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Hybrid zones provide valuable opportunities to understand the genomic mechanisms that promote speciation by providing insight

into factors involved in intermediate stages of speciation. Here, we investigate introgression in a hybrid zone between two rat-

tlesnake species (Crotalus viridis and Crotalus oreganus concolor) that have undergone historical allopatric divergence and recent

range expansion and secondary contact. We use Bayesian genomic cline models to characterize genomic patterns of introgression

between these lineages and identify loci potentially subject to selection in hybrids. We find evidence for a large number of genomic

regions with biased ancestry that deviate from the genomic background in hybrids (i.e., excess ancestry loci), which tend to be

associated with genomic regions with higher recombination rates. We also identify suites of excess ancestry loci that show highly

correlated allele frequencies (including conspecific and heterospecific combinations) across physically unlinked genomic regions in

hybrids. Our findings provide evidence for multiple multilocus evolutionary processes impacting hybrid fitness in this system.

KEY WORDS: Hybridization, linkage disequilibrium, population genomics, selection.

Understanding the mechanisms that generate and maintain

species is a central goal of biology. Characterizing the factors that

limit introgression between lineages by studying natural hybrid

zones can provide valuable insight into the processes that con-

tribute to reduced gene flow (i.e., reproductive isolation) and ul-

timately drive speciation (Abbott et al. 2013; Harrison and Larson

2014; Taylor and Larson 2019). Multiple evolutionary processes

may shape hybrid fitness and genomic patterns of introgression

to varying degrees (Moore 1977; Felsenstein 1981; Barton 1983;

Seehausen et al. 2014). A key priority for ongoing work is to un-

derstand how such processes interact to collectively shape hybrid

zone dynamics and reproductive isolation, and how this varies

across the speciation continuum (Coyne and Orr 2004; Seehausen

et al. 2014; Moran et al. 2021).

Decades of speciation research have produced a diversity of

models to explain hybrid zones and the evolutionary processes
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that govern them (Endler 1977; Moore 1977; Barton and Hewitt

1985). The prominent tension zone model, for example, explains

hybrid zones as a migration-selection balance between dispersal

of parental forms and selection against hybrids (Bazykin 1969;

Barton and Hewitt 1985). This model presumes that hybridization

results primarily in deleterious incompatibilities, leading to re-

duced fitness or inviability of hybrids. The best understood form

of such incompatibilities, Bateson-Dobzhansky-Muller incom-

patibilities (BDMIs; Bateson 1909; Dobzhansky 1937; Muller

1942; Coyne and Orr 2004; Cutter 2012), involves deleterious

epistatic interactions and can occur as a result of remixing of

genotypes that evolved under neutral or adaptive evolutionary

processes in isolation and appear common based on empirical ev-

idence (Presgraves et al. 2003; Payseur and Hoekstra 2005). Key

features of BDMIs are asymmetric fitness impacts in different

parental backgrounds, resulting in a subset of hybrid genotypes

that negatively impact hybrid fitness.

In contrast to the tension zone model and its emphasis on

intrinsic incompatibilities, other models, including the bounded

hybrid superiority model and the ecotonal model, predict that hy-

brid fitness is environment dependent (i.e., extrinsic), and that

hybrids may have increased fitness within the bounds of the hy-

brid zone (Endler 1973; Moore 1977). Other related models sug-

gest context-dependent selection on hybrids (Seehausen et al.

1997; Craig et al. 2007), including selection for hybrid traits that

are uniquely well-suited to environments occupied by hybrids

(Stelkens et al. 2009; Selz and Seehausen 2019; Hessenauer et al.

2020). Despite the diversity of models proposed to explain hy-

brid zone dynamics, the likely reality is that multiple selective

processes operate simultaneously within a single hybrid zone,

act on individual loci or sets of loci, and may even oppose or

amplify one another (Seehausen et al. 2014; Butlin and Smadja

2018; Moran et al. 2021). This suggests that understanding hy-

bridization requires an appreciation of the complex actions and

interactions among multiple processes.

A number of gene-centric models have emerged to ex-

plain hybrid zone dynamics, including single-locus and mul-

tilocus models that differ in their emphasis on a single gene

(or trait) versus multilocus targets of selection (Barton 1983;

Barton and Bengtsson 1986; Flaxman et al. 2013; Butlin and

Smadja 2018) that may promote reproductive isolation, often col-

lectively referred to as “barrier loci” (Seehausen et al. 2014;

Butlin and Smadja 2018; Schilling et al. 2018). Key priori-

ties for future work include the integration of existing broad

models that describe hybrid zone dynamics with empirical ex-

amples of how single- and multilocus patterns of selection col-

lectively contribute to the buildup of reproductive isolation (i.e.,

the reduction of gene flow between introgressing lineages). The

buildup of associations (i.e., linkage disequilibrium; LD) among

loci in hybrids may arise through a diversity of processes, es-

pecially during periods of allopatry, such as genetic drift, or

via natural selection related to an accumulation of intrinsic and

extrinsic barriers, which may result in reproductive isolation

(Rundle and Nosil 2005). Accordingly, quantifying the strength

(i.e., magnitude of LD) and patterns associated with physically

unlinked (e.g., loci on different chromosomes) but nonetheless

correlated allelic combinations in hybrids is important for under-

standing the consequences of hybridization because it has the po-

tential to identify genomic regions with functional or epistatic

interactions relevant to hybrid fitness. Furthermore, the precise

patterns of LD in hybrids can provide useful evidence for dis-

criminating among evolutionary processes that shape hybrid fit-

ness (Nosil et al. 2021). In hybrid zones, the expectations for

the strength and abundance of genetic incompatibilities and other

multilocus effects likely depend upon the underlying degree of

divergence and variation in demographic history between hy-

bridizing lineages (Abbott et al. 2013; Moran et al. 2021). For

example, species that have substantially diverged in allopatry and

experience gene flow upon secondary contact may exhibit a large

number of intrinsic multilocus interactions in hybrids that reduce

hybrid fitness, particularly in genomic regions that are highly

differentiated between parental lineages (Schumer et al. 2014).

Because hybridization often occurs at the margins of parental

lineage ranges, we may expect that other extrinsic factors (e.g.,

difference in ecological or environmental conditions) related to

the unique conditions of the hybrid zone may also impact hybrid

fitness (Gompert et al. 2012b; Nosil et al. 2012).

