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Speciation with gene flow poses a central paradox: how do genome-wide barriers to
gene exchange accumulate as recombination continually breaks down associations
among selected loci? Although theory predicts that together recombination, selection,
and genome structure shape reproductive isolation, empirical studies often report
conflicting patterns, suggesting that these determinants change across the speciation
continuum. Here we compare genomic landscapes of introgression across rattlesnake
lineages spanning a range of divergence. We generated a chromosome-level reference
genome for the Southwestern Speckled Rattlesnake (Crotalus pyrrbus) and analyzed
whole genome data from 181 individuals across two species complexes with a his-
tory of gene flow upon secondary contact. We show that reproductive isolation is
highly polygenic and dynamically structured. At early divergence, introgression is
most reduced in high recombination regions, consistent with increased efficacy of
selection against gene flow at few large-effect loci. As divergence progresses, linked
selection against gene flow dominates, generating a positive relationship between
recombination and introgression expected to occur through the genome-wide cou-
pling of polygenic barrier effects. Introgression landscapes also become increasingly
correlated across species pairs as divergence increases due to repeated evolution of
barriers in the same genomic regions. Here, we infer that the Z chromosome plays
a prominent role in reproductive isolation, harboring a disproportionate number of
barrier loci and showing reduced introgression even at early divergence. Together,
these results reveal how recombination, selection, and genome organization interact
to shape speciation with gene flow upon secondary contact, reconciling empirical
patterns with predictions of speciation theory.

barrier loci | gene flow | recombination | reproductive isolation | selection

Understanding how barriers to gene flow evolve as populations diverge is central to our
understanding of how new species originate (1). A key challenge is explaining how repro-
ductive isolation emerges despite ongoing gene flow and recombination, which erode
genetic associations among barriers to gene exchange. Because speciation proceeds as
sources of reproductive isolation (“species barriers” or “barrier effects”) and loci contrib-
uting to the overall reduction in gene flow (“barrier loci”) accumulate (2—7), mapping the
genomic landscape of species barriers can reveal the genetic architecture and evolution of
reproductive isolation across the speciation continuum. At early stages of divergence,
barriers to gene flow may be narrowly restricted to few loci underlying locally adapted
traits with disproportionately large effects on hybrid fitness (2, 6, 8). As populations
diverge, barrier loci become more widespread across the genome, resulting in fewer
genomic regions where gene flow persists (6). Eventually, strong reproductive isolation is
predicted to evolve through genomic coupling, the buildup of genome-wide linkage dis-
equilibrium between polygenic barrier effects (7, 9), which enhances the total barrier to
gene flow through the spread of indirect selection across barrier loci and nonbarrier loci
[Fig. 1; (9-12)]. This framework therefore predicts a broad relationship between genetic
divergence and the extent of reproductive isolation. Indeed, empirical studies have demon-
strated lower rates of gene flow (or stronger reproductive isolation) between species pairs
with greater genetic divergence in e.g., butterflies (13, 14), trees (15), and birds (16). Still,
a major challenge in understanding the genomics of speciation is identifying where, why,
and how rapidly barriers to gene flow accumulate across the genome (3), as their distri-
bution and strength are shaped by genome organization, demographic history, geographic
isolation, ecological divergence, and life history traits that influence both pre- and postzy-
gotic isolation.
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Significance

How speciation occurs in the face
of gene flow is a central question
in biology. Comparing species at
different stages of divergence
enables us to better understand
this process by tracing how
barriers to gene exchange
accumulate across the genome.
Using genomic data from twelve
rattlesnake species, we show that
many genes contribute barriers
to gene flow and that the
strength of barrier effects is
mediated by recombination rate
as divergence progresses. Our
data further support that the

sex chromosomes contribute
disproportionately to speciation
in rattlesnakes, harboring a high
density of loci putatively involved
in hybrid incompatibilities and
divergent ecological adaptation.
Together, our findings illustrate
how recombination and the
buildup of genome-wide linkage
disequilibrium shape transitions
across the speciation continuum.
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Fig. 1. Theoretical predictions for the evolution of genome-wide barriers to
gene flow during complex speciation. (A) Reductions in effective migration rate
(m,), measured using fg, at barrier loci contributing to reproductive isolation,
adapted from Aeschbacher et al. (17). Under high recombination rate,
reductions in m, and associated increases in differentiation (Fs;) are localized
to individual barriers and genome-wide Fg; is lower. Under low recombination
rate, linkage between barrier loci and nonbarrier loci produces wider peaks
of differentiation and higher genome-wide Fs; (although elevated Ffg; can
also result from processes unrelated to reproductive isolation). (B) Predicted
relationships between rates of introgression and recombination rate, exon
density, and F¢;. Points represent hypothetical data in genome scans. The
asterisk and gray dashed line in the Middle panel reflect potential departures
from the expected pattern due to the association between recombination
and functional regions in snakes (18). (C) Predicted relationships between
fg and the strength of correlation between f; ~ recombination rate and
divergence time under models of individual “genic” barrier effects vs.
genome-wide coupling of polygenic barrier effects. Points represent
hypothetical data from pairs of species. When barriers are restricted to
few uncoupled large-effect loci, direct selection is expected to produce
gradual decreases in f; as divergence increases. Correlations between f,
and recombination may increase with divergence, but the magnitude of this
effect is uncertain (denoted by the asterisk and dashed gray line). Under
genome-wide coupling, linkage disequilibrium strengthens the total barrier
to gene flow through combined direct and indirect selection among barrier
loci and nonbarrier loci (7, 9). Theory predicts that the buildup of genome-
wide linkage disequilibrium during coupling may cause rapid transitions
from weakly differentiated populations to strongly reproductively isolated
species (12), denoted as a steeper nonlinear decrease in f; with divergence.
In turn, this process is expected to yield stronger correlations between f; and
recombination rate as divergence increases.

Despite the challenges of linking complex patterns of genetic
differentiation to specific sources of reproductive isolation (particu-
larly at later stages of the speciation process), theory and empirical
evidence provide key predictions for where barriers will accumulate
in the genome. For instance, barrier effects are likely to build up in
genomic regions of low recombination due to selection against
incompatible or maladaptive combinations of alleles in elevated
linkage disequilibrium [Fig. 14; (17, 19)]. By contrast, the effects
of linked selection against foreign alleles will be reduced in regions
with high recombination rate, resulting in these regions being more
porous to gene flow (8). Together, these predictions imply that when
reproductive isolation is polygenic, variation in rates of introgression
should be positively correlated with recombination rate variation
across the genome (Fig. 1 Band C). This pattern has been observed
in butterflies (8), corn (20), fish (21), mice (22), and monkeyflowers
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(23). Alleles in coding and regulatory regions are most likely to
experience direct selection against introgression (9, 24, 25), which
predicts a negative genome-wide relationship between gene density
and rates of introgression, as has been found in beeches (26), hom-
inids (27), fungi (28), mice (29), and strawberries (30). Relatedly,
regions affected by divergent selection may present strong barrier
effects because admixture at these loci reduces hybrid fitness and
thus contributes to reproductive isolation (31-34). However, studies
often recover conflicting patterns across taxa and stages of divergence
(e.g., refs. 8, 21, 22, 27, 35, and 36), suggesting that the genomic
determinants of reproductive isolation are not static, but instead
shift across the speciation continuum.

