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INTRODUCTION: Assessing how sexual traits and
their genetic basis contribute barriers to gene
flow in secondary contact due to effects on
hybrid fitness remains critical to establishing a
causal role of sexual selection in in speciation.
Leveraging natural systems with intraspecific
variation in sexual traits at early stages of the
speciation process holds promise for identify-
ing links between patterns of phenotypic and
genomic variation and the evolution of repro-
ductive isolation.

RATIONALE: Observational and experimental
studies indicate that barn swallows (Hirundo
rustica) are a robust empirical model of diver-
gent sexual selection and that the presence of
multiple hybrid zones between populations in
Eurasia enables investigation of barriers to gene
flow. We investigate genotypic and phenotypic
variation in barn swallows to (i) map the ge-
netic basis of plumage traits used in sexual sig-
naling, (ii) test whether loci underlying sexual
traits have experienced divergent sexual selec-
tion in allopatry and present barriers to gene
flow in secondary contact, and (iii) test the pre-
diction that sexual selection has maintained

linkage disequilibrium (LD) between barrier
loci in secondary contact as a result of their
effects on hybrid fitness.

RESULTS: We sequenced the genomes of 336
barn swallows sampled across the breeding
distribution of the species and quantified var-
iation in ventral coloration and tail streamer
length, two signal traits used in mate choice.
Populations differ in these traits and hybrids
between the subspecies rustica, tytleri, and
gutturalis exhibit phenotypes that are inter-
mediate between or similar to parental pop-
ulations. The genetic architecture of ventral
color is concentrated on chromosome 1A and
the Z chromosome whereas phenotypic varia-
tion is largely explained by genotypic variation
at 10 loci, including themelanogenesis genes
KITLG, SLC45A2, and BNC2. Variation in tail
streamer length is explained by loci on chro-
mosome 2. Sexual trait loci—ventral color loci
in particular—exhibit peaks of high differenti-
ation between populations and signatures of
divergent positive selection in allopatry. We
further investigated whether loci under diver-
gent sexual selection contribute barriers to gene

flow in secondary contact using geographic and
genomic cline analyses across hybrid zone tran-
sects, finding that sexual trait loci constitute bar-
riers in the rustica-tytleri and rustica-gutturalis
hybrid zones whereas gene flow is less con-
strained across the remainder of the genome.
Clines for sexual trait loci in these hybrid zones
also show a high degree of concordance, con-
sistent with selection for specific combinations
of alleles fromparental populations in hybrids.
Finally, we testedwhether selection has gener-
ated ongoing coupling of barrier loci by inves-
tigating LD patterns in hybrid zones. These
tests reveal elevated LD among sexual trait
barrier loci in hybrids beyondwhat is expected
under admixture alone, consistent with the
genetic coupling of barriers being an emergent
property of divergent sexual selection.

CONCLUSION: Our findings demonstrate an
important role for sexual selection in speci-
ation through the analysis of the genomic
basis of sexual signal traits in barn swallows,
evidence for divergent selection in geographic
isolation, and evidence that loci underlying
traits involved in prezygotic isolation repre-
sent barriers to gene flow. Our results fur-
ther support the conclusion that the genetic
coupling of sexual trait loci generated by se-
lection promotes reproductive isolation upon
secondary contact.▪
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Sexual signal traits form
barriers to gene flow upon
secondary contact. Barn
swallows breed across nearly the
entire North Hemisphere and
exhibit variation in sexual signal
traits across populations. Hybrid
zones between these populations
enable the identification of the
genetic basis of sexual traits and
tests of the hypothesis that diver-
gent sexual selection promotes
reproductive isolation. Genetic loci
underlying sexual traits show sig-
natures of divergent selection
between allopatric populations and
are barriers to gene flow in
secondary contact, whereas gene
flow is less constrained across the
rest of the genome.
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Despite the well-known effects of sexual selection on phenotypes, links between this evolutionary
process and reproductive isolation, genomic divergence, and speciation have been difficult to
establish. We unravel the genetic basis of sexually selected plumage traits to investigate their
effects on reproductive isolation in barn swallows. The genetic architecture of sexual traits is
characterized by 12 loci on two autosomes and the Z chromosome. Sexual trait loci exhibit signatures of
divergent selection in geographic isolation and barriers to gene flow in secondary contact. Linkage
disequilibrium between these genes has been maintained by selection in hybrid zones beyond what
would be expected under admixture alone. Our findings reveal that selection on coupled sexual
trait loci promotes reproductive isolation, providing key empirical evidence for the role of sexual
selection in speciation.

S
exual selection is predicted to play a sig-
nificant role in the formation of new spe-
cies (1–5). Indeed, sexually selected traits
have been inferred to promote reproduc-
tive isolation (6–11) and to be associated

with diversification rates (12, 13). Studies often
examine the role of sexual selection in specia-
tion in two ways: either by establishing links
between sexual traits and reproductive isolation,
or by characterizing genomic divergence and
genetic associationswith these traits (6, 7, 11, 14–19).
These approaches broadly suggest that sexual
selection can promote speciation, but they do
not address the fundamental assumption that
divergent sexual traits formbarriers to gene flow
upon secondary contact (Fig. 1, processes and
potential outcomes) (3, 20, 21). Tests of how
sexual traits and their underlying genetic basis
affect gene flow remain critical in establishing
a causal role of sexual selection in speciation.
Such studies are especially needed in natural
systems with intraspecific variation in sexual
traits at early stages of the speciation process,
in which clear links between patterns of phe-
notypic and genomic variation and evolution-
ary processes can be identified (Fig. 1, A to C,
predicted patterns).
Early in the speciation process, the genetic

basis of reproductive isolation due to sexual
selectionmay be concentrated in a small num-