Here, we investigate a hybrid zone between two rattlesnake

species, the Prairie Rattlesnake (Crotalus viridis viridis) and the

Midget Faded Rattlesnake (C. oreganus concolor), to character-

ize genomic patterns of introgression and relate these to poten-

tial underlying processes that may have shaped these patterns.

These two rattlesnake lineages differ substantially in phenotypic

characteristics including venom composition, body size, and

coloration. Crotalus o. concolor possesses venom that is char-

acterized by the presence of a heterodimeric neurotoxic com-

ponent (concolor toxin; Modahl and Mackessy 2016), and has

a smaller body size with comparatively indistinct color pattern-

ing. Conversely, C. v. viridis individuals are typically larger bod-

ied with venom that consists mainly of lytic components (Ash-

ton 2001; Mackessy 2010; Saviola et al. 2015). These species

also occupy distinct ecological settings, with C. o. concolor in-

habiting high desert regions of the Colorado Plateau and C. v.

viridis inhabiting grasslands of the Great Plains region (Campbell

et al. 2004; Parker and Anderson 2007). Previous studies have

suggested that these species diverged during the Pliocene (∼3–

5.2 MYA; Fig. S1) and were isolated during Pleistocene glacial

cycles, and have since come into secondary contact after range

expansion during the Holocene (Pook et al. 2000; Schield et al.

2019b).

2514 EVOLUTION NOVEMBER 2022
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MULTILOCUS PROCESSES IMPACT RATTLESNAKE HYBRIDS

Rattlesnakes provide an interesting model for studying

hybridization because previous research has shown that hy-

bridization between distantly related species is fairly common

in nature, and lab-based crosses of divergent species produce vi-

able offspring, together suggesting incomplete isolation mech-

anisms (Meik et al. 2008; Smith and Mackessy 2016; Zancolli

et al. 2016; Schield et al. 2019b; Myers 2021). As such, investi-

gating the genomic patterns of introgression in rattlesnakes may

provide valuable perspectives on the mechanisms and processes

that underlie partial reproductive isolation in species that other-

wise lack apparent complete reproductive barriers, and possess

female heterogametic (ZW) sex determination mechanisms. In

this study, we characterize the genomic patterns of introgres-

sion in this hybrid zone by incorporating genomic cline mod-

els, measures of parental population genetic differentiation, and

genotype correlation patterns across physically unlinked genomic

regions in hybrids, all evaluated in the context of a chromosome-

level reference genome for the Prairie Rattlesnake (Schield et al.

2019a) and recombination maps for each hybridizing species

(Schield et al. 2020). Using these approaches and resources, we

address the following questions: (1) do loci with high population

differentiation between parental lineages show outstanding pat-

terns of introgression in hybrids?, (2) what is the relationship

between fine-scale recombination rates in parental lineages and

locus-specific patterns of introgression in hybrids?, (3) do we see

evidence of elevated levels of nonrandom associations among ge-

nomic loci in hybrids consistent with selection for specific com-

binations of parental alleles, and (4) do patterns of correlated

allele frequencies between physically unlinked loci in hybrids

support the influence of genomic incompatibilities or other evo-

lutionary processes contributing to partial reproductive isolation

between hybridizing lineages?

Materials and Methods
SAMPLING, ddRADseq GENERATION, AND VARIANT

CALLING

In this study, we integrated new genomic data with data from

a previous study (n = 50; Schield et al. 2019b) that sampled

both parental lineages (C. v. viridis and C. o. concolor) and an

identified hybrid zone between these species. We generated new

reduced representation genomic libraries (ddRAD) for an addi-

tional 20 samples from the hybrid zone (Table S1; Figs. 1, S1),

for a combined total of n = 70 samples used for analyses in this

study (see Appendix S1 for detailed method on DNA extraction

ddRAD library preparation).

We used the Stacks version 1.42 (Catchen et al. 2013)

clone_filter module to filter PCR clones from raw sequence data,

then trimmed 8 bp of adapter sequence from all reads using Fastx-

Toolkit (Hannon 2014). We then demultiplexed trimmed se-

quences into individual samples using the Stacks process_radtags

module, which demultiplexes samples according to their 6-bp

individual barcode and checks for intact restriction cut sites.

Processed and demultiplexed data are available from the NCBI

SRA (BioProject PRJNA548132). We mapped read data for

all samples to the Crotalus viridis reference genome (genome

size = 1.3 Gb; seven macrochromosomes, 10 microchromo-

somes, and one sex chromosome [Z]; Schield et al. 2019a) using

BWA version 0.7.10 (Li and Durbin 2009) using default settings

for the local alignment option “mem.” We then sorted mappings,

generated a “pileup” of all sample alignments, and called vari-

ants, including multiallelic sites using a combination of SAM-

tools and BCFtools version 1.9 (Li et al. 2009). We recoded all

raw variant calls within individuals with a read depth fewer than

five (DP < 5) as missing data using the BCFtools filter func-

tion. We then filtered variants to retain only biallelic SNPs every

1000 base pairs with a minor allele frequency greater than 0.05

and quality scores (QUAL) >30 that also had data from at least

20% of samples across the dataset using VCFtools (Danecek et al.

2011) and included only those SNPs that were found on identified

chromosomes.

POPULATION STRUCTURE AND IDENTIFICATION OF

HYBRIDS

We used the program STRUCTURE version 2.3.4 (Pritchard et al.

2000; Falush et al. 2003; Hubisz et al. 2009) to infer popula-

tion structure based on admixture (ancestry) proportions of one

or more genetic clusters using the admixture model and cor-

related allele frequencies with an uninformative prior assump-

tion over the admixture proportions of individuals to K different

populations. The program Strauto (Chhatre and Emerson 2017)

was then used to run multiple iterations of K values ranging

from 1 to 4 by using the parallelization function; this included

20 iterations of 25,000 burn-in generations followed by 200,000

logged generations. The program CLUMPP was used to com-

bine all iterations for each K value using the greedy algorithm

to estimate the most likely ancestry proportions. We visualized

the results using the program “pophelper” in the statistical pack-

age R (Francis 2017). Putative hybrid individuals were identi-

fied as those having ancestry coefficients <95% for one of the

two parental backgrounds in the K = 2 STRUCTURE model;

individuals in this class were also strictly associated with the

specific geographic region assumed to be the hybrid zone. We

performed a principal component analysis (PCA) on the SNP co-

variance matrix estimated in the R package “SNPRelate” (Pat-

terson et al. 2006) to visualize the ordination of putative hybrid

individuals in relation to parental populations. To validate indi-

vidual hybrid identification further, we also visualized the rela-

tionship between ancestry coefficients from our STRUCTURE

EVOLUTION NOVEMBER 2022 2515
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Z. L. NIKOLAKIS ET AL.

