of different evolutionary processes which
272 could have shaped our candidate genomic regions.

273 We did not find clear patterns using traditional summary statistics (e.g., Tajima’s D, nucleotide
274  diversity, Dxy) within the peak regions that would allow us to draw robust conclusions about the processes
275  that have shaped them. We therefore leveraged the ARG and genealogy-based statistics that would

276  potentially give us greater resolution and allow us to distinguish between two different extreme scenarios
277  which could elevate Fst: recent and species-specific selective sweeps and resistance to gene flow [9,17].
278 Regions which have undergone recent species-specific selective sweeps are expected to show clades
279 containing most individuals from the relevant species that are significantly shallower (i.e., showing

280 reduced diversity) than other areas of the genome. Islands of speciation, on the other hand, should show
281  signatures of reduced gene flow (i.e., delayed cross-coalescence) when compared to other regions of the
282 genome. We note that these two extreme models are not mutually exclusive, and a locus could undergo a
283 selective-sweep after which gene flow between species would be reduced [9]. This latter scenario is

284  supported by our data in the peak regions, where we tend to see comparatively shallow clades for one or
285 both species, as expected for loci that have undergone selective sweeps. Moreover, we also see

286  evidence for delayed cross-coalescence (primarily outside of the hybrid zone, but also more generally
287  when the p-value thresholds are not as stringent; Table 1 vs. Table S2). Taken together, our findings

288  support the islands of speciation model [11,40], where a few loci that may be relevant to generating

289 coloration differences and prezygotic isolation, have undergone selection and resisted gene flow.

290 Our study represents the first investigation into the phenotypic differences between S. beltoni and
291  S. plumbea and shows how coloration genes can diverge early in speciation and likely mediate prezygotic
292  isolation. We also exemplify how the ARG can be leveraged to distinguish between competing processes
293  which shape genome evolution, finding evidence of reduced gene flow in speciation islands compared to
294  the rest of the genome. Taken together, our genome scan, demographic reconstructions, and ARG-based
295 analyses reveal the complicated interplay between selection and gene flow in shaping species

296  boundaries.

297

11
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298  Materials and methods

299

300 Sampling and dataset

301

302  We sampled a total of 36 individuals for whole genome resequencing, 18 S. beltoni and 18 S. plumbea.
303  Samples originated from allopatric portions of the ranges of both species (n=11 for each species), as well
304  as from the contact zone (n=7 for each species) (Figure 1; Table S1). For this study we only used adult
305 males so that identification would be unambiguous, and so that our depth of coverage for autosomes and
306  sex chromosomes would be equivalent. Birds were captured during breeding seasons (austral

307  spring/summer) between 2008 and 2014 using mist nest, and subsequently banded and bled before

308 being released. To conduct fieldwork in Brazil and collect samples, we secured licenses from the National
309 Center for Research on the Conservation of Wild Birds (CEMAVE, licenses 3711 and 3778) and the

310 Instituto Chico Mendes of Conservation of Brazilian Biodiversity (ICMBIo), through the Brazilian System
311 and Information on Biodiversity (SISBIO, license numbers: 13310, 36881, 35434, and 52714).

312

313  Sequencing and variant discovery

314

315 We used the DNEasy blood and tissue kit (Qiagen, CA, USA) to obtain DNA from blood and

316 prepared libraries following the protocol recommended for the TruSeq Nano DNA library preparation kit
317 protocol (550 bp inset size). Libraries were pooled into two groups of 18 samples, using concentrations of
318  adapter-ligated DNA (determined through digital polymerase chain reaction), and each group was

319  sequenced on its own lllumina NextSeq 500 lane at the Cornell Institute for Biotechnology core facility.
320  This produced a total of ~1.6 billion 151 bp paired-end reads, and consequently based on the number of
321  raw reads obtained for each individual, we expected an average depth of coverage of 5.6 +/- 1.1. We
322 assessed sequence quality and performed filtering and adapter removal as described previously [17]. We
323 first trimmed low-quality bases from individual reads and collapsed overlapping paired reads using