Moreover, the combined effects of recombination and adaptive
differentiation on reproductive isolation may cause empirical obser-
vations to depart from theoretical expectations. In particular, inter-
actions between recombination rate variation and the distribution
of functional elements can obscure simple predictions based on
either factor alone. For example, recombination rate is likely to
strongly influence rates of gene flow in gene-dense regions (37). In
humans, recombination rates are generally lower near genes (38),
and there is a negative relationship between gene density and rates
of gene flow (27). Similarly, Heliconius butterflies show reduced
levels of admixture in gene-dense regions, which also have lower
recombination rates (8). By contrast, recombination rates are ele-
vated near functional regions in Xiphophorus swordtail fish (39),
which also exhibit higher rates of introgression between species (21,
40). These findings highlight the need to evaluate how interactions
between fine-scale recombination rate variation and the exposure
of introgressed alleles to selection shape genetic divergence during
speciation with gene flow. These contrasting patterns highlight a
key unresolved question: are genomic barriers to introgression pri-
marily structured by recombination rate, by gene density, or by their
interaction—and does the answer depend on the stage and nature
of divergence (i.e., divergent selection in the presence of gene flow
vs. the accumulation of genetic incompatibilities in allopatry)?

A powerful approach to answering this question is to compare
genomic landscapes of introgression between species across a con-
tinuum of divergence (41-43). Species pairs existing at different
points along this continuum provide snapshots of the speciation
process (Fig. 1C), allowing tests of whether genomic predictors of
introgression change as divergence increases, and the degree to
which patterns are replicated across lineages. This framework pre-
dicts that genome-wide relationships between recombination rate
and introgression should strengthen as divergence increases and
genome-wide coupling of barrier effects progresses, but will be
weaker at earlier stages of the speciation continuum prior to the
accumulation of polygenic barriers (8, 9, 11). Importantly, this
approach enables empirical tests of whether the strength of the
total barrier to gene flow (inversely proportional to 7, in Fig. 1C)
increases linearly across the speciation continuum through indi-
vidual barrier effects, or instead exhibits sharp transitions consist-
ent with the combined effects of direct and indirect selection
through genome-wide coupling (6, 7, 9, 11, 12).

Rattlesnakes (genus Crozalus) provide an exceptional opportunity
to disentangle how genomic patterns of introgression change across
the speciation continuum. This system combines complex speciation
between lineages of varying divergence with distinctive genome
organization, enabling comparative tests rarely possible within a
single clade. Previous studies demonstrate that gene flow in second-
ary contact has been prevalent during rattlesnake diversification
throughout the Pliocene and Pleistocene (44-—49), with the presence
of known hybrid zones (50-55) and broad evidence of introgression
even between deeply divergent species [(56-59); SI Appendix].
Distinctive aspects of genome organization and recombination rate
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variation in snakes may strongly influence patterns of introgression.
Snake genomes are composed of both macrochromosomes and
microchromosomes, which differ considerably in structure and com-
position, including a combination of higher recombination rates and
higher gene density on microchromosomes than macrochromosomes
(18, 60). At finer scales, recombination rate variation is shaped by a
combination of PRMD? binding and localization of recombination
hotspots to functional regions, resulting in a genome-wide effect of
elevated recombination rates in genes and promoter-like features
(18, 61). Last, rattlesnake species exhibit substantial variation in
aspects of morphology, physiology, and ecology despite widespread
signatures of gene flow between divergent populations and species.
This includes interspecific and intraspecific variation in seasonality,
body size, reproductive strategies, cryptic coloration, and venom
composition evolved in response to diverse intrinsic and extrinsic
selection pressures (49, 62-66). Accordingly, divergent selection due
to local adaptation is likely a key source of reproductive isolation.

Here, we study genomic introgression within the Speckled and
Western Rattlesnake species complexes to evaluate how recombi-
nation, selection, and genome organization jointly shape barriers
to gene flow across a continuum of divergent parapatric and sym-
patric species pairs. By integrating comparative introgression land-
scapes with patterns of fine-scale recombination rate and genomic
features, we test whether the determinants of reproductive isola-
tion change predictably across the speciation continuum (Fig. 1),
and whether the same genomic regions repeatedly contribute to
species barriers in secondary contact.

Results

Genome Assembly, Annotation, and Variant Calling. We
sequenced and assembled a chromosome-level genome from a
male Southwestern Speckled Rattlesnake (Crozalus pyrrhus) as a
reference for our analyses (Fig. 24). The total assembly is 1.6 Gbp
in length and is highly contiguous and complete, with a contig
N50 of 93.16 Mbp, scaffold N50 of 206.8 Mbp, and 98.43%
BUSCO completeness (S Appendix, Table S1). The assembly
includes individual scaffolds representing each of the 17 autosomes
(seven large macrochromosomes and 10 microchromosomes
under 30 Mbp) and the Z chromosome, which we identified based
on chromosomal synteny with Crotalus viridis (60) and Crotalus
adamanteus (67). Our genome annotation includes 19,217
protein-coding genes and indicates that 51% of the genome is
composed of repetitive elements (S Appendix, Table S2). Whole
genome sequencing and variant calling resulted in 49,644,347
SNPs for analysis. Our dataset consists of 181 individuals (Fig. 2B),
including five species within the Western Rattlesnake species
complex, five species within the Speckled Rattlesnake species
complex, and two outgroup species (SI Appendix, Table S3).

Phylogeny, Population Structure, and Historical Demography. We
resolved phylogenetic relationships within the Speckled and Western
Rattlesnake species complexes and established a temporal framework
for evolutionary divergence using coalescent species tree, concatenated
maximum-likelihood, and phylogenetic network approaches (Fig. 2
Cand D and ST Appendix, Figs. S1 and S2). All approaches support
reciprocal monophyly of the two species complexes, which diverged
from a common ancestor approximately 4.8 MYA. Crotalus tigris
is strongly supported as sister to the Speckled Rattlesnake complex
sensu stricto, with an estimated divergence of ~4.2 MYA, followed
by diversification within the Speckled complex from the Late
Pliocene through the Pleistocene. Relationships within the Speckled
complex recover paraphyly of C. pyrrhus with respect to Crotalus
mitchellii, with multiple geographically structured lineages (Fig. 2C),
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consistent with earlier phylogenetic hypotheses (46, 68). Within
the Western complex, C. viridis diverged from remaining species
approximately 3.1 MYA, followed by Mid-Pleistocene separation
of “Pacific” (Crotalus oreganus, Crotalus helleri) and “Intermontane”
(Crotalus lutosus, Crotalus concolor) clades (18, 69). Phylogenetic
network analyses reveal multiple reticulation events within and
between species complexes, consistent with a history of introgression
during diversification [Fig. 2D; (46, 49, 58, 59, 69, 70)]. Analyses
of population structure (ADMIXTURE and PCA; ST Appendix,
Figs. S1, S3 and S4) recapitulate phylogenetic relationships while
indicating admixture in several species. Demographic estimates
indicate substantial variation in current N, among species (i.e., 6,000
t0 900,000), with most species undergoing expansion or contraction
events since the Late Pleistocene (SI Appendix, Fig. S5); see details
in SI Appendix.