Figure 1. Genetic evidence of hybridization between Crotalus viridis viridis and Crotalus oreganus concolor. (a) STRUCTURE plot show-

ing ancestry coefficients for all sampled individuals. (b) Range map of both parental species with sampling localities used in this study

indicated by colored circles corresponding to ancestry coefficients from STRUCTURE. Note that the entire range map is shown for the bi-

nomial C. oreganus. (c) Principal component analysis (PCA) showing the distribution of genetic variance and separation between parental

lineages and hybrid individuals. Each group is delineated by ellipses that were estimated using the Khachiyan algorithm that correspond

to sampling colors from the species range map. (d) Correlation between the first principal component (PC1) and ancestry coefficient from

the STRUCTURE analysis.

2516 EVOLUTION NOVEMBER 2022
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MULTILOCUS PROCESSES IMPACT RATTLESNAKE HYBRIDS

output and the first axis from the principal component analysis

(PC1) to test whether population membership between both anal-

yses was congruent. Additionally, to confirm that missing data

did not bias population structure or group assignment, we re-

peated these analyses on a more complete dataset (see methods in

Appendix S1).

GENOMIC CLINE ANALYSIS

Our designations of hybrid and parental C. v. viridis and C. o.

concolor populations were based on ancestry coefficients inferred

in STRUCTURE, which also corresponded well with expected

ancestry based on the geographic dispersion of samples and re-

lationships between genetic variation and geographic distance

(Table S1). Using these designations, we calculated locus-

specific allele frequencies for each population and used the ge-

nomic cline model implemented in bgc (Gompert and Buerkle

2011) to identify loci that deviate from null models of genome-

average introgression (see Appendix S1 for detailed methods on

genomic cline analyses). Here, we use term “excess ancestry” to

refer to loci for which the parental allelic contributions in hy-

brid populations deviate from the predicted parental allele fre-

quencies based on the remainder of the genome, as quantified by

the hybrid index (Buerkle and Lexer 2008; Gompert and Buerkle

2011). That is, these excess ancestry loci exhibit biased allele

frequencies favoring one of the two parentals. Departures from

0 in either α, the genomic cline center parameter that describes

cline shifts in relation to hybrid indices, or β, the genomic cline

rate parameter that describes the slope of locus-specific clines,

denote an increase or decrease in the ancestry probability from

one parental species or the rate in transition from one species to

another. Genetic drift can cause patterns of introgression that de-

viate from null, genome-average expectations (i.e., α and β = 0),

but such deviations should be more prevalent for loci effected by

selection in hybrids, and thus loci with credible departures from

α or β = 0 should be enriched for loci experiencing selection

(i.e., for barrier loci and other loci in LD with barrier loci). Us-

ing our estimates of posterior probabilities of inheritance from

parental populations (Φ) inferred from bgc, we then compared

these to a simplified model of hybridization to test whether we

inferred excess ancestry loci in a simulated neutrally introgress-

ing hybrid population (see Appendix S1 for details on simulation

methods).

RELATIONSHIPS BETWEEN GENETIC

DIFFERENTIATION AND INTROGRESSION ACROSS

GENOMIC REGIONS

To test for relationships between patterns of divergence in allopa-

try versus excess ancestry loci in bgc analyses, we estimated ge-

netic differentiation between parental populations using Weir and

Cockerham’s FST in VCFtools using a site-based approach (Weir

and Cockerham 1984). We tested the relationship between the ab-

solute values of the genomic cline center parameter, α, and FST

values using Pearson’s correlation coefficient in R (R Core Team

2021), with the expectation that a positive correlation indicates

that loci that are more highly differentiated between parental lin-

eages also harbor excess ancestry from one parental population

or the other in hybrids. This would be expected if such loci were

enriched loci involved in BDMIs or otherwise affected hybrid

fitness (i.e., by affecting traits under environment-dependent

selection), or if they were in high LD with such loci. We also

performed an ANOVA to test whether there were significant dif-

ferences in mean values of FST for loci that were inferred to in-

trogress neutrally (i.e., α and β = 0) versus loci with excess C. v.

viridis or C. o. concolor ancestry in hybrids.

Based on prior studies that have shown evidence that chro-

mosome classes or specific chromosomal regions may differ sub-

stantially in structure and content (O’Connor et al. 2019; Perry

et al. 2021), recombination (Kawakami et al. 2014; Schield et al.

2020), and relative importance in pre- and postmating isolation

in speciation (Irwin 2018), we tested if specific chromosomal

classes or regions were enriched for excess ancestry loci. To

investigate this, we compared differences in the proportion of

excess ancestry loci between chromosome classes (e.g., micro-,

macro-, and sex-chromosomes) using the “prop.test” function in

R to test the null hypothesis of equal proportions. We also tested

for enrichment between specific intrachromosomal regions be-

cause preliminary analyses suggested that the pseudoautosomal

region (PAR) of the Z chromosome is enriched for excess ances-

try loci compared to the remaining portion. Additional compar-

isons of the distribution of excess ancestry loci between distal and

proximal autosome regions are provided for context in Appendix

S1.

RELATIONSHIPS BETWEEN RECOMBINATION,

PARENTAL LINEAGE DIFFERENTIATION, AND

HYBRID EXCESS ANCESTRY LOCI

We leveraged recombination maps estimating ρ = 4Ner (Schield

et al. 2020) for both parental species (C. viridis and C. ore-

ganus) to test for relationships between recombination rates,

chromosome classes, loci categories, and levels of differentia-

tion between parental lineages across regions of the genome.

We used 10-kb windowed recombination maps from C. viridis

and C. oreganus to limit the number of individual loci within

a given window, because our sampled ddRAD loci do not en-

compass the entire genome and included windows that contained

neutrally introgressing or excess ancestry loci exclusively. Be-

cause previous hybrid zone studies have demonstrated complex

relationships between recombination and genome-wide patterns

of introgression (Schumer et al. 2018; Calfee et al. 2021), and

prior studies in this system have shown significant differences in

EVOLUTION NOVEMBER 2022 2517
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Z. L. NIKOLAKIS ET AL.

recombination across chromosome categories (Schield et al.