324  AdapterRemoval version 2.1.1 (options: --trimns --trimqualities --minquality 10) [55]. We then aligned the

325 filtered sequences from each individual to the Sporophila hypoxantha reference genome [14] using
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326 Bowtie2 version 2.4.3 [56] with the very sensitive local option. Despite using a reference genome from a
327 different, yet closely related species, the average alignment rate was 96% (Table S1). The average depth
328  of coverage across all samples and sites, calculated using Qualimap v2.2.1 [57], was 5.4 +/- 1.1x (Table
329  S1). We followed the genotyping pipeline described in detail in [17] and filtered the resulting SNP dataset
330  with VCFtools version 0.1.16 [58]. Briefly, we first marked PCR duplicates and realigned around indels
331  using “MarkDuplicates” and “IndelRealigner”, respectively. We subsequently used the “Haplotypecaller”
332  and “GenotypeGVCFs” modules from GATK version 3.8.1 [59] to identify variants and conduct joint

333 genotyping across samples, resulting in a single variant file for the entire dataset. We then selected SNPs
334  with the “SelectVariants” module of GATK (option: --selectType SNP) and filtered out those that did not
335  satisfy the following filters: QD < 2, FS > 60.0, MQ < 30.0, ReadPosRankSum < -8.0. Finally, we

336 performed additional post-hoc filtering using VCFtools to retain 15,663,387 variants present in at least
337 85% of individuals, with mean depth of coverage between 2 and 50 and a minor allele count of at least
338  six. We explored the sensitivity of our dataset to a range of filtering parameters in different combinations,
339 including up to a minimum depth of coverage of 5, a minor allele count of at least 10 and less that 5%
340 missing data. These different filters produced congruent patterns in our PCAs and Manhattan plots, yet
341  reduced the number of total SNPs retained. We therefore decided to retain a larger number of SNPs and,
342 unless otherwise stated, use the dataset described above for downstream analyses.

343

344  Analysis of mitochondrial DNA

345

346 Because we did not recover high-quality mitochondrial genomes for every individual from the
347  whole genome data, possibly due to miss-assemblies related to nuclear sequences of mitochondrial

348  origin, we decided to sequence the cytochrome c oxidase | (COI) gene, which is commonly used for

349  species identification [60]. We used primers BirdF1 and COIBirdR2 and followed the procedures

350  described by Kerr et al. [61]. We Sanger sequenced PCR-amplified DNA using both the forward and

351 reverse primers at the Cornell Institute for Biotechnology core facility. Forward and reverse sequences
352  were combined into a consensus sequence for each individual and aligned using Geneious version 10.2.6

353 [62]. In total we obtained 27 COI sequences, 8 allopatric and 6 sympatric S. beltoni and 7 allopatric and 6
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354  sympatric S. plumbea (Table S1). We used these sequences to construct a COI haplotype network using
355 the Rversion 4.0.2 [63] package pegas v1.1 [64].

356

357  Genetic differentiation, admixture and summary statistics

358

359 We first assessed genome-wide patterns of differentiation among species and sampling locations
360 (i.e., allopatric or sympatric) by conducting a Principal Component Analysis (PCA) in the R package

361 SNPRelate version 3.3 [65]. Two samples originated from individuals that were later found to be related
362 (TNN26 and TNN27, relatedness of 0.538) and separated from the remaining samples in a PCA (Figure
363 S1A). We therefore excluded these samples from the PCA in Figure 1C, which produced the same

364 pattern as when the samples were retained, and PC2 vs. PC3 were plotted (Figure S1B). We used the
365 same programs to produce PCAs from the SNPs found within the divergence peaks, after subsetting the
366  dataset by genomic location in VCFtools. We also calculated Fsr values for individual SNPs using

367  VCFtools and displayed these in a histogram produced in R or as a Manhattan plot using the R package
368 ggman version 0.1.8 [66]. For the latter, we simplified the plot by only visualizing SNPs with Fst > 0.2. We
369 also used VCFtools to subset the dataset by species and contig to calculate statistics base on the

370 frequency of the most common haplotypes (H1, H2, H12 and H2/H1) in SelectionHapStats [67]. We used
371 a window size (non-overlapping) of 25 SNPs and merged haplotypes differing in one position (--