Genomic Landscapes Reveal Patterns of Introgression in
Crotalus. We measured introgression within and between the
two species complexes using the summary statistic f; (71), which
leverages the ABBA-BABA framework (72) to quantify estimates
proportional to the effective migration rate based on inferred
“admixture proportions” (8, 71). Higher f; values can be interpreted
as elevated effective migration rates, whereas an f; of zero indicates
no signal of introgression. We also performed analyses of linkage
disequilibrium and sequence divergence to test the possibility that
/1 patterns reflect variable rates of incomplete lineage sorting alone,
but do not find evidence in support of this hypothesis. These
patterns instead support the presence of gene flow in secondary
contact, consistent with previous analyses (S/ Appendix). Genome-
wide f; varies widely among the 13 parapatric and sympatric
species pairs analyzed (Fig. 3 and SI Appendix, Figs. S6 and S7
and Table S4), spanning an order of magnitude between the lowest
and highest estimates (mean #+ SD fi= 0.015 + 0.02 between
C. pyrrhus and C. tigris; fi= 0.245 + 0.14 between C. oreganus and
C. helleri). Genome-wide f; estimates therefore confirm the presence
of gene flow during diversification (e.g., refs. 49, 58, and 59), with
substantial variation in rates of introgression between species.

Genomic landscapes of introgression are highly heterogeneous,
exhibiting fine-scale variation in “peaks” and “valleys” of f; within
and among chromosomes for each pair of species (Fig. 3 and
SI Appendix, Fig. S7). This is especially apparent for species with
higher genome-wide f; (e.g., C. oreganus and C. helleri, C. viridis
and C. concolor, and C. pyrrhus and C. stephensi), which show a
“sawtooth” pattern due to comparatively high-magnitude differ-
ences in f; between potential barrier loci and regions porous to gene
flow. Within chromosomes, f; is consistently elevated between
species in telomeric regions, most notably at the end of Chromosome
2 and start of Chromosome 4 (SI Appendix, Fig. S7). Admixture
proportions also tend to be highest on microchromosomes, inter-
mediate on macrochromosomes, and lowest on the Z chromosome,
with significant differences in f; distributions between chromosome
types (SI Appendix, Fig. S8 and Table S5; Mann—Whitney U tests).
This pattern of relative introgression across chromosomes is largely
consistent among species pairs, except for species with shallow
genetic divergence (e.g., C. oreganus and C. helleri, C. lutosus, and
C. concolor). Departures in these species are not consistently statis-
tically significant (SI Appendix, Table S5), though interestingly,
recently diverged C. oreganus and C. helleri show the opposite pat-
tern from most species, with higher f; on macrochromosomes and
the Z chromosome than microchromosomes (P-values = 0.007
and 0.011, respectively). The substantial heterogeneity in admixture
between Crotalus species is consistent with variable selection against
gene flow at many loci across the genome (i.e., polygenic species
barriers), which we examine in detail below.
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Recombination Rate Variation Shapes Polygenic Barriers to
Gene Flow. We next tested theoretical predictions for how the
accumulation of species barriers across the rattlesnake genome is
shaped by recombination and selection (Fig. 1). First, we calculated
correlation coefficients between f; and recombination rate, exon
density, and genetic differentiation (Fsp5 ST Appendix, Table S6). We
find significant positive correlations between f; and recombination
rate in nine of the 13 species pairs (Fig. 4 and S/ Appendix, Figs. S9
and S10; Spearman correlation coefficients, P-values < 2.2 X 10719,
the strongest of these being between recombination rate and f; in
C. pyrrbus and C. stephensi (p = 0.4) and the weakest being £ in
C. mitchelliiand C. helleri (p =0.22). Species pairs with shallow genetic
divergence were the only exceptions to this more general pattern; we
find a significant negative correlation between f; and recombination
rate in C. oreganus and C. helleri (Fig. 4 and SI Appendix, Fig. S9;
p =-0.25, P-value < 2.2 X 10™'), while £; between C. oreganus and
C. lutosus, C. lutosus and C. concolor, and C. oreganus and C. viridis
show no significant relationship with recombination rate (S/ Appendix,
Fig. S9). Interestingly, f; is weakly positively correlated with exon
density in most species (Fig. 4 and S/ Appendix, Fig. S11, p=0.08 to
0.2). Weakly negative or nonsignificant correlations with exon density
occur in the same species pairs as above for recombination rate. While
the sign and significance of relationships between f; and recombination
rate and exon density change as a function of divergence between
species, f; and Fgp are consistently negatively correlated between all
species pairs (Fig. 4 and SI Appendix; Fig. S12; p = -0.29 to -0.63,
P-value < 2.2 x 107'). This result is expected to some degree, because
Fsy is influenced by within-population genetic diversity and should
therefore decrease under higher effective migration rates (73, 74). On
the other hand, negative relationships between genetic differentiation
and admixture may also hint at reproductive isolation due to local
adaptation to different environments, with high F; reflecting strong
divergent selection relative to gene flow (32).
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C. mitchellii

Weak positive relationships between rates of introgression and
exon density are intriguing because they run counter to the predic-
tion that the strength of barriers to gene flow depends on the density
of targets of selection (19, 22, 25). However, two key features of
meiotic recombination in snakes may help to explain this pattern.
First, previous studies demonstrate that recombination rate is strik-
ingly nonuniform across the genome, instead being concentrated in
1 to 2 kb recombination “hotspots” (18, 61). Second, recombination
hotspots are often associated with functional regions, driving higher
recombination rates in regions of high gene density (18). In light of
these features, we performed additional analyses to disentangle the
effects of recombination rate and exon density on introgression. We
identified recombination hotspots in the C. pyrrhus genome as nar-
row regions with >5 X relative recombination rate when compared
to 20 kb upstream and downstream flanking regions (Fig. 54 and
SI Appendix, Table S7). Hotspots are on average 1,068 bp in length
and have a mean relative rate of >30 X at center, with precipitous
declines in recombination rate within several kilobases. Recombi-
nation rates are also elevated near genes (Fig. 5B), recapitulating
findings in C. viridis and C. oreganus (18). We find that f; is signifi-
cantly higher in recombination hotspots than coldspots for 10 species
pairs (Mann—Whitney U tests, P-values < 4.9 X 10™%; sce Fig. 5C for
example results in C. pyrrhus and C. stephensi; full results are shown
in 81 Appendix, Table S8). Similarly, f; is significantly higher in genic
regions than intergenic regions for the same species (Fig. 5C and
SI Appendix, Table S9; P-values <8 X 107, C oreganus and C. helleri
are the only species pair showing significant opposite trends, and we
find no significant differences between regions for C. oreganus and
C. lutosus and for C. lutosus and C. concolor.