2020), we examined the relationship between local recom-

bination rates, loci categories, and parental differentiation

across multiple scales (i.e., genome-wide and within and

among chromosomes; see Appendix S1 for details of all

comparisons).

We investigated evidence for LD between physically un-

linked genomic regions (from different chromosomes) in hybrids

by comparing allele frequencies for loci in hybrids that were ei-

ther excess ancestry or neutrally introgressing loci (defined by

bgc inferences). Because our genomic data were not phased, we

quantified allele frequency correlations using a genotype-based

LD measure by estimating the squared Pearson correlation coef-

ficient (r2). To do this, we analyzed only hybrid individuals and

split the variant dataset into three separate VCF files containing

(1) only excess C. o. concolor ancestry loci, (2) only excess C.

v. viridis ancestry loci, and (3) all inferred neutrally introgressing

loci from bgc and then calculated the squared Pearson’s corre-

lation coefficient (r2) for each pairwise interchromosomal SNP

combination, using the “interchrom-geno-r2” flag in VCFtools.

We also calculated the r2 value for combinations of C. o. con-

color and C. v. viridis ancestry loci to assess the degree of corre-

lation between heterospecific associations. To remove the effects

of physical linkage in these analyses, we only examined pairs of

excess ancestry loci that were derived from physically unlinked

regions of the genome by only analyzing loci located on different

chromosomes (see Appendix S1 for methods detailing the ex-

clusion of structural variation and misassemblies in our dataset).

To investigate the relationships between recombination and inter-

chromosomal associations, we performed an ANOVA to compare

patterns of mean recombination rates across interchromosomal

categories for sets of correlated loci in hybrids (conspecific vs.

heterospecific).

To understand the degree and extent of allele frequency asso-

ciations among physically unlinked loci within hybrid genomes

(i.e., different chromosomes), we examined multiple r2 value

thresholds for inter- and intrachromosomal allele correlations.

We first explored the results by comparing the overall distribution

between parental-specific excess ancestry categories for all pairs

of loci with any appreciable level of correlation (r2 > 0.1); sta-

tistically significant differences between these distributions were

determined using a Welch’s two-sample t-test. We then visualized

the genomic locations of loci that had five or more interchromo-

somal correlated locus connections with an r2 value of 0.5 (and

where data were observed in at least 15 hybrid individuals). To

understand the relative size of suites of correlated loci (regarding

loci in LD), we estimated the number of interchromosomal loci

pairs of excess ancestry loci with allele frequencies correlated at

r2 = 1.0 in hybrids (see Appendix S1 for methods on determining

significance of r2 values).

Results
VARIANT DATASET, POPULATION STRUCTURE, AND

PARENTAL DIFFERENTIATION

We analyzed reduced-representation sequencing data (ddRAD-

seq) for a total of 70 individuals from parental and hybrid zone

populations, averaging 5.8 million mapped reads per sample

(Table S1). We retained 8924 SNPs after filtering our dataset to

retain biallelic variants separated by at least 1000 bp with geno-

type quality scores (QUAL) >30, and minor allele frequencies

above 0.05; the majority of retained SNPs were associated with

high-quality scores (Fig. S2). This initial set was further filtered

to a set of 8590 SNPs that met the following criteria: SNPs map-

ping to scaffolds that were assigned to chromosomes, loci that

were observed in at least one hybrid and at least one individ-

ual from both parental lineages, loci that did not differ in neu-

tral introgression or excess ancestry assignment across multiple

bgc runs, and loci that fell below excess ancestry thresholds (me-

dian α values) based on neutral introgression simulation runs of

bgc (Table S2). Results from our STRUCTURE analysis indi-

cated that a K value of 2 (Fig. 1a) was the best fit model based

on the �K method (Evanno et al. 2005). Individual ancestry co-

efficients within the hybrid zone varied; however, a majority of

hybrids exhibited greater C. o. concolor ancestry (average hybrid

ancestry = 0.71), with only eight of 34 hybrid samples having

greater C. v. viridis ancestry, consistent with an overall greater

degree of backcrossing with C. o. concolor (Figs. 1a,b, S3, S4).

Results from our PCA showed separation between the parental

species, with hybrid individuals positioned intermediate between

the parental species based on PC1 and PC2, which explained

28.8% and 3.9% of the genetic variation, respectively (Fig. 1c).

We found a positive relationship between PC1 scores and an-

cestry coefficients inferred from STRUCTURE, suggesting that

the primary axis of SNP variation across samples corresponds

strongly with inferred parental ancestry inferred by STRUC-

TURE (Fig. 1d). Additionally, using our more complete (80%

complete) dataset of 1750 SNPs we found no difference in group

membership and that most individual ancestry coefficients were

nearly identical (Spearman’s ρ = 0.99; P-value ≤ 2.2 × 10–16)

to our full dataset; comparative analysis of this more complete

dataset also showed no major shifts in group ordination in PCA

analyses (Fig. S5).

Overall genetic differentiation was moderately high between

the two parental populations (mean FST = 0.47, σ = 0.36±),

with 13% of loci being fixed for different alleles (FST = 1)

in the parental populations and 8% with values of zero

(Table S2). Micro- and macrochromosomes had very similar lev-

els of differentiation (average FST Macro = 0.47, σ Macro = 0.36±,

FST Micro = 0.46, σ Micro = 0.35±), whereas on average, loci

located on the Z chromosome tend to have higher degrees of
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MULTILOCUS PROCESSES IMPACT RATTLESNAKE HYBRIDS

differentiation (average FST Z = 0.49, σ Z = 0.40) with most of

these sites occurring on the sex-linked region of the Z (Table S2).

EMPIRICAL AND SIMULATED PATTERNS OF

INTROGRESSION

We found a consistent pattern of relatively equal ratios of excess

ancestry loci from each parental populations in our simulations.

Here, the minimum and maximum estimates of α (posterior me-

dians) for simulated excess ancestry loci across our simulation

experiment were 0.75 and −0.67, respectively, which we then

used to filter potential false positives for excess ancestry in our

empirical dataset (Fig. S6). Visualization of our MCMC output

from bgc confirmed that all five empirical runs showed conver-

gence and were therefore used in subsequent analyses (Fig. S7).