372 distanceThreshold 1). We also used VCFtools to calculate R2 values and estimate linkage disequilibrium
373 (LD) among all the different sites showing the highest differentiation (Fst>0.7) in the divergence peaks.
374  For these same variants (24 on contig 404, 9 on contig 33 and 6 on contig 382), within each divergence
375 peak, we explored local haplotypes by first phasing and imputing missing data using default parameters
376  in BEAGLE version 3.3.2 [68]. We plotted the two haplotypes for each peak region from every individual
377  using the function phylo.heatmap from the R package phytools [69], and clustered them according to
378  similarity by producing a distance matrix in the R package vegan [70]. Finally, we explored ancestry along
379  the contigs of interest by running Admixture version 1.3.0 [71] in 50 kb (non-overlapping) sliding windows
380 using a K value of two. As the peak on contig 382 was narrow (~2 kb), we used a sliding window of 10 kb

381 in this case, as a compromise between not averaging out across too many SNPs while maintaining
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382  sufficient resolution. We plotted these values separately for allopatric and sympatric samples using a
383 smoothing line in ggplot2 [72]. To calculate Tajima’s D and nucleotide diversity (1) in the contigs of

384 interest, we used a vcf file that followed the same filtering steps described above except for that it was not
385 filtered by minor allele frequency (the same file used in the demographic reconstruction), as this would
386  bias both summary statistics that are sensitive to low frequency alleles. We calculated these statistics in
387  non-overlapping, 5 kb windows. Finally, we calculated Dyy using the program pixy version 1.2.7 [73]. For
388 this specific analysis we included invariant sites by running GATK'’s “GenotypeGVCFs” module with the
389 option “—includeNonVariantSite”. Following filtering recommendations [73], we then separated our data
390 into variant and invariant sites and filtered them independently, as applying population genetic based
391 filters such as minor-allele frequency (MAF) filtering would result in the loss of our invariant sites. We
392 omitted the MAF filter to obtain invariant sites, but all other filtering steps were implemented as described
393  previously (e.g., missing data or coverage filters).

394

395 Demographic reconstruction

396

397 We estimated current and ancestral effective population sizes for both species, the splitting time
398 between the taxa and migration rates (total of six demographic parameters) using an isolation with

399 migration model as implemented in G-PhoCS version 1.3 [74]. Because this analysis is computationally
400 intensive, we subsampled individuals from the dataset. We conducted three different analyses using

401 individuals from different parts of the ranges of both species: allopatric (eight from each species),

402  sympatric (seven from each species) or a combination of both types of samples (4 allopatric and 4

403  sympatric from each species). To avoid biasing our analyses by excluding low frequency alleles, we used
404  a vcf file that was not filtered for minor allele frequency (~61M SNPs), but otherwise had the same filters
405  applied as described previously. We subsequently discarded contigs that were smaller than 1 Mb, Z-
406  linked, or had outlier SNPs (contig 404, 33, 382 and 910). We used the “FastaAlternateReferenceMaker”
407 module in GATK to generate sequence files for each individual for the remaining contigs, and sampled
408 and aligned 2,500 loci, each 1 kb in length and at least 100 kb apart. We ran G-PhoCS for 1 million

409 generations (for the sympatric and allopatric analyses) or for 300,000 iterations (for the combined
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410 analysis) and discarded the initial 50,000 as burn-in. We used the coda package in R [75] to check for
411 convergence and subsequently converted median and 95% Bayesian credible intervals to generations or
412 individuals (from mutation scale) by using an approximate mutation rate estimate of 10°° per bp per

413  generation [76]. We have focused our interpretations primarily on relative comparisons between the

414  species which are independent of our assumption of mutation rate, as is the number of migrants per

415  generation [74].

416

417 Identification of genes in outlier genomic regions

418

419 We defined Fsr outlier regions as the genomic coordinates encompassed by the SNPs showing
420 Fst > 0.7. By using this approach, we aim to focus on the regions showing the highest levels of

421 differentiation between species, however this does not imply that other regions, showing more subtle
422 patterns, are not relevant to shaping phenotypic differences. We had previously mapped every contig in
423 the reference genome to its corresponding chromosome in the Zebra Finch [14]. Most of these outlier
424  SNPs were clustered together and located in three peaks (contig 404, contig 33 and contig 382), yet there
425  was a single additional elevated SNP on scaffold 910 (near the gene LRRC15), corresponding to

426  chromosome 9. We did not consider this a divergence peak as it included a single position, and don’t
427 discuss it further. We searched for the genes within each divergence peak (+/- 5 kb) by inspecting our
428 reference genome annotation using Geneious version 10.2.6 [62]. We used the NCBI database

429  (http://www.ncbi.nlm.nih.gov/) to find information on the function of these different genes in other