Looking to the relative effects of recombination and exon density
on introgression, partial redundancy analysis indicates that recom-
bination rate explains higher proportions of genome-wide variance

in f; than exon density (S] Appendix, Table S10), and multiple linear
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regression shows a negative interaction effect of recombination rate
and exon density on f; in eight of 13 species pairs (S Appendix,
Table S11). Similar to genome-wide relationships between intro-
gression and recombination rate, f; is significantly positively corre-
lated with recombination rate in hotspot regions, specifically, for
most species (Fig. 5D and SI Appendix, Fig. S13 and Table S12).
By contrast, there is no correlation between f; and exon density in
any species pair when we control for recombination rate in, and
distance to, the nearest hotspot (Fig. 5D and SI Appendix, Fig. S13
and Table S13; multiple linear regression, P-values > 0.052).
Together, our data support the conclusion that rates of introgression
are primarily shaped by recombination rate variation, and that
genome-wide relationships between f; and exon density (Fig. 4 and
SI Appendix, Fig. S11) are a consequence of elevated recombination
rates in functional regions. More broadly, genome-wide correlations
between admixture and recombination rate support the hypothesis
that species barriers are polygenic, with a higher proportion of loci
contributing barrier effects in regions of low recombination than
elsewhere in the genome.

Accumulation of Species Barriers Across Scales of Divergence.
We next leveraged comparisons across all species pairs to examine
the accumulation of barriers to gene exchange across a continuum
of evolutionary and ecological divergence. As described above,
very closely related species show distinct patterns from the
majority of species pairs (Fig. 4 and S/ Appendix, Figs. S9-512),
consistent with a hypothesized tipping point during divergence
at which barrier effects accumulate more rapidly across the

genome [Fig. 1; (35, 75, 76)]. We tested this hypothesis by
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Fig. 3. Genomic landscapes of introgression between Crotalus
species, illustrated by genome scans of admixture proportions (fy)
between C. oreganus and C. helleri (A), C. viridis and C. concolor (B),
C. pyrrhus and Crotalus stephensi (C), C. lutosus and C. stephensi (D),
C. pyrrhus and C. helleri (E), and C. pyrrhus and C. tigris (F). Genome
scans (Right panels) show mean f; in 1 Mb windows with a 100 kb
step between windows; results for all species comparisons

each comparison is indicated at the Top Right. Red dots above
scans show locations of inferred barrier loci, as determined by

\J V are shown in S/ Appendix, Fig. S7. Genome-wide mean f; for

A permutation tests. (G) Recombination rate variation in C. pyrrhus.
z

Shaded branches in trees to the Left of f; scans highlight the
phylogenetic distance between pairs of species.

examining the sign and strength of genome-wide correlations
between f; and recombination rate as a function of evolutionary
divergence between species (proportional to divergence time).
We find a significant quadratic relationship between p(f; ~ rate)
and evolutionary divergence across species (Fig. 64; R = 0.81;
a linear model was rejected by AICc, SI Appendix, Table S14).
There are two notable features of this relationship. First, the model
slope is maximal at early to intermediate stages of divergence,
with a rapid shift from the significant negative correlation in
C. oreganus and C. helleri to significant positive correlations
exemplified by most species pairs (ST Appendix, Fig. S9). Second,
the relationship weakens at more advanced stages of divergence,
suggesting that reproductive isolation has built up to the extent
that barrier loci are less restricted to low recombination regions of
the genome. Relatedly, there is a significant exponential decrease
in mean genome-wide f; with evolutionary divergence (Fig. 65;
R =0.57; SI Appendix, Table S14). These patterns are consistent
when corrected for phylogenetic nonindependence (S7 Appendix,
Fig. S14). Together, these findings are consistent with an increase
in the total barrier to gene flow across the speciation continuum
through genome-wide coupling of polygenic barrier effects
(Fig. 10).

We also examined relationships between introgression and eco-
logical divergence to test the hypothesis that divergent selection
between environments promotes reproductive isolation. We devel-
oped a composite measure of ecological divergence between species
based on ecological niche, breeding seasonality, and morphological
data (Materials and Methods); this is a coarse measure, but none-
theless reflects key axes of rattlesnake variation subject to divergent
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selection (46, 54, 55, 77-82). We find a significant negative cor-
relation between f; and ecological divergence (Fig. 6C; Spearman
correlation, p = -0.71, P-value = 0.02; S/ Appendix, Table S14).
This relationship suggests an increase in the total barrier to gene
flow as the ecology of two species becomes more distinct, a precise
prediction under a scenario of isolation-by-adaptation (32, 83).
An alternative explanation could be that reduced migration rates
are driven by spatial separation if ecological divergence correlates
with geographic distance, yet we find no significant correlation
between these variables (Spearman correlation, p = 0.15, P-value
= 0.62). Tests comparing pairwise genetic divergence and ecolog-
ical divergence further support isolation-by-adaptation. Absolute
genetic divergence (4, ) which is unaffected by variation in NV,
within populations, is 51gn1ﬁcantly positively correlated with eco-
logical divergence (S Appendix, Fig. S15A4; Spearman correlation,
p = 0.57, P-value = 0.04). Relative genetic differentiation (Fgy),
which is sensitive to within-population NV, also shows a positive,
albeit nonsignificant, relationship with ecological divergence
(SI Appendix, Fig. S15B; p = 0.19, P-value = 0.13).

Composition of Species Barriers and Links to Prezygotic and
Postzygotic Isolation. We have shown that genomic landscapes
of introgression in Crotalus become more tightly associated with
recombination rate variation as divergence progresses (Figs. 4-6
and S7 Appendix, Fig. S9). This pattern, together with broad-scale

conservation of recombination landscapes [SI Appendix, Figs. S10

https://doi.org/10.1073/pnas.2609058123
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Fig. 4. Relationships between genomic landscapes of introgres-
sion and other parameters across scales of divergence, illustrat-
ed by C. oreganus and C. helleri (A), C. viridis and C. concolor (B),
C. pyrrhus and C. stephensi (C), C. lutosus and C. stephensi (D),
C. pyrrhus and C. helleri (E), and C. pyrrhus and C. tigris (F). Results
for all species comparisons are shown in S/ Appendlix, Figs. S9-512.
Shaded branches in trees to the Left highlight the phylogenetic
distance between species pairs. Panels from Left to Right show re-
lationships between admixture proportion (fy) and recombination
rate, exon density, and Fg;, respectively, with labels for Spearman
correlation coefficients (p) and significance (P < 2.2 x 107'°). All
statistical comparisons are based on mean values in nonoverlap-
ping 1 Mb windows.

and S16; (18, 50)], raises the question of whether certain genomic
regions repeatedly contribute to barrier effects between different
species. We first tested for broad evidence of shared landscapes of
barrier effects by quantifying correlations of f; measured in 1 Mb
windows between independent species pairs (e.g., C. pyrrhus and
C. tigrisvs. C. viridis and C. concolor). After correcting for multiple-
testing, we find that 28 of 45 total pairwise comparisons are positively
correlated (Spearman correlations, p = 0.072 to 0.268, P-values <
0.047), whereas three comparisons are negatively correlated (p =
-0.134 to -0.16, P-values < 7.26 X 107) and 14 comparisons show
no significant correlation (Fig. 6D and SI Appendix, Table S15).
Correlation coefficients for pairs of f; landscapes increase with
evolutionary divergence, regardless of whether the minimum
divergence or mean divergence between species pairs is used as the
predictor variable (Flg 6D; SI Appendix, Fig. S17; p i aiy = 0.74,

P-value <4.4x107% 5 Pmean div) = 0-43, P-value = 0.02). This pattern
also holds when corrected for phylogenetic nonindependence
(SI Appendix, Fig. S18). These findings support the hypothesis
that genomic landscapes of introgression become more similar with
increasing genetic divergence due to the repeated accumulation of
barrier effects in the same genomic regions.