ber of genomic regions in which selection can
withstand the homogenizing effects of gene
flow (barrier loci) (22, 23). Upon secondary
contact, genetic coupling—the buildup and
maintenance of linkage disequilibrium (LD)
between genomic barrier loci—may be crit-
ical for speciation to proceed (24–26). Genetic
coupling exposes loci to the combined effects
of both direct selection and indirect selection
at other coupled barrier loci. As more barriers
become coupled, the influence of indirect se-
lection increases and the total barrier to gene
flow strengthens and becomes more genomi-
cally widespread (26–28). Coupling is likely to
build up as a consequence of accumulated al-
lele frequency differences between allopatric
populations when divergence occurs during
periods of geographic isolation (27, 29), with
the potential to promote reproductive isola-
tion when populations experience secondary
contact if linkage disequilibria among bar-
rier loci are maintained or strengthened. In
the case of speciation driven by sexual selection,
we expect that the strongest signal of LDmain-
tained by selection should be related to traits
important for sexual competition and mate
choice. Theory postulates that the coupling of
barrier loci may be a powerful mechanism in
the evolution of strong reproductive isolation
(26, 27) and testing this prediction in the con-
text of the genetic basis of sexual traits is crit-
ical for understanding how sexual selection
contributes to the speciation process in the
presence of gene flow.
We investigate genotypic and phenotypic var-

iation in sexual signal traits in barn swallows
(Hirundo rustica) to test predictions of the
role of sexual selection in speciation (Fig. 1).
Divergent sexual selection on signal traits
(melanin-based ventral coloration and tail

streamer length) has been demonstrated pre-
viously (30–36) and populations exhibit geo-
graphic variation in these signals and asso-
ciated trait-based preferences (37–39) despite
diverging from a common ancestor very re-
cently (~11 thousand years ago) (40, 41). Crit-
ically, evidence for divergent sexual selection
in barn swallows comes from studies of natu-
ral populations in which variation in these
sexual traits and their reproductive outcomes
have been studied both observationally and
experimentally through phenotype manipula-
tions (32, 30–36). A recent meta analysis of
these studies provides additional evidence that
barn swallows represent a robust empirical
example of divergent sexual selection (39).
The presence of multiple Eurasian hybrid

zones between parental populations with
varying degrees of divergence in sexual traits
(42–44) further enables tests to determine
whether sexual selection leads to reproduc-
tive isolation upon secondary contact. Two of
these hybrid zones lie at migratory divides
where populations that diverged in allopatry
(40) share overlapping breeding habitat and
take divergent routes to nonbreeding hab-
itats in Africa and southern Asia (fig. S2)
(43, 44). Previous studies across these hybrid
zones revealed associations between transi-
tions in genome-wide ancestry and ventral
plumage color, and also betweenplumage traits
and migratory behavior (43, 44). Further, pop-
ulations breeding at migratory divides exhibit
less extensive hybridization than in hybrid
zones without migratory divides (43), raising
the possibility that divergent sexual selection
promotes reproductive isolation between pop-
ulations that have substantial differences in
migratory direction and distance (i.e., due to
low survival of hybrids that take nonadaptive
migratory routes).
We leverage this natural system and the rich

background information on sexual selection in
barn swallows to map the genetic architecture
of sexually selected traits and to test whether
trait loci experience divergent sexual selection
in allopatry (Fig. 1A) and promote reproduc-
tive isolation in secondary contact (Fig. 1B).
We further test the prediction that sexual se-
lection has maintained LD among barrier loci
in secondary contact as a result of their effects
on hybrid fitness (Fig. 1C and fig. S1). This
series of analyses reveals that reproductive
isolation is mediated by the genetic coupling
of barrier loci underlying sexually selected
traits, providing critical support for the hy-
pothesis proposing a role of sexual selection in
speciation.

Results

We sequenced the genomes of 336 barn swal-
lows sampled across the Holarctic breeding
distribution of the species (Fig. 2A, fig. S2A,
and data S1), yielding 9,565,797 genome-wide
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single-nucleotide polymorphisms (SNPs). Our
sampling includes populations of the six sub-
species and three hybrid zone transects in
Eurasia between parental H. r. rustica, H. r.
tytleri, andH.r. gutturalispopulations (fig. S2B).
Principal component analysis andmodel-based
ancestry estimates support three major genetic
clusters (42, 43, 45): One includes the subspecies
rustica, savignii, and transitiva; a second in-
cludes tytleri and erythrogaster; and a third
includes gutturalis. Individuals fromhybrid zones
have intermediate principal component load-
ings and admixture proportions between pa-
rental genetic clusters, consistent with mixed
ancestry (42, 44, 45) (Fig. 2B and figs. S3 and
S4). Parental populations of rustica, tytleri, and
gutturalis differ in ventral plumage color and
tail streamer lengths (Fig. 2C, fig. S2, C and D,
fig. S5, and tables S1 and S2); rustica has light
breast feathers (mean and standard deviation
percent reflectance = 50.8 ± 9.6) and long tail
streamers (mean = 101.3 ± 12.7 mm), tytleri has
dark feathers (21.8 ± 7.8) and long streamers
(100.5 ± 12.9 mm), and gutturalis has light
color (though darker than rustica; 46.2 ± 10.8)
and short streamers (90.9 ± 9.5 mm). Plumage
trait distributions in hybrid zones are inter-
mediate between (or similar to) those of pa-
rental populations (Fig. 2C and table S2) and
ventral color and tail streamer lengths are
not significantly correlated across populations
(fig. S5; P = 0.11).
Comparisons of ancestry and interspecific

heterozygosity at informative SNPs (i.e., FST >
0.6) reveal that our current sampling of
each hybrid zone includes multiple hybrid
classes, consisting primarily of backcrossed,
late-generation hybrids (fig. S6). Demograph-
ic models support the idea that the hybrid
zones formed upon secondary contact be-
tween parental populations following periods
of allopatric divergence (figs. S7 to S11, tables
S3 and S4, and data S2). Estimates of the
timing of secondary contact indicate that the
rustica-gutturalis hybrid zone formed roughly
2000 generations ago whereas hybrid zones
with tytleri formed more recently (<1000
generations).
Below, we present results integrating genome-

wide SNPs and phenotypic variation to char-
acterize the genetic architecture and selective
history of sexual traits and to test whether
genetic coupling of trait-associated barrier loci
promotes reproductive isolation. At each stage
of our procedure (fig. S1), we test core pre-
dictions of the conceptual framework detailed
in Fig. 1 to link patterns to processes related to
the role of sexual selection in speciation, with
analyses focused on populations of parental
subspecies and hybrid zones in Eurasia.