We recovered 530 SNPs (∼6% of full dataset) with evidence of

excess ancestry for one of the two parental lineages (i.e., α 95%

CI �= 0 and median α greater or less than maximum and mini-

mum simulated excess ancestry loci); this magnitude of excess

ancestry loci is similar to estimates of inferred excess ancestry

loci from previous studies that have used bgc (Fig. 2; Gompert

et al. 2012a; Schield et al. 2017; Baiz et al. 2019). These 530

excess ancestry SNPs included 279 loci with evidence of excess

C. v. viridis ancestry and 251 with excess C. o. concolor ancestry

that were distributed across all chromosomes except chromosome

14, which did not contain any excess C. o. concolor ancestry loci

(Table S2, Figs. 2b, 3a). We did not recover any loci for which

the 95% β CI did not contain zero.

Our plots of excess ancestry (excess α) loci across chromo-

somes also suggest relatively small ancestry blocks exist, with

adjacent chromosome blocks showing excess ancestry for dif-

ferent parental populations (Fig. 3a), consistent with prolonged

admixture in the hybrid zone and with decreased effects of ad-

mixture LD under neutral introgression. To further explore the

distribution of excess ancestry loci across chromosomes, we re-

gressed the total numbers and proportion of excess ancestry

loci per parental lineage against chromosome length (Fig. S8).

These results suggest that approximate number of excess ances-

try loci per chromosome is correlated with chromosome length

(Fig. S8; Pearson’s correlation [r] for C. concolor excess ances-

try loci = 0.91, P-value < 0.005; Pearson’s correlation [r] for C.

viridis excess ancestry loci = 0.94, P-value ≤ 0.005), and high-

light differences among chromosomes in the relative proportion

of excess ancestry loci from each parental lineage (Fig. S8c,d;

see also Fig. 2b).

Microchromosomes were enriched for excess ancestry loci

compared to macrochromosomes (based on a proportion test;

P = 0.03), but there was no evidence of enrichment among

chromosomes within each of the two chromosome classes

(PMacro = 0.786, PMicro = 0.435). Lineage-specific excess an-

cestry estimates on the Z chromosome showed a distinct pattern

from autosomes, and there were twice as many loci with excess

C. v. viridis ancestry (n = 26) as those with excess C. o. con-

color ancestry (n = 14; Table S2). In contrast, the PAR, the only

region of the Z chromosome that recombines in both sexes, con-

tained nearly equal amounts of lineage-specific excess ancestry

loci (nC. v. viridis = 7, nC. o. concolor = 6) and was enriched for excess

ancestry loci compared to the sex-linked region of the Z chromo-

some (proportion test; P = 0.0008, Fig. 3b).

RECOMBINATION RATES IN GENOMIC REGIONS

WITH EXCESS ANCESTRY LOCI

We used the recombination maps for both parental species

(Schield et al. 2020) to test for significant differences in recombi-

nation rates between windows that contained excess ancestry or

neutrally introgressing loci across multiple scales. Despite broad-

scale conservation in genome-wide recombination landscapes be-

tween the two species (Schield et al. 2020), the locations of

most fine-scale recombination hotspots differ due to presence of

PRDM9 in the germline. Genome-wide analyses highlight stark

differences in the relationships between recombination rates and

locus categories depending on the parental recombination map

used (Fig. 5). Based on the C. oreganus recombination map, we

found significant differences between the recombination rates of

windows that contained excess ancestry loci versus neutrally in-

trogressing markers (t-tests, P < 0.05; Fig. 5c,d), but found no

significant differences based on comparisons with the C. viridis

recombination map (P = 0.79; Fig. 5a,b). In comparisons with

the C. oreganus map, windows that only contained excess ances-

try loci had higher recombination rates on average than neutrally

introgressing markers, and also had a higher maximum overall

recombination rate (Table S3). When examining these relation-

ships by chromosome class, we find the same pattern of excess

ancestry loci tending to occur in genomic windows with higher

recombination rates, but find no statistically significant differ-

ences between loci categories (Fig. S9). We find similar patterns

when comparing recombination rates and excess ancestry cate-

gories across chromosome classes, with C. concolor excess an-

cestry loci residing in regions of higher recombination than C.

viridis excess ancestry loci, yet there is no significant difference

(Fig. S10).

RELATIONSHIP BETWEEN PARENTAL GENETIC

DIFFERENTIATION, INTROGRESSION, AND

RECOMBINATION

To understand how locus-specific patterns of genetic differenti-

ation in allopatry may impact the process of hybridization, we

compared FST distributions between allopatric parentals across

each locus category (neutrally introgressing, C. o. concolor ex-

cess ancestry, and C. v. viridis excess ancestry). Excess ances-

try loci from either parental lineage had significantly higher
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Z. L. NIKOLAKIS ET AL.

Figure 2. Genome-wide distribution of excess ancestry loci from Bayesian genomic cline analyses. (a) Genomic clines for all loci and

simulated datasets. The dashed line represents the relationship of hybrid indices and ancestry probabilities under the expectation of

neutral introgression, whereas the colored lines represent loci that show patterns of excess ancestry within hybrid individuals. (b) Stacked

bar plot of log transformed counts of bgc inferred neutrally introgressing and excess ancestry loci classified by parental lineage across

individual chromosomes indicating the relative contributions from each parental species. (c) Genomic clines showing the probability of

C. v. viridis ancestry for each chromosome class. The dashed line represents the relationship of hybrid indices and ancestry probabilities

under the expectation of neutral introgression.
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MULTILOCUS PROCESSES IMPACT RATTLESNAKE HYBRIDS

Figure 3. Physical genomic distribution of excess ancestry loci

within hybrids, including a focus on the Z-chromosome and

pseudoautosomal sex-chromosome region (PAR). (a) Location of

excess ancestry loci genome-wide with chromosome classes in-

dicated by bars above plot. Colors represent specific parental

lineages as from Figures 1–3. (b) Plot showing the distribution

of excess ancestry loci across the Z-chromosome in relation to

the recombination landscape with recent stratum and pseudoau-

tosomal regions (PAR) highlighted. Circle size is relative to the

number of excess ancestry loci found within the corresponding

100-kb recombination windows. Asterisk indicates significant en-

richment (P < 0.005) of excess ancestry within the PAR relative

to the remaining Z-chromosome. Recombination maps were used

from Schield et al. (2020).

overall FST values than neutrally introgressing markers (ANOVA;

P < 2.0 × 10−16) and loci that had C. o. concolor ancestry

(α < 0) had higher FST on average than loci with excess C. v.

viridis ancestry (α > 0, Welch’s two-sample t-test, effect size

0.6; P < 2 × 10−16; Figs. 4, S11). We also found a low but

significant positive relationship between locus-specific genetic

differentiation of parental populations and absolute values of the

genomic cline center parameter (Pearson’s correlation r = 0.04;

P < 6.0 × 10−5; Fig. S11). Additionally, we find that recombi-

nation rates and parental differentiation show evidence of a neg-

ative relationship for neutrally introgressing loci for recombina-

tion maps of both species (Pearson’s correlation rviridis = −0.069;

Pviridis = 9 × 10–10; roreganus = −0.05; Poreganus = 2.8 × 10–6; Fig.