For detailed investigation of barrier loci and their composition,
we identified outlier 1 Mb windows with extremely low f; in each
pair of species relative to null distributions generated using per-
mutations (Materials and Methods). As inferred from relationships
between recombination and admixture described above, barrier

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2609058123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2609058123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2609058123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2609058123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2609058123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2609058123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2609058123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2609058123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2609058123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2609058123#supplementary-materials

Downloaded from https://www.pnas.org by Drew Schield on May 21, 2026 from | P address 199.111.240.24.

>
o9)

30

»
L

20

Median recombination
rate (x 10°%)
»

Relative
recombination rate

T T T T T T T T
-10 -5 0 5 10 -500 -250 0 250

T
500

Distance from hotspot center (kb) Distance from gene (kb)
C was ax D f, ~rate f, ~ exon + rate + distance
1 J p=036| p=0.21
034 0.20 oy NS
0.15 4 1

0.2 4

Admixture
proportion (f,)

0.14

0 1 01

0.10 / _
i AT
0.05 4 b

T T T T T L T
&4 0 2e-07 4e-07 6e-07 0
&& Recombination rate

o Exon density
A in hotspots

windows tend to fall in regions with low recombination rate
(SI Appendix, Table S16) and are genomically widespread (Fig. 3
and SI Appendix, Fig. S7), appearing across all chromosomes
between nearly all species. Barriers also show a substantial degree
of overlap; of 1,215 distinct barrier windows identified across the
13 species pairs, 794 (65%) occur in at least two pairs. Shared
barrier windows appear in 37% of species pairs on average, higher
than a maximum of 26% expected by random chance in simula-
tions (Fig. 6E), even when controlling for recombination rate
(81 Appendix, Fig. S19 and Materials and Methods) and after phy-
logenetic correction. Moreover, 549 shared barrier windows are
identified in species pairs exceeding this simulated threshold (i.e.,
four species pairs), 73 are identified in eight or more pairs, and
five barrier windows are detected in all species. Shared barrier
windows contain a total of 5,290 genes. We performed functional
analysis of genes in barrier regions using gene ontology assign-
ments to assess whether polygenic species barriers relate to specific
sources of reproductive isolation. Numerous biological processes

T T T
0.02 0.04 0.06

Fig. 5. Barriers to introgression are shaped by recombination rate variation.
(A) Relative rates in recombination hotspots annotated in the C. pyrrhus
genome. Relative rates were calculated by dividing recombination rates in
hotspot centers by rates in the surrounding 40 kb regions. (B) Recombination
rate in 500 kb upstream and downstream regions of genes. Points depict
median recombination rates in 500 bp nonoverlapping windows, with
darker points indicating higher numbers of observations. The black line
and gray shaded area represent a loess smoothed average and 95% Cl,
respectively. (€) Admixture proportions (fy) between C. pyrrhus and
C. stephensi in recombination hotspots and coldspots (Left) and genic and
intergenic regions (Right), with significance of Mann-Whitney u tests shown
above. (D) Relationships between f; and mean recombination rate in hotspot
windows (Left) and between f; and exon density in hotspot windows, while
controlling for recombination rate in the nearest hotspot and the distance
(in bp) to the nearest hotspot (Right). Formulas of each linear model are
shown above, and Spearman correlation coefficients are summarized in the
Top Right of each panel. Results for all species comparisons are provided in
SI Appendix, Tables S8-513. Results from comparisons with species-specific
recombination rates are in S/ Appendix, Fig. S13. Shaded points in (C) and (D)
represent mean values in nonoverlapping 100 kb windows overlapping each
feature. In all panels, “P < 2.2 x 107'%; NS, not significant.

are indeed significantly overrepresented after correcting for mul-
tiple comparisons (Fig. 6F and Dataset S1), including related
functional categories with putative links to prezygotic and postzy-
gotic isolation. Among these, overrepresentation of genes involved
in chemosensory behavior (five genes, P-value = 0.015) and
related terms raises the intriguing possibility that divergent selec-
tion on chemosensory repertoires promotes prezygotic isolation
through mate discrimination. We also find 26 genes in barrier
windows involved in fertilization (P-value = 0.017), supporting
that postmating prezygotic isolation is a relevant mechanism of
speciation in rattlesnakes. Many other overrepresented functional
categories relate to key aspects of reproduction, homeostasis, and
mitochondrial function, including oogenesis (13 genes, P-value
=0.011), spermatogenesis (90 genes, P-value = 0.011), embryo
development (174 genes; P-value = 5.68 X 107%%), regulation of
type-2 mitophagy (five genes, P-value = 0.0014), and regulation
of oxidative phosphorylation (seven genes, P-value = 0.0169).
Functional categories putatively linked to compensatory evolution
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Fig. 6. Genome-wide barriers accumulate with evo-
lutionary and ecological divergence between spe-
: cies. (A) Spearman correlation coefficients between
admixture proportions (f;) and recombination rate
as a function of evolutionary divergence. Points are
drawn from correlation coefficients calculated from
measures in 1 Mb nonoverlapping windows (Fig. 4
and S/ Appendix, Fig. S9). (B) Relationship between
mean genome-wide f; and evolutionary divergence.
(C) Relationship between mean genome-wide f; and
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tively. Lines in (A-C) represent best-fit nonlinear or
linear models to the data. (D) Spearman correlation
coefficients (p) for genome-wide admixture propor-
tions (fy) between all species pairs as a function of
the minimum evolutionary divergence in each set of
species pairs, calculated based on mean f; in non-
overlapping 1 Mb windows. (E) Simulated distribu-
tion (gray) of the proportion of species pairs sharing
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(vertical salmon line). Overrepresented biological processes within shared barrier windows relevant to pre- and postzygotic isolation are labeled, along with num-
bers of associated genes. (F) Relationships between the proportion of chromosomes identified as barrier windows and evolutionary divergence between species,
with results shown separately for macrochromosomes (closed gray points; solid gray line), microchromosomes (open gray points; dashed gray line), and the
Z chromosome (green points; green line). (G) Relationship between mean f; and evolutionary divergence, with results shown separately for macrochromosomes
(closed gray points; solid gray line), microchromosomes (open gray points; dashed gray line), and the Z chromosome (green points; green line). In all panels,

*%kp <22 x 107'% **p < 0.001; *P < 0.05; NS, not significant.
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with venom are also overrepresented in barrier regions (Dataset S1;
e.g., response to toxic substance, 29 genes, P-value = 0.0089;
venom-mediated blood coagulation, five genes, P-value =0.029).