The genetic architecture of sexual traits

We used genome-wide associationmapping to
investigate the genetic basis of ventral color

Fig. 1. Conceptual overview of the study. We investigate the roles of sexually selected traits and their genetic
architectures in speciation and test predictions of genetic coupling (24, 26) of sexual trait loci. We consider the
process of divergent sexual selection in allopatry and potential outcomes when populations experience secondary
contact, namely that a maintenance of associations between sexual trait loci through genetic coupling promotes
reproductive isolation. One extreme could be that there is no reproductive isolation (RI) due to sexual selection
in secondary contact, leading to complete homogenization of populations (left). The other extreme could be
complete RI as a consequence of divergent sexual selection (right). A third potential outcome is that loci underlying
sexual traits under divergent selection are barriers whereas the rest of the genome experiences gene flow (center).
In the lower panels we show predicted patterns of (A) allopatric divergence, (B) gene flow in secondary contact,
and (C) LD under the alternative scenarios with respect to sexual trait loci and the genome background. In the case
in which sexual selection contributes to RI, sexual trait loci will present barriers to gene flow and have elevated
levels of LD due to genetic coupling.
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and tail streamer length, taking advantage
of matched genome and phenotype data for
individuals with mixed genetic ancestry. Analy-

sis of hybrids is critical for mapping differences
in phenotype between parental populations
and avoids confounding factors stemming

from population structure. Models using Bay-
esian inference provide quantitative estimates
that both traits are controlled by oligogenic ar-
chitectures, with high proportions of phenotypic
variation explained (PVE) by SNP genotypes
(mean ± Bayesian standard error ventral color
PVE = 0.97 ± 0.065, tail streamer PVE = 0.95 ±
0.09; Fig. 3, A and B, and table S5) and con-
siderable proportions of genetic effects (PGE)
due to a small number of individual SNPswith
measurable effects (ventral color PGE = 0.79 ±
0.13 explained by 12 SNPs, tail streamer PGE =
0.49 ± 0.12 explained by two SNPs; Fig. 3, A
and B); the remaining 21 and 51% of genetic
effects, respectively, are due to joint contribu-
tions of near-infinitesimal genome-wide effects.
These estimates indicate that trait variation
is primarily controlled by a handful of loci as
opposed to having a highly polygenic basis
and are consistent with estimates of heritable
and environmental components of barn swal-
low plumage (46). Per-SNP posterior inclusion
probabilities (PIPs) from these models indi-
cate that SNPs with measurable effects on ven-
tral color are concentrated on chromosome 1A
and the Z chromosome whereas high-PIP SNPs
for tail streamer length are on chromosome 2
(Fig. 3, C and D, and fig. S12).
Linear model tests of association between

SNPs and ventral color further reveal multiple
significantly associated regions on chromosome
1A and the Z chromosome containing genes
with known or tentative roles in melano-
genesis and feathering phenotype (Fig. 3, C
and D, figs. S13 to S20, tables S6 and S7, and
data S3). Associations on chromosome 1A con-
tain KITLG and PLXNC1. KITLG is notable be-
cause it controls melanin patterning and has
been implicated in previous studies of verte-
brate pigmentation (47, 48). Associations on
the Z chromosome contain SLC45A2, a trans-
porter protein that supports melanin synthe-
sis (49), and BNC2, which has been linked to
pigment pattern and saturation (50), among
other candidate melanogenesis genes differ-
entially expressed in melanocytes of hooded
and carrion crows (51). The concentration of
ventral color associations on the Z chromo-
some aligns with predictions that sex linkage
is favorable for traits involved in mate choice
and sexual isolation (52, 53); it also aligns with
previous evidence consistentwith sexual selec-
tion driving pronounced Z-linked differentia-
tion in barn swallows (45).
Associations with tail streamer length are in

two regions on chromosome 2 (Fig. 3F, fig. S13,
and figs. S21 and S22). One is upstream of ICE1
and downstream of a long noncoding RNA
(lncRNA) and the other contains PDE1C. Func-
tional links between ICE1 and PDE1C and
feather growth have not been demonstrated;
however, the enzymes encoded by both genes
have regulatory functions that could influence
tail streamer development through positive

Fig. 2. The barn swallow study system, population genetic structure and composition of hybrid zones,
and variation in sexual traits. (A) Breeding range of the barn swallow (Hirundo rustica). Shaded regions
correspond to the breeding distributions of the six subspecies. Arrows depict the hypothesized barn swallow
biogeographic history (40). (B) Population genetic structure inferred using ADMIXTURE under a K = 3 model,
where vertical lines show individual admixture proportions between one or more genetic clusters. Horizontal bars
at the top of the panel correspond to shaded regions in (A), with additional colors for hybrid zones. (C) Distributions
of ventral color (measured as breast average brightness; percent reflectance) and tail streamer length (millimeters) in
parental and hybrid zone populations. Barn swallow illustrations by Hilary Burn and used with permission.
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Fig. 3. Genetic architecture of sexual traits. (A) Posterior mean density
distributions of hyperparameters from BSLMM, including the proportion
of variation in ventral color explained by all SNPs in the model (PVE), the
proportion of the PVE explained by SNPs with detectable effects (PGE), and
the number of SNPs in the model (n SNPs). (B) Posterior distributions of BSLMM
hyperparameters for tail streamer length. (C) Sum of SNPs with posterior
inclusion probability (PIP) ≥ 0.01 in the BSLMM for ventral color across
chromosomes, showing a concentration of high-PIP SNPs on chromosome 1A
and the Z chromosome. (D) Sum of PIP ≥ 0.01 for tail streamer length
concentrated on chromosome 2. Lower panels of (C) and (D) show SNP
associations, −log10(P), with ventral color across chromosome 1A and the
Z chromosome and tail streamer length across chromosome 2. Significant