S12). Conversely, we find a positive, nonsignificant relationship

with recombination rates and parental differentiation for excess

ancestry loci (Pearson’s correlation rviridis = 0.057; Pviridis = 0.19;

roreganus = 0.018; Poreganus = 0.67; Fig. S12).

MEASURES OF CORRELATED ALLELE FREQUENCIES

ACROSS LOCI CATEGORIES

Our analyses of correlated allele frequencies among lineage-

specific excess ancestry loci showed that squared correlation

coefficient values (r2) are significantly higher for C. o. concolor-

ancestry loci (Welch’s two-sample t-test, effect size 0.32;

P < 2.2 × 10–16; Fig. 6a). That is, overall values of the squared

Pearson’s correlation coefficient (r2) for combinations of C. o.

concolor-ancestry loci located on different chromosomes were

significantly higher than pairwise correlated alleles for loci with

excess C. v. viridis ancestry. The observation of elevated cor-

relation levels between excess C. o. concolor ancestry loci was

also consistent across multiple r2 value filtering thresholds. For

example, we observed overall greater numbers of genome-wide

coupled connections—multiple physically unlinked loci with

correlated allele frequencies in hybrids—for loci with C. o.

concolor excess ancestry with an r2 value of >0.5 (Figs. 6b,c,

S13). We also found that C. o. concolor excess ancestry loci

tended to have a greater number of interchromosomal connec-

tions (mean = 4.8) with other excess ancestry loci with r2 = 1

(i.e., alleles that are always co-inherited) than excess C. v. viridis

ancestry loci (mean = 3.8), although this difference was not sta-

tistically significant (Welch’s two-sample t-test, effect size 0.27;

P = 0.06; Fig. 6d,e). We also find a substantial number of loci

with heterospecific allele combinations that exhibit high degrees

of interlocus allele correlation (r2 > 0.8; Fig. 6f), but which

only involve a limited number of correlated loci connections

in contrast to the generally higher multilocus nature of many

conspecific associations (Fig. S14). For comparisons between

the r2 distribution for each bgc category (i.e., excess ancestry

and neutrally introgressing loci), we found that the degree of

correlation was higher for excess ancestry loci compared to

neutrally introgressing loci (Welch’s two-sample t-test, effect

size 0.44; P < 2.2 × 10–16; Fig. S15).

The accumulation of LD, or cline correlations, in hybrids

can result from neutral processes (e.g., drift), selection, or a com-

bination of both (Wang et al. 2011), and discerning the roles of

selection and drift in driving patterns of LD is challenging. How-

ever, neutral processes that generate admixture LD in hybrids

are predicted to impact all autosomal chromosomes equally, be-

cause they share the same demographic history and inheritance

(Harrison and Bogdanowicz 1997), and should result in the

buildup of ancestry LD for conspecific correlated alleles. To ex-

amine the degree to which patterns of LD in hybrids followed

this prediction of neutral introgression, we compared allele cor-

relations across all loci pairs between chromosomes to generate
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Z. L. NIKOLAKIS ET AL.

Figure 4. Relationship between parental lineage differentiation and genomic cline outliers in hybrids. (a) Histogram of FST values be-

tween contributing parental species. (b) Boxplots showing the relative differentiation distribution of loci that are categorized as excess

ancestry from each parental lineage or neutral from hybrid individuals. Asterisks indicates significant (P < 0.05) differences in pairwise

comparisons of FST distributions for each category.

distributions of interchromosomal LD and summarized these pat-

terns for all loci and specifically for excess ancestry loci for each

chromosome. As predicted under free introgression, the distribu-

tions of the mean and variance of interchromosomal allele cor-

relations (r2 averaged across all pairwise comparisons for each

SNP) for bgc-inferred neutral introgressing loci are similar across

chromosomes (Fig. S16). However, compared to these neutral

introgressing loci distributions, excess ancestry loci from both

parental species (especially those from C. o. concolor) are con-

sistently outliers, with higher r2 mean and variance (Fig. S16).

We found that measures of r2 for intrachromosomal com-

parisons were significantly higher than interchromosomal pairs

in parental populations, supporting that view that inferences of

elevated LD between pairs of interchromosomal loci were not

misled by genome misassembly or structural variation (Fig. S17).

The large number of interchromosomal correlated loci, and dis-

persion across chromosomes of these loci, also suggests that

these inferences are unlikely to be due to genome misassem-

blies or structural variation between parental lineages, which is

consistent with previous evidence for highly correlated recombi-

nation landscapes in the two parental species when interpreted

based on the C. viridis reference genome assembly (Schield et al.

2020). Average FST values between parental populations for sets

of physically unlinked excess ancestry loci with highly correlated

allele frequencies (r2 = 0.8–1.0) were also highest for correlated

sets with excess C. o. concolor ancestry compared to sets with ex-

cess C. v. viridis ancestry. Both sets of conspecific highly corre-

lated (r2 > 0.8) and excess ancestry loci had significantly higher

average FST values than did correlated sets of loci that were

identified as neutrally introgressing loci based on bgc analyses

(Fig. S18).

Discussion
The evolutionary forces that shape hybrid zone dynamics are di-

verse and often interact (Barton and Hewitt 1985; Gompert et al.