Considering the accumulation of species barriers at a broader
scale, we mapped the proportions of chromosomes comprised of
outlier barrier windows as a function of evolutionary divergence
between species. Autosomes show positive but nonsignificant trends
(Fig. 6F), with similar proportions of barrier windows seen across
macrochromosomes and microchromosomes across scales of diver-
gence (albeit with slightly lower proportions on microchromosomes,
which have higher recombination rates on average). By contrast, the
Z chromosome is highly enriched for shared barrier windows among
species (Fisher’s exact tests; ST Appendix, Table S$17), as evidenced by
a higher intercept in the linear model relative to autosomes and
statistical comparison of proportions of barrier windows among
chromosome types (Kruskal-Wallis test, P-value y i) = 3-8 X
107, P-value, macro) = 3-8 X 107, P-value icro vs maceo) = 0-4). The
proportion of Z chromosome constituting barriers also increases
significantly as divergence increases (Fig. 6/; Spearman correlation,
p=0.71, P-value = 0.03). Consequently, rates of introgression decay
more rapidly on the Z chromosome than autosomes and at earlier
stages of divergence (Fig. 6G; Z decay rate = -105.98, macro =
57.54, micro = -40.62; Z inflection point= 0.035, macro = 0.055;
micro = 0.06). This pattern also holds when comparing the Z chro-
mosome to the autosome most similar in length (Chromosome 4;
SI Appendix, Fig. S20). These results support the presence of “large
Z-effects” (84, 85) in rattlesnake speciation in the presence of gene
flow, which we discuss below.

Candidate Genes lllustrate Interplay Between Selection and
Introgression. As a complement to broad characterization of genes in
barrier windows, we examined fine-scale patterns of introgression in
genes underlying venom and adaptive immunity, traits with known
fitness functions and well-characterized genetic architectures (56,
60, 67, 86-88). Venom genes exhibit significantly elevated f; relative
to genome background distributions between multiple species

pairs (e.g., C. pyrrhus and C. stephensi, C. pyrrhus and C. tigris, and
C. viridis and C. concolor; Fig. 7 A and Band SI Appendix, Table S18).
Fig. 7 shows f; scans for exemplar species pairs to illustrate patterns in
two major venom gene regions, the snake venom metalloproteinases
(SVMP) and snake venom serine proteases (SVSP). We focus on
these species because they allow us to compare signals of introgression
across scales of divergence within the Speckled Rattlesnake comp-
lex (C. pyrrbus and C. stephensi), within the Western Rattlesnake
complex (C. oreganus and C. helleri), and between the species
complexes (C. pyrrhus and C. helleri). There are localized f; peaks
in the SVMP region between each of these species pairs (Fig. 7A4).
Here, admixture is substantially elevated between both C. pyrrhus and
C. stephensi and C. pyrrhus and C. helleri, roughly 7 X to over 10 X
higher than median f; across the entire chromosome. While
comparatively modest, relative f; between C. oreganus and C. helleri
in the SVMP region is also notable given that these species share
much higher levels of genome-wide admixture. We also find a
substantial f; peak between C. pyrrhus and C. stephensi in the SVSP
region (Fig. 7B), reflecting higher overall rates of venom introgression
within the Speckled Rattlesnakes (S7 Appendix, Table S18).

Rates of introgression are significantly elevated in major histo-
compatibility complex (MHC) genes relative to background distri-
butions in eight of 13 species pairs (SI Appendix, Table S19),
potentially facilitated by balancing selection favoring the persistence
of allelic diversity (though balancing selection will also delay lineage
sorting, generally). The remaining species pairs show no significant
difference in f; between MHC genes and the genome background
(i.e., no species show reduced in introgression at these loci). As in
the SVMP venom gene region, we find locally elevated f; between
multiple species in the MHC Class II region on Chromosome 2
(Fig. 70), including a broad region of admixture between C. pyrrhus
and C. stephensi and a highly concentrated peak of admixture
between C. pyrrhus and C. helleri, in which f; is 17 X higher than
the chromosomal median. Recombination rates are also significantly
elevated in venom and MHC regions relative to barrier windows
(81 Appendix, Fig. S21; Mann—Whitney U test; P-value = 0.0003).
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In contrast to venom and MHC loci, fine-scale patterns at candi-
date genes linked to functional categories overrepresented in barrier
windows (Fig. 6E and Dataset S1) demonstrate evidence for selection
against gene flow. Analysis of £ in genes involved in oogenesis and
spermatogenesis, embryo development, oxidative phosphorylation,
and chemosensory behavior support significantly reduced rates of
introgression between most species relative to genome background
distributions (Fig. 7 D-F and SI Appendix, Tables S$20-S23).
Individual candidate genes also exhibit localized reductions in f;
between one or more of our exemplar species pairs. For example,
DMRT1, which plays critical roles in sex differentiation and sper-
matogenesis, shows punctuated decreases in relative f; between
C. pyrrhus and C. helleri and between C. oreganus and C. helleri
(Fig. 7D). While the nuclear-encoded mitochondrial gene NDUFAG
shows similar rates of introgression within the respective species com-
plexes to the genome background, f; is substantially reduced between
C. pyrrbus and C. helleri (Fig. 7E). Last, FOXGI, which is involved
in development of the vertebrate chemosensory system, shows locally
reduced f; between both C. pyrrhus and C. stephensi and C. pyrrhus
and C. helleri (Fig. 7F). Together, comparisons between loci with
known fitness functions and putative barrier loci illustrate variable
selection for and against gene flow during speciation.

Discussion

Explaining how genome-wide barriers to gene flow emerge and
accumulate as divergence proceeds in the presence of recombina-
tion between populations remains a persistent challenge, as few
empirical studies have traced this process across the speciation
continuum. We addressed this limitation by mapping genomic
landscapes of introgression between rattlesnake species spanning
a continuum of divergence, revealing patterns consistent with
major transitions in the genetic architecture of reproductive isola-
tion during speciation with gene flow upon secondary contact.
Barriers to gene flow in Crotalus are polygenic and the effect of
recombination on the genomic distribution of species barriers
strengthens with divergence, supporting that the buildup of
genome-wide linkage disequilibrium between barrier effects [i.e.,
genome-wide coupling; (7, 9)] is a key factor in the transition from
differentiated populations to reproductively isolated species.

Whereas species barriers are restricted to few large-effect loci
under direct selection at the onset of divergence (34, 89-91), the
relative effects of indirect selection are predicted to spread through
the coupling of polygenic barrier effects as divergence proceeds
(7, 12, 92). During this phase of speciation, even loci with weak
individual effects can collectively generate strong reproductive
isolation when statistical associations among barriers are main-
tained by linkage disequilibrium, despite ongoing recombination
(9, 11, 75). Theoretical models predict that divergent selection at
a threshold number of loci can cause rapid transitions toward the
completion of speciation through genome-wide coupling, wherein
the entire genome acts as a cohesive barrier [Fig. 1; (11, 12, 76)].
However, empirical demonstrations of these transitions are lacking
because they require that gene flow is measured for multiple taxon
pairs across a continuum of divergence (12).