associations (Bonferroni-corrected) are shaded in dark red and blue, respec-
tively. The locations of candidate melanogenesis genes in ventral color
associations and genes containing or nearby tail streamer associations are
labeled. (E) Details of associations with ventral color, showing variation in
−log10(P) (points; left y-axis) and genetic differentiation (FST) between parental
populations (lines; right y-axis). Significant associations are shaded in dark
red and SNPs with PIP ≥ 0.01 are indicated with blue diamonds. Genes and their
orientation are shown as arrows with exon coordinates shown as vertical lines,
and candidate melanogenesis genes are labeled. (F) Details of associations
with tail streamer length, with significant associations shaded in dark blue.
Additional details for panels (E) and (F) are shown in figs. S14 to S22. (G) Mean
genome-wide FST between parental rustica, tytleri, and gutturalis populations.
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regulation of transcription, intracellular trans-
port, and growth factor stability (54). Details of
all associations are provided in figs. S13 to S22,
tables S6 and S7, and data S3.

Evidence for divergent selection at sexual
trait loci

Next, we tested whether genomic regions as-
sociated with the mate choice traits (“trait loci”
hereafter) are relevant to fitness based on sig-
natures of divergent selection between allopat-
ric populations, as predicted based on previous
studies of sexual selection in barn swallows
(31, 32, 36, 38, 39, 43). Trait loci show high levels
of genetic differentiation (FST) between one
or more pairs of parental populations (mean
FST = 0.23 to 0.39; Fig. 3, E and F), contrasting
sharply with shallow genome-wide FST (mean
FST = 0.037 to 0.058; Fig. 3G, figs. S23 and S24,

and tables S8 and S9; P < 0.0001). Genome-
wide patterns are consistent with the effects of
linked selection in parental populations as well
as in ancestral populations prior to divergence
(i.e., recurrent selection; fig. S25 and table S10),
indicated by negative correlations between FST
and both recombination rate (r = −0.44 to
0.57, P < 2.2 10−16) and within-population
nucleotide diversity (p; r = −0.41 to 0.55, P <
2.2 × 10−16) across pairs of parental popula-
tions. FST and between-population sequence
divergence (dxy) are also negatively correlated
(r = −0.4 to 0.52, P < 2.2 × 10−16), as dxy is
roughly equivalent to p because of extremely
recent divergence (figs. S7 and S23). Given these
broad patterns, elevated FST in trait loci could
be driven solely by background selection in
regions with reduced recombination (55), as is
suggested by correlation of genome-wide FST

among pairs of parental populations (table
S10; r = 0.45 to 0.66, P < 2.2 × 10−16) and
sharing of most discrete FST peaks by at least
two population pairs (fig. S23). However, trait
loci exceed FST values even in regions with
extremely low recombination rates (e.g., cen-
tromeres; fig. S26; P < 2.2 × 10−16), consistent
with the hypothesis that trait loci are highly
differentiated as a result of divergent positive
selection rather than attributable to the effects
of background selection alone.
We measured additional parameters to spe-

cifically test for signatures of divergent selec-
tion in trait loci. We find multiple signals of
positive selection at trait loci in one or more
populations (Fig. 4 and figs. S27 to S35), in-
cluding elevated allelic differentiation mea-
sured using population branch statistics (PBS),
reductions in p and Tajima’s D, and extended

Fig. 4. Divergent selection between allopatric parental populations in genomic
regions underlying sexual traits. (A) Scans of statistics used to detect
signatures of positive selection in the KITLG region of chromosome 1A,
including PBS, p, Tajima’s D, and cross-population xp-EHH. The locations
of KITLG and other genes are shown and the region associated with ventral
color is shaded in gray. Scans in rustica, tytleri, and gutturalis are shown as
red, yellow, and blue lines, respectively. Boxplots to the right of the scans

show distributions of each statistic across chromosome 1A and the whole
genome in rustica (PBS, p, and Tajima’s D) and between rustica and
tytleri (xp-EHH); asterisks summarize comparisons between values in the
trait-associated region and background distributions (**P < 0.0001,
***P < 2.2 × 10−16). Scans for other trait loci are shown in figs. S26 to
S34. (B) Comparisons of PBS, p, iHSj j, and xp-EHH between the genome
background (gray) and trait loci (shaded colors).
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haplotype homozygosity. For instance, the
KITLG region shows signatures consistent
with recent positive selection in rustica, includ-
ing local deviations in PBS, p, and Tajima’s
D from chromosome 1A and genome-wide back-
ground distributions (Fig. 4A; P < 0.0001).
This region contains 25 SNPs with signifi-
cantly positive cross-population extended hap-
lotype homozygosity (xp-EHH; P < 0.05 after
Bonferroni-correction) between rustica and
other populations (Fig. 4A, bottom panel, and
fig. S27), consistent with a rapid increase in
allele frequencies in rustica due to positive
selection; xp-EHH in the KITLG region also
strongly deviates from background distribu-
tions (P < 2.2 × 10−16). We also find signatures
of positive selection across the other trait loci,
including higher PBS, lower p, and higher
integrated haplotype scores ( iHSj j) than the
genome background in parental rustica, tytleri,
and gutturalis (Fig. 4B; P < 2.2 × 10−16). These
regions also have more extreme xp-EHH dis-
tributions than the background (P < 2.2 × 10−16).
Together, these findings demonstrate that
most trait loci have experienced recent posi-
tive selection in one or more parental popula-
tions. Overall signatures of positive selection
were more prevalent among ventral color loci
(figs. S27 to S35), suggesting greater effects
of ventral color on fitness than tail streamer
length.