2017; Schumer et al. 2018; Moran et al. 2021). However, many

models and previous approaches consider only single processes

in isolation (Schield et al. 2017; Baiz et al. 2019), despite the re-

ality that multiple selective, genomic, and demographic processes

likely operate simultaneously on different regions of the genome

during introgression and may even oppose or amplify one other

(Hvala et al. 2018; Moran et al. 2021). We used Bayesian ge-

nomic cline models to characterize genome-wide patterns of
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MULTILOCUS PROCESSES IMPACT RATTLESNAKE HYBRIDS

Figure 5. Patterns of recombination between excess ancestry and neutrally introgressing loci. (a, c) Density plots of log-transformed

recombination rates between excess ancestry and neutrally introgressing loci for Crotalus viridis and Crotalus oreganus recombination

maps with dashed lines representing the median of each category for each recombination map. (b, d) Boxplots of recombination rates

between excess ancestry and outlier loci. Asterisks in panel (c) and (d) indicate significant differences between recombination rate distri-

butions between loci categories for C. oreganus recombination map (P < 0.05).

introgression and find evidence for a large number of excess an-

cestry loci in hybrids, with a substantial portion of these loci

exhibiting correlated allele frequencies in hybrids (i.e., LD) that

are on different chromosomes and therefore physically unlinked.

Our results indicate that many pairs of physically unlinked loci

with highly correlated allele frequencies have conspecific allele

combinations from one parental lineage, with a smaller set of

correlated loci having heterospecific allele combinations. These

patterns of interchromosomal LD in hybrids can be shaped by

a combination of neutral and selective processes, and thus a key

question is to what extent has selection shaped these patterns. Re-

gardless of their origin, these long-range correlations in ancestry

clines will cause ongoing selection on subsets of excess ances-

try to spill over (via LD) and affect other correlated loci, creating

more of a genome-wide barrier to gene flow.

Both neutral introgression and selection can increase LD be-

tween loci on different chromosomes (Wang et al. 2011), which

has also been demonstrated by simulation studies (Gompert and

Buerkle 2011; Gompert et al. 2012b; Lindtke and Buerkle 2015).

Genome misassemblies or structural variants may also lead to

spurious inferences of interchromosomal LD. Collectively, the

observed abundance and wide distribution of correlated excess
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Z. L. NIKOLAKIS ET AL.

Figure 6. Lineage specific combinations of physically unlinked correlated excess ancestry loci among hybrid individuals. (a) Box plot

showing the distribution of all r2 values > 0.1 for each pairwise connection within parental lineage ancestry categories. Asterisks indicate

a significant difference between the two categories using a Welch’s t-test (P < 2.2 × 10–16). (b, c) Circos plots showing the genomic

localities of connections between pairs of lineage-specific ancestry categories. The lines represent positions in which (i) there were at

least 15 sampled individuals for that specific site, (ii) the pairwise connection r2 is at least 0.5, and (iii) the connection frequency is five

or greater. Each circos plot shows the relationship of connections within each parental lineage category with colors corresponding to the

lineage colors used through the manuscript. (d, e) Histograms of the connection frequencies for variant connections that have an r2 of

1.0. For example, panel (d) shows that there are 20 variants that are of C. o. concolor ancestry that have at least one connection with an r2

of 1.0. The dotted line represents the average connections for each lineage category. No additional filtering schemes were applied to this

histogram besides a connection r2 of 1.0 to show the full distribution of perfect genotype correlations between ancestry categories. (f)

Pie chart showing the breakdown for the number of pairwise conspecific and heterospecific correlated excess ancestry loci associations

that have an r2 greater than 0.8.

ancestry loci across hybrid chromosomes, the highly correlated

recombination landscapes of parental C. viridis and C. oreganus

(Schield et al. 2020), and our comparisons of inter versus in-

trachromosomal associations in parentals (Fig. S13) all suggest

that interchromosomal associations in hybrids are not likely to

be due to structural rearrangements or genome misassemblies.

Under neutral introgression, patterns of interchromosomal LD in

hybrids would be expected to be similar across chromosomes,

because they share common historical demographic and inheri-

tance patterns. Our evidence that a subset of excess ancestry loci

in hybrids tend to exhibit extreme patterns of interchromosomal

allele correlations indicates that neutral processes alone are un-

likely to explain the degree of elevated interchromosomal allele

correlations, at least for some excess ancestry loci in hybrids. Ad-

ditionally, neutral admixture is only expected to generate con-

specific allele correlations, yet we observe both conspecific and

heterospecific allele correlations between excess ancestry loci in

hybrids. Considering the predictions of neutral admixture LD, the

observed patterns of conspecific and heterospecific allele correla-

tions in hybrids suggest multilocus selective processes impact hy-

brid fitness and favor specific combinations of hybrid genotypes

and are driving allele correlations and long-range LD among

physically unlinked loci in hybrids. These conclusions also align

with prior simulation studies that have identified similar patterns

of LD in hybrids that result from selective processes (including

those related to incompatibilities or extrinsic factors; Gompert

and Buerkle 2011; Gompert et al. 2012b; Lindtke and Buerkle

2015). Here, our observed patterns of interchromosomal allele

correlations in hybrids are consistent with both intrinsic multilo-

cus mechanisms (e.g., incompatibilities) that lead to conspecific

combinations of correlated alleles across chromosomes, as well

as other likely extrinsic mechanisms (e.g., selection for transgres-

sive phenotypes) underlying heterospecific allelic combinations

(Schumer et al. 2014; Knief et al. 2020; Powell et al. 2021). Col-

lectively, our results provide evidence for the roles of both neu-

tral and selective processes shaping rattlesnake hybrids, and for

the interaction of multiple selective processes impacting hybrid

fitness and contributing to partial reproductive isolation.
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MULTILOCUS PROCESSES IMPACT RATTLESNAKE HYBRIDS

EVIDENCE FOR MULTIPLE INTRINSIC PROCESSES

SHAPING GENETIC INCOMPATIBILITIES WITHIN

HYBRIDS

Several prominent hybrid zone models (e.g., tension zone,

additive hybrid load) predict that hybridization results in reduced

hybrid fitness, often through the mixture of intrinsically incom-

patible genotypes or through exposure of deleterious alleles in

hybrids (Barton and Hewitt 1985; Orr 1996; Powell et al. 2020).

We identified genomic regions that defy genome-average expec-

tations of free introgression across the hybrid zone and identified

pairs of these loci that were physically unlinked yet showed cor-

related allele frequencies (evidence of LD) in hybrids. Our anal-

yses characterized the nature of these correlations, including the

strength of correlation, and whether sets of correlated alleles fa-

vored combinations from the same parental species (conspecific

associations) or combinations of alleles from different parents

(heterospecific combinations). We find that the number of C. o.

concolor conspecific loci with high interchromosomal correla-

tions (r2 > 0.50) was far greater than those for C. viridis con-

specific correlated loci, despite nearly equal numbers of excess

ancestry loci from each parental lineage (Table S2; Fig. 6b,c).