Comparative analyses across the Speckled and Western Rattlesnake
species complexes bring key empirical data to bear on this body
of theory. Rates of introgression vary dramatically across scales of
divergence (Figs. 2 and 3 and SI Appendix, Figs. S6 and S7), and
genome-wide relationships between introgression and recombination
rate support that hitchhiking effects contribute to the spread of repro-
ductive isolation through linkage disequilibrium and indirect selection
(75, 91, 93). These relationships strengthen as divergence increases,
as do relationships between introgression landscapes of independent
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species pairs (Fig. 6). Species at intermediate scales of divergence
exhibit genome-wide structuring of introgression, characterized by
heterogeneity in admixture and strong associations between intro-
gression and recombination rate. By contrast, introgression landscapes
are weakly structured at earlier stages of divergence, consistent with
selection acting on relatively few loci of large-effect prior to the emer-
gence of coupled barrier effects, facilitating introgression even in
regions with low recombination rate. Finally, rates of introgression
decay exponentially rather than gradually with divergence time, illus-
trating the predicted transition from genic to “genomic” phases of
complex speciation through genome-wide coupling [Fig. 1; (7, 9,
12)]. Evidence for divergence-dependent coupling of species barriers
helps to reconcile why empirical relationships between recombination
rate and introgression vary across taxa and stages of divergence, while
underscoring the need for comparative analyses spanning the specia-
tion continuum to discover emergent genomic properties underlying
the evolution of reproductive isolation.

The presence of polygenic barriers suggests that epistasis contrib-
utes to the buildup of reproductive isolation, particularly as complex
genetic incompatibilities have arisen with time [i.e., “snowball
effects”; (6, 94-97)]. Although epistasis is not strictly necessary for
genome-wide coupling (11), the presence of barriers at interacting
genes underlying key biological processes suggests a role of epistasis
in maintaining strong reproductive isolation upon secondary contact
in Crotalus. Indeed, species barriers are repeatedly associated with
genes involved in spermatogenesis, oogenesis, embryogenesis, and
oxidative phosphorylation (Figs. 7 and 8 and Dataset S1), impli-
cating the disruption of reproduction and mitonuclear coevolution
through hybrid incompatibilities as recurrent sources of postzygotic
isolation. These signatures align with prior studies of rattlesnake
hybrid zones (50, 53) and predictions that divergence at these loci
is especially likely to reduce hybrid fertility or viability (97-100).

We also find evidence that divergent ecological selection con-
tributes to reduced gene flow between species. Effective migration
rates decline significantly with increasing ecological divergence
(Fig. 60), fitting predictions of an isolation-by-adaptation model
(90). Negative genome-wide relationships between Fgp and f;
(Fig. 4 and SI Appendix, Fig. S12) further support the role of
divergent selection in reproductive isolation, with the caveat that
Fgp is sensitive to variation in within-population genetic diversity
(101), and that elevated f; reflects localized increases in diversity
associated with introgression (8, 71). Ecological selection likely
acts as a source of postzygotic isolation due to reduced hybrid
fitness, as suggested by prior hybrid zone studies in rattlesnakes
(50, 52, 53). However, it is also plausible that premating isolation
due to local adaptation in divergent environments may act as a
source of reinforcement in contact zones. Importantly, intrinsic
incompatibilities and ecological divergence are not mutually exclu-
sive in their effects on reproductive isolation. Instead, they are
likely to have epistatic effects on fitness (102), such that modest
increases in either intrinsic or ecological isolation can precipitate
large reductions in gene flow as divergence progresses. Against a
background of widespread selection against introgression, we also
detect localized signals of adaptive introgression at loci underlying
venom composition and immune function (Fig. 7), illustrating
that hybridization can facilitate beneficial allele exchange even as
genome-wide coupling strengthens reproductive isolation.

As discussed above, we find that recombination rate variation
exerts a strong influence on the genomic landscape of introgression
during speciation in rattlesnakes. Across most species pairs, effective
migration rates are positively correlated with recombination rate
(Fig. 4 and SI Appendix, Fig. S9), and the strength of this associa-
tion increases with genetic divergence (Fig. 64). Regions experi-
encing barrier effects are also found disproportionately in regions
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of low recombination (Fig. 3 and S/ Appendix, Figs. S7 and S21).
Moreover, introgression landscapes are more tightly correlated
between more divergent species pairs (Fig. 6D and SI Appendix,
Figs. S17 and S18). These patterns support a central prediction of
speciation theory: that the effects of selection against foreign alleles
are amplified in genomic regions where recombination is reduced
(Fig. 1), thereby strengthening the total barrier to gene flow through
linkage disequilibrium (8, 9, 17, 103). Indeed, we suggest that the
divergence-dependent increase in the correlation between intro-
gression and recombination observed here (Fig. 64) reflects an
emergent property of genome-wide coupling across the speciation
continuum, following the view that coupling reflects the buildup
of genome-wide linkage disequilibrium (7, 9). Similar relationships
between recombination and introgression have been reported across
a wide range of taxa, including rabbits and house mice (19, 22),
Mimulus monkeyflowers (23), Xiphophorus swordtails (21),
Heliconius butterflies (8), Bombus bumblebees (104), Quercus oaks
(105), and Pogoniulus tinkerbirds (106), underscoring the generality
of recombination-mediated species barriers. However, few studies
have examined these relationships explicitly across multiple scales
of divergence within a single clade. Our findings in Crozalus provide
a comparative demonstration that recombination rate is a key axis
along which the genetic architecture of reproductive isolation is
reorganized through coupling of species barriers.

A surprising result from our analyses is that rates of introgression
also tend to increase in gene-rich regions of the rattlesnake genome
(Fig. 4 and SI Appendix, Fig. S11). This pattern initally appears to
contradict theoretical expectations that the strength of selection
against gene flow is dependent on the density of selected sites, leading
to stronger barriers in gene-rich regions [Fig. 15; (8, 17)]. However,
our results demonstrate that this signature arises due to mechanisms
of fine-scale recombination, rather than reduced selection on genes.
In snakes, meiotic recombination is concentrated in functional
regions, resulting in elevated recombination rates in regions of high
gene density (Fig. 5 A and B). Opposing theoretical effects of recom-
bination and gene density therefore cannot be treated as completely
independent predictors of introgression, but rather as interrelated
features of genome organization with interacting effects. Indeed, we
show that the relationship between gene density and introgression is
strongly contingent on recombination rate (Fig. 5D), and that gene
density has a tempering effect on introgression when this interaction
is explicitly modeled (87 Appendix, Table S11). This is consistent with
selection against foreign alleles in functional regions, but this effect
is partially masked by the concentration of recombination in those
same regions. The same qualitative pattern has been found inde-
pendently in Xiphophorus swordtail fishes (21, 40), despite differences
in molecular mechanisms directing the localization of recombination
hotspots between lineages; recombination hotspots in snakes are
directed at least in part by PRDMY and in swordtails they are not
(18, 21, 39, 61). Our findings indicate that associations between
mechanisms of fine-scale recombination rate variation and genome
organization can override simplified expectations for the genome-wide
distribution of species barriers. More broadly, they emphasize the
need for theoretical and empirical studies of speciation with gene
flow to account not only for recombination rate per se, but also where
recombination occurs relative to genes and regulatory elements.
Accounting for such interactions provides a more realistic framework
for predicting how genome organization shapes introgression land-
scapes during complex speciation with gene flow.