Sexual trait loci are barriers to gene flow in
hybrid zones

Evidence for divergent selection on sexual trait
loci implies they may affect fitness in hybrid
zones. However, tests of whether these loci are
also barriers to gene flow are necessary because
the degree of concordance between evolution-
ary processes in allopatry and hybrid fitness is
not clear a priori (56–59). We performed these
tests using geographic and genomic cline analy-
ses throughout the three hybrid zone transects
between rustica, tytleri, and gutturalis, com-
paring trait loci to background loci sampled
across the genome (Fig. 5, A to C). This com-
bination of approaches allowed us to evalu-
ate gene flow at loci in a geographic context
and as a function of genome-wide admixture.
Geographic clines for trait loci are narrower
than background clines in the rustica-tytleri
and rustica-gutturalis hybrid zones based on
cline width (w; P = 8.7 × 10−5 and 3.8 × 10−7,
respectively; Fig. 5, A and B, fig. S36, and table
S11), indicating a steeper transition between
parental ancestry evenwhen compared to back-
ground loci with parental allele frequency dif-
ferences matching those found for trait loci
(P < 0.001; Supplementary Materials; figs. S37
and S38). In principle, steep and coincident
clines could be produced as a byproduct of lower
population density in hybrid zones (26, 60), in
which case we would expect clines at trait loci
to be similar to other highly differentiated loci.

Our observation of steeper clines at trait loci
compared with other loci plausibly under di-
vergent selection is inconsistent with this hy-
pothesis, supporting a role of sexual selection
in promoting reproductive isolation in multi-
ple hybrid zones. Geographic cline centers (c)
for trait loci are also offset from the back-
ground in these hybrid zones (rustica-tytleri
mean cbackground = 1442 km, ctrait = 1336 to
1385 km, P = 0.00262; rustica-gutturalismean
cbackground = 1961 km, ctrait = 2430 to 2709 km,
P = 2.3 × 10−7).
Genomic clines further indicate that the

majority of trait loci deviate from gradients of
genome-average admixture in hybrid zones.
Evidence consistent with selection against re-
combinants at trait loci is most pronounced
in rustica-tytleri, in which all trait loci have
steeper clines with credible deviations from
the null expectation for cline slope (n = 1) than
matched background loci (Fig. 5D; only 20%
of background loci have credible deviations
in slope). Similarly, eight trait loci (80%) have
steeper slope in rustica-gutturalis than null
expectations (Fig. 5E). Although 70% of trait
loci also have steeper slopes than expected in
tytleri-gutturalis, evidence of selection against
hybrids is generally weakest in this hybrid
zone based on having the highest empirical
standard deviation in n (Fig. 5F and table S12).
Specifically, genome-wide variance in n (i.e.,
sn) is lower in both rustica-gutturalis (0.19)
and rustica-tytleri (0.28) than tytleri-gutturalis
(0.36). This reduced variance in rustica hybrid
zones indicates greater concordance among
clines (i.e., more genetic coupling) (61), con-
sistent with stronger selection and thus a more
pronounced total barrier to gene flow between
rustica and other subspecies (Fig. 5F and table
S12). An alternative explanation could be the
relative timing of secondary contact, although
estimates of the timing for rustica-tytleri and
tytleri-gutturalis are similar (fig. S7); thus, dif-
ferences in the strength of selection in these
hybrid zones is a plausible explanation for dif-
ferences in concordance among clines. As in
geographic cline analyses, a majority of trait
loci also show credible shifts in genomic cline
center (c) from the null expectation in each
hybrid zone. These shifts, together with the
concordance of clines among trait loci, may
be explained by selection for specific combi-
nations of alleles from the parental populations
(i.e., epistasis for fitness) (62, 63). Differences
in cline patterns between tytleri-gutturalis
(Fig. 5, C and F) and the other hybrid zones
broadly align with the absence of a migratory
divide separating parental tytleri and gutturalis
populations (fig. S2) and (59). This, together
with weaker sexual selection against hybrids,
likely facilitates more extensive hybridization
in this region. By contrast, analyses of hybrid
zones in both geographic and genomic con-
texts indicate that trait loci constitute barrier

effects in rustica-tytleri and rustica-gutturalis
whereas gene flow is less constrained for the
remainder of the genome.

Genetic coupling of barriers promotes
reproductive isolation

We have shown evidence that loci underlying
mate choice traits are relevant to fitness both
in the context of allopatric divergence and as
barriers to gene flow in hybrid zones. The con-
currence of trait locus clines in multiple hy-
brid zones further argues that allele frequency
differences among barrier loci were built up
in geographic isolation and have been main-
tained by selection upon secondary contact
(Figs. 1 and 5, and fig. S1). We thus explicitly
tested the hypothesis that genetic coupling of
barriers has emerged as a result of selection
on combinations of alleles at trait loci by ex-
amining LD in hybrid zones.
Hybridization generates LD (Fig. 1) (64),

which is then eroded by recombination be-
tween loci over generations. However, selection
on combinations of alleles upon secondary
contact can slow the erosion of (or enhance
the amount of) LD between barrier loci to the
degree that selection outweighs recombina-
tion (65, 66), even between physically distant
loci (27, 67). We distinguished between gene-
tic coupling as a consequence of selection and
LD generated through admixture by compar-
ing interchromosomal LD (r2) between SNPs
in barrier trait loci with SNPs matched by al-
lele frequency differences between parental
populations, as this is expected to scale with
admixture LD. If LD were generated by ad-
mixture but not subsequently maintained by
selection, we would expect to find no differ-
ence in LD between trait loci and the back-
ground in hybrids. Instead, SNPs with extreme
parental allele frequency differences in trait
loci have on average 40 to 70% higher inter-
chromosomal LD than the matched genome
background in hybrid zones (Fig. 6, A to C;
P ≤ 2.65 × 10−7). Similarly, trait loci have
higher interchromosomal LD than matched
background SNPs from centromere regions,
in which we expect low recombination rates to
generate pronounced admixture LD (figs. S26
and S39; P ≤ 0.02). Interchromosomal LD be-
tween highly differentiated SNPs in trait loci
is exceptional, with levels of LD similar to SNPs
in tight physical linkage across the genome
(e.g., SNPs < 5 kb of each other; fig. S40).
The rate of increase in LD among trait loci
also varies across the hybrid zones, indicating
a stronger effect of coupling in rustica-tytleri
and rustica-gutturalis compared with tytleri-
gutturalis (this is also consistent with the rela-
tive degree of coupling inferred from genomic
cline analyses; Fig. 5, D to F, and table S12).
By contrast, we find no increase in interchro-
mosomal LD among parental populations as a
function of allele frequency differences (Fig. 6,
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D to F), providing additional evidence that
higher LD among trait loci was generated
through admixture and has been maintained
as a result of selection in hybrids specifi-
cally. A detailed examination of pairs of trait
loci shows that signatures in hybrids are
driven primarily by strong interchromoso-
mal LD among ventral color loci (e.g., KITLG
on chromosome 1A and Z-linked genes) and
not between color and tail streamer length
loci (fig. S41).