430  organisms. Finally, the outlier genomic regions were similar to the rest of the genome in average missing
431  data (0.05 vs. 0.05), variant quality (QUAL; 1683.19 vs 1678.24) and depth of coverage (4.97 vs 5.00).
432

433  Statistics derived from the Ancestral Recombination Graph (ARG)

434

435 We estimated local trees by inferring ARGs using the arg-sample module in ARGweaver version
436 1 [37]. We ran ARGweaver on unphased data in 5-7 mb intervals which included the areas of high

437 differentiation in the three contigs with outlier peaks, plus a control set consisting of 10 contigs totaling
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~110 megabases. For the control set we broke large contigs into 5 mb fragments and ran the software
following the settings described previously [17]. Briefly, we set the mutation and the recombination rates
to 10-9/bp/gen, the effective population size to 500,000 individuals and the remaining parameters as
follows: -c 5 -ntimes 20 -maxtime 1e7 -delta 0.005 -resample-window-iters 1 -resample-window 10000 -n
1000. We retained the last of 1,000 MCMC iterations, discarded the first and last 50 kb of each ARG
block, and extracted trees every 500 bp. We used these trees to calculate three statistics as described in
detail in [9] (Figure 4A). The species enrichment score measures the probability of observing subtrees of
different sizes containing individuals from a certain species, and is calculated for both species and every
subtree. For each tree we retained the maximum enrichment score obtained for a given species across all
subtrees. A high enrichment score is obtained when a local tree has a clade with most or all individuals
from that species. We note that when only two species are present in a tree like in this study, when one
species enrichment score is high it means that individuals from the second species may also group
together on the tree, and therefore both species enrichment scores will tend to be elevated. The relative
TMRCA half-life [9,37], RTH’, is a normalized version of the time to most recent common ancestry
(TMRCA). To calculate this statistic, we divided the time to the most recent common ancestor of half of
the haploid samples for a species by the age of the youngest subtree containing at least half of all the
haploid samples (irrespective of species). This normalization controls for the variation is coalescence
times in different trees across the genome [37]. Finally, the inter-species cross coalescence measures the
average age of the most recent coalescence events between tips in the tree which belong to the different
species. We added the ages of the ten most recent cross-coalescence events in each tree and
normalized them in the same way we did to calculate RTH’ [9]. We obtained these statistics for each tree
(sampled every 500 bp) and then averaged those values across 5 kb non-overlapping windows. We
generated empirical distributions for these statistics from the ~22,000 windows (~110 mb) obtained from
the control contigs, and used these distributions to assess statistical significance as described previously
[9,17]. The analysis was conducted separately for allopatric and sympatric samples, and a third time for
all samples combined. We exported trees which show extreme enrichment scores for each species for
illustration purposes. The code to calculate these three statistics and conduct these statistical tests is

deposited in GitHub (https://github.com/CshiSiepelLab/bird _capuchino_analysis; see [9]).
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485 Figure titles and legends

486

487  Figure 1: Genome-wide differentiation between S. beltoni and S. plumbea. (A) Range map for both
488  species showing sampling localities in Brazil, and the area of contact (encompassed in the rectangle on
489  the map and also in the topographic map in the inset) following [34]. Samples are color-coded by species
490  and geographic origin (as shown in C). (B) Examples of adult male S. beltoni and S. plumbea individuals;
491  photos by Marcio Repenning. (C) PCA derived from ~15 million genome-wide SNPs. (D) Haplotype

492 network derived from sequences of the mitochondrial gene COI. Different haplotypes are connected
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493 either by solid (based on the minimum spanning tree) or by dashed lines (indicating alternative paths).
494  The number of mutational steps between haplotypes is shown as solid bars.

495

496  Figure 2: Demographic reconstruction. (A) Current and ancestral population sizes, (B) divergence time
497  and (C) migrants per generation. Each set of parameters was estimated three times, once with a random
498  subset of all samples combined and also after subsampling either exclusively allopatric or sympatric

499  individuals. Bars indicate median values and 95% credible intervals.

500

501  Figure 3: Outlier peaks between S. beltoni and S. plumbea. (A) Manhattan plot showing Fst values
502 calculated using all individuals from both species. Note that for simplicity the plot displays the 1.1% of
503 SNPs with Fsr > 0.2. The inset shows a histogram of the distribution of Fsr values from all genome-wide
504  SNPs, with those showing values above 0.7 in red. The plots in (B) represent a zoom into each peak

505 shown in (A) and display the genes that are annotated in that region. The insets show PCAs derived from
506 the variants found in each peak. Samples are color-coded by species and the geographic region to which
507 they belong (as in Figure 1).