Our study presents compelling evidence that sex chromosomes
play a substantial role in the transition from weakly differentiated
populations to strongly isolated species during rattlesnake speciation.
Rates of introgression are lower on the Z chromosome than auto-
somes between most species (Fig. 3 and S/ Appendix, Fig. S8 and
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Table S5), barriers accumulate faster on the Z chromosome during
divergence (Fig. 6F), and recurrent barrier loci are disproportionately
Z-linked (SI Appendix, Table S17). Moreover, the Z chromosome
exhibits a more rapid decrease in introgression across the speciation
continuum than autosomes (Fig. 6G and SI Appendix, Fig. S20),
suggesting that sex-linked regions are a nexus for accelerated coupling
of barriers in the presence of gene flow. These patterns signal the
presence of large Z-effects, wherein admixture of sex chromosomes
disproportionately affects hybrid fitness (18, 85, 98, 107-109).
Previous studies found evidence potentially consistent with large
Z-effects in rattlesnakes, including reduced Z-linked heterozygosity
and nucleotide diversity and elevated genetic differentiation relative
to autosomes (18, 60, 110, 111). Evidence of large Z-effects based
on these signatures is tentative, however, as they can arise through
demographic processes and enhanced linked selection alone and may
not necessarily translate to a direct role in reproductive isolation (84,
101, 112). However, a detailed analysis of the hybrid zone between
C. viridis and C. scutulatus revealed steeper genomic clines and higher
coupling coeflicients on the Z chromosome relative to autosomes
(50), providing more direct evidence that sex chromosomes contrib-
ute disproportionately to species barriers in secondary contact.

We extend these findings by demonstrating that Z-linked species
barriers are not only more prevalent, but also emerge earlier than
autosomal barriers as divergence increases, indicating a key role of the
Z chromosome in the coupling of genome-wide barriers. The accel-
erated accumulation of Z-linked barriers in rattlesnakes aligns with
empirical observations in model systems (e.g., refs. 113-115) and
theoretical predictions that sex chromosomes are especially prone to
rapid accumulation of hybrid incompatibilities due to exposure of
deleterious recessive alleles to selection in the heterogametic sex, faster
rates of molecular evolution, and sex-biased selective pressures (84,
116). Signal of large Z-effects may also relate to the potential presence
of Haldane’s rule in rattlesnakes [i.e., females suffer greater fitness
costs of hybridization than males, (114, 117)] as well as special roles
of sex-linked genes in adaptation to different environments. For exam-
ple, the Z chromosome harbors expanded repertoires of chemosensory
genes, including olfactory and vomeronasal receptors (118, 119),
which are plausible targets of divergent ecological and sexual selection.
Divergence at such loci may contribute to premating isolation
through mate recognition and environmentally mediated chemical
signaling at contact zones, and also through postzygotic isolation in
the form of selection against hybrids. Directly testing these possibil-
ities will require integrative analyses combining genomic, functional,
and behavioral approaches, which will further reveal the degree to
which Z-linked barriers in rattlesnakes reflect intrinsic incompatibil-
ities, divergent ecological adaptation, and reinforcement.

In conclusion, tracing patterns of introgression across a con-
tinuum of divergence demonstrates how the genome-wide bar-
rier to gene flow emerges and strengthens during complex
speciation. Reproductive isolation in rattlesnakes is mediated by
divergent selection among many loci and the combined roles of
recombination and genome organization in shaping the coupling
of species barriers, facilitating a key transition from genic to
genomic phases of speciation (6, 9, 12). Our results further
indicate an outsized role of sex chromosomes in speciation, with
the Z chromosome exhibiting earlier, stronger, and more rapid
barrier accumulation, likely acting as a catalyst in the evolution
of genome-wide barrier effects. By investigating patterns of intro-
gression in the context of the recombination landscape and
functional annotation, our study presents an empirical frame-
work for gaining a deeper understanding of how adaptation,
intrinsic incompatibilities, and linkage disequilibrium shape the
evolution of strong reproductive isolation during complex spe-
ciation with gene flow.
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Materials and Methods

We assembled a reference genome for the Southwestern Speckled Rattlesnake
(C. pyrrhus) using long-read and chromatin contact data. We performed gene
and repeat annotation and used synteny between C. pyrrhus and C. viridis (60)
and C. adamanteus (67)to assign scaffolds to chromosomes. We analyzed whole
genome sequencing data for 181 Crotalus specimens (SI Appendix, Table S3),
including 103 new samples and 78 from previous studies (18, 49, 50, 69, 87,
110, 111, 120). We mapped filtered reads to the C. pyrrhus reference genome
using BWA mem (121), and called variants using GATK (122). We estimated the
phylogeny of the Speckled and Western Rattlesnake species complexes using
concatenated maximum likelihood, coalescent species tree inference, and phy-
logenetic networks. We estimated the demographic histories of Crotalus species
using the sequentially Markov coalescent model implemented in SMC++(123).
We estimated recombination rates using pyrho (124), incorporating demographic
history from SMC++ (124). We identified recombination hotspots following pre-
vious studies (18, 61). We calculated the admixture proportion [f;; (71)] between
13 species pairs in nonoverlapping 1 Mb and 100 kb windows (S/ Appendix,
Fig. S6). We estimated d, and F¢; using pixy (125). We used patterns of linkage
disequilibrium () and d,, to distinguish introgression from incomplete lineage
sorting. We tested relationships between £, and recombination rate, exon density,
and F using linear models and calculated Spearman’s correlation coefficients for
each test based on mean values in nonoverlapping 1 Mb windows. We fit linear
and nonlinear models to the relationship between the Spearman correlation
coefficient between f,; and recombination rate and evolutionary divergence and
to the relationship between f, and evolutionary and ecological divergence. We
assessed model fit using the Corrected Akaike Information Criterion. We also
analyzed models after performing phylogenetic correction, following (114, 126).
We used a permutation approach to identify outlier barrier windows with lower f,
than observed in null distributions. We performed bootstrapping to compare rates
of introgression in focal regions linked to key adaptive traits and overrepresented
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biological processes in shared barriers to the genome background. Additional
methods details are provided in S/ Appendix.
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PRINA1454467)(127-130). Some study data are available upon request (Precise
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can be sent to drew.schield@virginia.edu.). The computational workflow and
associated analysis scripts used in this work are available at https://github.com/
kfarleigh/crotalus_introgression_wholegenome (131). All other data are included
in the manuscript and/or supporting information.
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