Finally, we sought to determine whether
selection has slowed the erosion of LD among
trait loci or has instead enhanced LD beyond
starting levels generated by admixture. We
simulated F1 hybrids and calculated interchro-
mosomal LD among trait loci to approximate
starting levels of admixture LD in each hybrid
zone. Interchromosomal LD is higher among
trait loci in simulated F1s (fig. S42; P ≤ 1.2 ×
10−13), clarifying that selection hasmaintained
genetic coupling by slowing the erosion of LD

(Fig. 6). Our findings together support that
sexual trait loci are subject to both direct and
indirect selection through spillover effects by
means of coupling, producing stronger overall
barriers to gene flow due to sexual selection. We
also find that the apparent degree of coupling
among trait loci corresponds with proxies for
overall reproductive isolation (i.e., genome-wide
FST and genomic cline slope, fig. S43), withmore
coupling and stronger barriers in the rustica-
tytleri and rustica-gutturalis hybrid zones.

Fig. 5. Sexual trait loci are barriers to gene flow in hybrid zones. (A) to
(C) Geographic clines of hybrid index (h) as a function of distance (kilometers)
across the rustica-tytleri, rustica-gutturalis, and tytleri-gutturalis hybrid zone
transects. In each panel, gray lines depict sigmoid clines for randomly sampled
background loci across the genome, colored lines show clines for ventral color
loci, and dashed colored lines show clines for tail streamer length loci. Below
each panel are summaries of cline center (c; points) and width (w; whiskers)
parameters for background and trait loci. To the right of each panel are h ranges
in the cline tails (Dh) estimated for background and trait loci. P-values summarize
comparisons between cline parameters estimated from background and trait
loci. We note that our geographic sampling of the tytleri-gutturalis hybrid zone

was diffuse, making geographic cline comparisons among loci less informative
than in the rustica-tytleri and rustica-gutturalis transects. (D) to (F) Genomic
clines for background (gray) and trait loci (colors) across the three hybrid zones.
Top panels show variation in the estimated cline center and cline slope among
loci, where enlarged circles were loci that deviated from null expectations for cline
slope (left) and cline center (right). The number and proportion (in parentheses)
of loci deviating from the null expectation are shown for each parameter. Bottom
panels show genomic clines of the probability of parental ancestry as a function of
hybrid index. The dashed line depicts the null expectation of no barriers to gene
flow. Genome-wide summaries of the empirical standard deviation of cline slope and
center are shown at the bottom right of each panel.
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Discussion
Our study provides key evidence that diver-
gent sexual traits can form barriers to gene
flow upon secondary contact. We analyzed
genotypic and phenotypic variation from hun-
dreds of barn swallows sampled from across
their global distribution to investigate how
sexual traits and their genetic architecture
contribute to reproductive isolation between
populations in this young species complex.
Leveraging decades of work on divergent sex-
ual selection among closely related popula-
tions of barn swallows, our study supports an
important role for sexual selection in specia-
tion through a multifaceted analysis of the
genomic basis of sexual signal traits (Fig. 3).
We provide evidence of divergent selection in
geographic isolation (Fig. 4) and find that loci
underlying plumage traits involved in prezy-
gotic isolation represent barriers to gene flow.
By contrast, much of the genome is compar-
atively porous to gene flow upon secondary
contact (Fig. 5). Our analyses show that sex-
ually selected loci exceed all other signals of
selection detected across the genome, consis-
tent with a primary role of divergent sexual
selection in genomic divergence and reproduc-
tive isolation. Our findings do not preclude a

role for ecological selection in reproductive
isolation, though a previous analysis found no
associations between genomic differentiation
and environmental variation across the breed-
ing distribution of the species (68). We also
do not rule out the possibility that sexual sig-
nal traits are also partly subject to divergent
natural selection, such as selection imposed
by parasites associated with plumage variation
among populations (69). However, our results
do provide empirical support for the hypoth-
esis that divergent sexual selection can be a
primary driver of reproductive isolation in
hybrid zones.
Our results further support the conclusion

that genetic coupling of divergent barrier loci
is critical to the maintenance of reproductive
isolation upon secondary contact. LD among
sexual trait loci was likely established by diver-
gent sexual selection in allopatry and has been
maintained in hybrid zones, presenting a com-
bined barrier to gene flow through genetic
coupling (Fig. 6). This is emphasized by pat-
terns in two of the three hybrid zones that
we analyzed (i.e., rustica-tytleri and rustica-
gutturalis; Figs. 5 and 6, and fig. S43), indi-
cating support for the predicted association
between coupling and reproductive isolation.

These two hybrid zones also occur atmigratory
divides (43, 44) where parental populations
migrate along alternative routes to nonbreed-
ing grounds in Africa or southern Asia. By
contrast, a migratory divide is absent in the
tytleri-gutturalis hybrid zone, in which there
are fewer barriers to gene flow and evidence of
more extensive hybridization. It is thus plau-
sible that the coupling of sexual trait loci gen-
erates enhanced barriers when combinedwith
ecological selection on divergent migratory
traits, though it remains to be tested whether
there is selection against hybrids with inter-
mediate migratory strategies (44). Alterna-
tively, postzygotic sexual selection against
hybrids with intermediate signal traits could
similarly reinforce prezygotic isolation, though
we do not see signals of reproductive character
displacement in hybrid zones.
Our study raises the question of whether

genetic coupling is necessary for sexual se-
lection to contribute to speciation. There are
numerous examples of outstanding diver-
gence and resistance to gene flow at one or few
loci presumably under sexual selection (e.g.,
14, 16, 70–72), but their ultimate contribution
to speciation likely depends on coupling with
additional traits under divergent selection.