508

509 Figure 4: ARG-based statistics. (A) Graphical representation of how species enrichments, RTH’ and
510 cross-coalescence values are calculated (modified from [17]). The species enrichment score is calculated
511  for each subtree (example shaded in gray) in a topology and represents the probability of observing that
512 number of samples of a particular species (the one represented in red in the example) in that subtree
513 under a hypergeometric distribution. The score for a given tree and species is the maximum score

514  associated with the full tree. RTH' is the ratio between the TMRCA of half of the samples from a species
515  and the age of the youngest subtree that contains at least half of all samples (irrespective of species).
516  The cross-coalescence time is calculated by adding the time of the ten most recent cross-coalescence
517  eventsin the tree and dividing it by the same value used to normalize TMRCA to obtain RTH'. In the

518 example the color of the leaves indicates two hypothetical species. (B) Plots showing these statistics for
519 contig 404 in 5 kb windows, with the peak region shown by dashed vertical blue lines. These particular

520 plots show statistics derived from individuals sampled outside of the hybrid zone. Species enrichment
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521 values for S. beltoni and S. plumbea are higher than the genome-wide threshold of statistical significance,
522  while RTH’ values are significantly lower. Therefore, subtrees from topologies in this region contain most
523 individuals from each species and are comparatively younger than in the rest of the genome. The cross-
524  coalescence times in the peak region are also significantly delayed, meaning that there is less recent

525  gene flow than across other areas of the genome.
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Tables

Table 1. Regions of high divergences between species. Details for each outlier peak, including the genes they contain and a summary of their

functions.
Peak Highest SNP Number of
) ) ) ) Number of ]
Contig size Fsrin SNPs with Fgr Genes Gene function
enes
(kb) window >0.7 g
PRLR encodes for the prolactin hormone receptor
affecting breeding behavior and parental care in birds.
PRLR also plays a role in keratinization.
404 102 0.794 24 2 PRLR, AGXT2
AGXT2 encodes for a protein which catalyzes the
conversion of glyoxylate to glycine.
Encodes a protein affecting the development of
melanocytes, resulting in both hypo and
33 66 0.901 9 1 EDN3 hyperpigmentation in chickens and is also related to egg

production.
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DNAAF1 encodes a protein required for cilia stability.
MBTPS1 encodes a member of the subtilisin-like

HSDL1 enables oxidoreductase activity.

proprotein convertase family.

DNAAF1,
HSDL1,
MBTPS1

0.795

382

532
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Table 2: Results from statistical tests conducted on ARG-based statistics. Tests were conducted separately for allopatric, sympatric, or all
samples combined. Species enrichment and RTH’ scores were compared to the distribution of these values across a set of control contigs without
outlier peaks. Cross-coalescence (CC) values were compared between the peaks and their adjacent regions, and for control regions, between
focal and adjacent areas. The distribution of the difference in CC values between focal and adjacent areas was assessed across all control
regions and used to determine the statistical significance of the difference in CC values observed between the peak regions and those areas
immediately adjacent to the peaks. Statistically significant results are shown by asterisks, which also denote the level of significance (*0.005;
**0.001). Note that we ran species enrichment and RTH’ tests for each species, while the cross-coalescence test is run for the species pair and

therefore only presented once in the top of the table.

peak on contig 404 peak on contig 33 peak on contig 382
Species Species Species
RTH’ CC RTH’ CcC RTH’ CcC
enrichment enrichment enrichment

all samples 8.95** 0.246** 0.15 7.4%* 0.367* -0.05 4.15%* 0.845 | 0.3*
S. beltoni allopatric 9.16** 0.239* 0.32* 6.39** 0.346* 0.17 4.39** 0.772 | 0.5*
sympatric 1.83 0.545 0.07 2.44* 0.49* 0.06 1.25 0.72 | 0.06

all samples 9.28** 0.235** 4.76% 0.709 5.66** 0.753

S. plumbea allopatric 10.34** 0.193* 4.65* 0.742 6.24** 0.469*

sympatric 1.76 0.44* 1.7 0.693 1.33 0.828
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