Fig. 6. Genetic coupling of barrier trait loci in hybrid zones. (A) to (C) Interchromosomal LD (r2) measured between SNPs in trait loci (colors) and matched
genome background SNPs (gray) with increasing allele frequency differences between parental populations in (A) rustica-tytleri, (B) rustica-gutturalis, and
(C) tytleri-gutturalis hybrids; asterisks summarize comparisons between trait loci and background SNPs with extreme parental allele frequency differences
(**P < 0.0001, ***P < 2.2 × 10−16). (D) to (F) Interchromosomal LD between SNPs in trait loci and the matched genome background in parental (D) rustica, (E) tytleri,
and (F) gutturalis populations.
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Periods of geographic isolation are likely im-
portant, wherein genetic associations are estab-
lished with little opportunity to be broken
downby gene flow and recombination (27, 29).
Upon secondary contact there may be genome-
wide erosion of reproductive isolation outside of
barrier loci where associations are maintained
due to selection; we find evidence of this in
barn swallows (Fig. 6 and fig. S42). Still, coup-
ling of sexual traits with additional barriers
such as traits under divergent ecological selec-
tion (e.g., migratory strategies) may be critical
to the establishment of complete reproductive
isolation, where the increased spread of indi-
rect selection among barrier loci could lead to
the formation of a genome-wide barrier to gene
flow (73). Coupled barriers under sexual selec-
tion may thus represent an initial seed of re-
productive isolation that “capture” other barriers
through LD over time. Thoroughly addressing
this question requires explicit tests of theoret-
ical predictions for genetic coupling (24, 26)
in systems in which sexual selection has been
demonstrated, where variation in sexual traits
exists, and where it is possible to assess the
influence of sexual selection on both population
divergence and reproductive isolation in sec-
ondary contact. Applying the integrative ana-
lytical framework used in this study (i.e., Fig. 1)
to these systems holds promise for addressing
how sexual selection and genetic coupling shape
the evolution of new species.

Materials and Methods summary
Genome sequencing and variant calling

We analyzed whole genomes of barn swallows
sampled across the species breeding distribu-
tion (n = 336; Fig. 2 and fig. S2) including
populations of all six subspecies, with a focus
on three hybrid zone transects in Eurasia. Se-
quencing libraries were prepared using Illu-
mina Nextera XT kits and sequenced using
150-bp paired-end reads on Illumina NovaSeq
6000 S4 lanes, yielding 10× ± 7.5× coverage
per individual (data S1). We filtered raw read
data usingTrimmomatic v0.39 (74) andmapped
reads to the barn swallow reference genome [as-
sembly bHirRus1 (75) using BWA “mem” v0.7.17
(76)]. We called SNPs using the GATK v4.0.8.1
best-practices workflow (77). We quality-filtered
variants using GATK “VariantFiltration” and
used BCFtools v1.10.2 (78) and VCFtools v0.1.17
(79) to process SNPs for specific analyses.

Population structure

Weestimated genetic structure after filtering to
retain SNPs with minor-allele frequency ≥ 0.1
(837,275 SNPs) using PCA implemented in
SNPRelate (80). We used ADMIXTURE (81) to
estimate individual admixture proportions from
one or more genetic clusters (K = 1 to 10). We
evaluated the most likely number of genetic
clusters as the Kmodel with the lowest cross-
validation error (fig. S4).

Demographic inference
Weperformeddemographic inferenceusing the
diffusion approximation framework in @a@i (82).
We fit seven two-population demographic
models to the unfolded joint site frequency
spectrum (JSFS) between rustica, tytleri, and
gutturalis population pairs. The first four mod-
els were strict isolation (SI) without gene flow,
an isolation-migration (IM) model with con-
tinuous gene flow during divergence, an an-
cient migration (AM) model where gene flow
occurred after divergence then ceased at a
second timepoint, and a secondary contact
(SC) model where populations diverged in iso-
lation for a period of time followed by a second
timepoint where gene flow occurred (fig. S8).
The other models (AM2m, IM2m, and SC2m)
were equivalent to the AM, IM, and SC mod-
els, except that two effective migration rates
were inferred to simulate scenarios in which
some regions of the genome are porous to gene
flow whereas others present barriers to gene
flow (i.e., genomic “island”models).

Measurement of mate choice plumage traits

We quantified ventral color by sampling 5 to
10 feathers from the breast region and storing
them in envelopes in a dark, climate-controlled
environment. We analyzed feather samples
using an Ocean Optics USB4000 spectrometer
to measure reflectance relative to an Ocean
Optics WS-1 standard and a dark standard
(no light source) and recorded all measures
using Spectrasuite v2.0.125 (Ocean Optics, Inc.)
We measured left and right tail streamer
lengths to the nearest millimeter, taking an
average of three independent measurements
per feather.

Genome-wide association mapping of mate
choice traits

We used genome-wide efficient mixed model
association (GEMMA) (83) to characterize the
genetic architecture of phenotypes and iden-
tify associations between genome-wide SNPs
and ventral color and tail streamer length, fo-
cusing on our sampling of admixed hybrid
individuals. We imputed missing data using
BEAGLE (84) after removing SNPs with greater
than 20% missing data among individuals.
We first ran Bayesian sparse linear mixed
models (BSLMM) to broadly summarize the
genetic architecture of each trait. We ran
BSLMMs using 10 independent chains and
25 million MCMC steps after a burn-in of
5 million steps, sampling every 1000 steps.
We incorporated a relatedness matrix in all
analyses to control for population stratifica-
tion. We combined results across the inde-
pendent runs and summarized the genetic
architecture of each trait using posterior hy-
perparameter distributions. We further broadly
quantified the architecture of each trait by
calculating the sum of the PIP for SNPs with

detectable effects (PIP ≥ 0.01) per chromosome
compared with the chromosome length (fig.
S12). In addition to BSLMMs, we ran linear
mixed models (LMM) to detect isolated SNP
associations with each trait. We assessed sig-
nificance of SNP associations using Wald test
P-values from LMMs and considered SNPs
with P < 0.05 after Bonferroni correction to
be significant. We annotated coding genes
containing or within 20 kb of significant
GWA SNPs as putative candidate loci asso-
ciated with each trait (table S7 and data S3).

Recombination rates

We inferred a barn swallow recombination
map using pyrho (85), which accounts for non-
equilibrium population histories in its estima-
tion of fine-scale recombination rate.We focused
this analysis on parental rustica from Russia
to estimate a representative recombinationmap.
We first obtained an estimate of population
size history using SMC++ (86), choosing dip-
loid genotypes of five individuals at random to
be assigned as “distinguished” lineages. We fit
a model of population history for the last 2 ×
105 generations using composite likelihood as-
sessed using the expectation-maximization
algorithm assuming a per-generationmutation
rate of 2.3 × 10−9 (87) and a generation time of
one year (40). We then used the pyrho “look-
up” function to generate a likelihood lookup
table based on the SMC++ demography and
the sample size, and ran pyrho “optimize” to
infer the recombination map under a block
penalty of 25, window size of 50 kb, and scaled
by the mutation rate.

Population genetic differentiation and
diversity statistics

We used pixy v1.2.4 (88) to perform genome
scans of relative population differentiation (FST)
between-population sequence divergence (dxy)
and within-population nucleotide diversity (p)
in nonoverlapping sliding windows at several
resolutions (1 Mb, 100 kb, and 10 kb). For de-
tailed visualization of specific genomic regions,
we also performed scans using slidingwindows
with partial overlap between windows (e.g.,
50-kb windows with 5-kb step size).

Selection statistics

We calculated allelic differentiation specific to
each of the parental populations that form hy-
brid zones (rustica, tytleri, and gutturalis)
using PBS. We calculated PBS using windowed
pairwise FST estimates among the three pa-
rental populations as PBS ¼ T 1;2þT 1;3�T 2;3

2 , fol-
lowing (89). Here, T ¼ �log 1� FSTð Þ between
each pair of populations.We calculated Tajima’s
D to summarize the allele frequency spec-
trum using VCF-kit (90). We used the R pack-
age “rehh” (91) to calculate statistics based on
EHH, including the iHS within populations
and cross-population xp-EHH.
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Geographic and genomic clines
We used sigmoid geographic clines across
hybrid zone transects to test for signals of bar-
riers to gene flow in trait loci relative to the
genomic background. We used introgress (92)
to estimate the individual locus-specific hybrid
index (h) from SNP allele frequencies in each
trait locus after filtering to retain SNPs with
minor allele frequency ≥ 0.1. To compare locus-
specific clineswith genome-wide patterns, we
sampled, at random, 1000 windows of 100 SNPs
with minor allele frequency ≥ 0.1 from each
set of parental and hybrid populations. The
physical distance of the background 100 SNP
windows was 18,494 ± 15,419 bp. We fit six
geographic cline models to ancestry estimates
for candidate and background loci using the R
package “HZAR” (93) and performed model
selection between these models and the null
model. Each model estimated the cline center
(c) as the distance in km from the western-
most transect location, cline width, w, as 1 /
the maximum slope of the cline, and themean
ancestry values in the tails of the cline (pmin

and pmax). We performed cline fitting using
the default MCMC chain length of 100,000
steps with 10,000 burn-in steps and compared
support for the null and six cline models using
AIC, selecting the best model for each locus
using a DAIC ≥ 2 threshold.
We performed hierarchical Bayesian analy-

sis of genomic clines (94, 95) to characterize
locus-specific introgression relative to a genome-
wide gradient of admixture using the logit-
logistic cline function from (96) describing
the probability that an allele at locus i in in-
dividual j was inherited from population 1 as

fij ¼
hvijð Þ

hvij þ 1�hvijð Þ� euið Þ , where h is the proportion
of the genome inherited from population 2 (i.e.,
hybrid index), n is the cline slope relative to
the genome average (n = 1), and m is related
to the cline center. Following (97), we used
the conversion logit(c) = m/n to define the cline
center parameter, c, which specifies the value
of h at which f = 0.5. We measured variance
in clines as the variance in log(n) and logit(c),
which each have an expected mean of 0.

Analysis of LD

We measured interchromosomal LD between
SNPs in trait loci with allele frequency differ-
ences between parental populations ranging
from 0.2 to 0.6 in intervals of 0.05. We also
measured interchromosomal LD between SNPs
in the genome background (i.e., outside of trait
loci) in matched allele frequency difference
intervals. We used VCFtools v0.1.17 (79) to
summarize allele frequencies at biallelic SNPs
in parental populations, then calculated allele
frequency differences between each pair of
populations. We then extracted SNPs in allele
frequency difference intervals from trait loci
and the genome background and calculated

interchromosomal haplotype r2 using VCFtools
in each hybrid zone and parental population.
To further investigate levels of LD between
specific pairs of trait loci, we calculated both
intra- and interchromosomal haplotype r2 be-
tween all pairwise comparisons at SNPs with
allele frequency differences between 0.3 and
0.6 in each hybrid zone. As a comparison with
observed LD in hybrid populations, we ap-
proximated potential starting levels of admix-
ture LD between trait loci in hybrid zones by
simulating F1 hybrids using a random sample
of 10 individuals per parental population, then
calculated interchromosomal LD as a function
of increasing allele frequency differences as
described above.

Statistical Analysis

We performed all statistical analyses in R 98)
v4.1.2 unless otherwise specified. We per-
formed all plotting using base R graphics and
ggplot2 (99).
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