Although some fraction of these conspecific correlated loci are

likely the result of neutral introgression and admixture LD, our

analyses suggest that neutral introgression alone is unlikely to

explain the full extent of these conspecific associations observed

in hybrids. Instead, the large number of physically unlinked loci

with highly correlated conspecific alleles suggests a role for se-

lection acting on numerous suites of loci in hybrids to maintain

conspecific sets of alleles.

Intrinsic incompatabilities would be expected to favor the

inheritance of suites of conspecific alleles in hybrids (Johnson

2000; Schumer et al. 2015). Previous studies suggest that ef-

fective population size is approximately similar for these two

parental lineages (Schield et al. 2019b), indicating that a major

influence of hybrid load biases toward the parental lineage with

higher Ne is unlikely to have driven these conspecific associations

(Lohr and Haag 2015). Intrinsic incompatibilities may also be

associated with asymmetric fitness impacts in different parental

backgrounds, selection against minor parent ancestry, and only

a subset of hybrid genotypes negatively impacting hybrid fitness

(Orr 1996; Coyne and Orr 2004).

Our results identify correlations between collectively hun-

dreds of conspecific loci across different chromosomes, mostly

composed of sets of relatively few loci with very strong between-

locus correlations (Fig. 6). This pattern is most consistent with

expectations of selection against incompatibilities that maintains

conspecific associations in hybrids. We also observe conspecific

correlations among larger suites of physically unlinked loci, some

of which with high or moderate correlations, consistent with

polygenic selection in hybrids. Focusing on conspecific loci cor-

relations among suites of five or more loci, we find a much higher

frequency of these locus sets with C. o. concolor-biased ancestry,

corresponding with the genomic background of most hybrid indi-

viduals being biased toward C. o. concolor, potentially consistent

with selection against minor parental ancestry (an expectation of

BDMIs; Schumer et al. 2014) driving biased inheritance, or per-

haps also suggesting that a subset of these associations are the

result of neutral admixture. Considering that these correlated lo-

cus sets involve variable numbers of individual loci, it remains an

open question which of these correlated locus sets may represent

selection on incompatibilities, or selection related to other fac-

tors (e.g., environment-dependent selection on polygenic traits),

and precisely what fraction of these may be driven by neutral ad-

mixture LD versus selection. We also note that there were several

suites of C. viridis conspecific correlated loci involving a high

number of loci (up to 18; Fig. 6e). Overall, the differences be-

tween parental biases in the numbers of correlated loci and the

strength of correlations are striking, given the similar number

of excess ancestry loci estimated for each parental lineage was

nearly equal. These findings highlight the major differences in

patterns, and parent-specific biases in patterns between single-

locus processes (e.g., dominating excess ancestry loci inferences)

compared to multilocus effects (e.g., correlated allele patterns).

EVIDENCE OF SELECTION FOR HETEROSPECIFIC

ALLELE COMBINATIONS IN HYBRIDS

In contrast to tension zone and related models, hypotheses for

other evolutionary scenarios that govern hybrid zone dynamics,

including the bounded hybrid superiority and ecotonal models,

predict that hybrid fitness is environmentally dependent and re-

flects local conditions (Bert and Arnold 1995; Rolán-Alvarez

et al. 1997). These models suggest that environmental factors

may favor genotypes in hybrids that involve novel combina-

tions of alleles from both parental lineages (Birchler et al. 2006;

Fitzpatrick and Shaffer 2007). Our results are generally consis-

tent with these predictions for a subset of excess ancestry loci,

based on evidence for strong correlations of heterospecific al-

lele combinations that span different chromosomes that appear

favored in hybrids (e.g., Fig. S14). These patterns may be par-

tially driven by selection favoring novel allele combinations from

both parental species that manifest in high degrees of associa-

tion in hybrid individuals. We inferred moderate numbers of such

heterospecific associations (Fig. 6f); many had nearly perfect al-

lelic correlations (r2 > 0.99) between physically unlinked loci

suggesting that multiple suites of novel allelic combinations are

favored in the hybrid population (Fig. 6f). Notably, heterospecific

correlated loci tend to occur in sets that involve few loci with cor-

related frequencies, indicating such favored heterospecific com-

binations involve relatively simple genetic architectures (Fig. S9),

in contrast to some conspecific patterns highlighted above that
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appear to be highly polygenic (involving many loci on different

chromosomes). Because neutral admixture LD is not predicted to

result in heterospecific combinations, the observations of these

heterospecific correlations in hybrids are strong evidence of se-

lection on hybrids that is more easily disentangled from neutral

processes, compared to conspecific allele correlations. These het-

erospecific correlated allele patterns likely represent selection fa-

voring transgressive phenotypes in hybrids, which may also rep-

resent adaptive introgression in at least a subset of these loci.

We also note that our sampling included only single geograph-

ically adjacent parental populations, which limits the ability to

detect adaptively introgressed loci that may have penetrated more

deeply into parental populations (Simon et al. 2021). Overall, we

expect that a substantial fraction of heterospecific allele combi-

nations observed in hybrids are likely driven by selection due

to extrinsic factors; however, a subset may also be due to other

processes, including the masking of linked deleterious alleles

(e.g., associative overdominance; Ohta 1971; Zhao and

Charlesworth 2016) in hybrids.

RELATIONSHIPS BETWEEN ALLOPATRIC

DIVERGENCE, RECOMBINATION, AND

INTROGRESSION

Determining the roles of selection and drift before hybridiza-

tion may provide insight into processes in allopatric populations

that ultimately may shape hybrid zone dynamics (Gompert et al.

2012a; Schield et al. 2017; Baiz et al. 2019). Here, we used

measures of differentiation (i.e., FST) between parental popu-

lations to test if loci resistant to introgression are also associ-

ated with (1) elevated levels of lineage differentiation in parental

populations and (2) increased recombination rates. We found a

significant positive correlation, although with weak effect, be-

tween the genomic cline center parameter α and single-locus esti-

mates of parental FST (Fig. S7), similar to some previous studies

(Gompert et al. 2012a; Schield et al. 2017; Baiz et al. 2019). We

further tested this relationship by measuring the average parental

FST between sets of excess ancestry interchromosomal correlated

loci with conspecific alleles. We found that conspecific correlated

sets of loci had significantly higher FST values, compared with

the set of interchromosomal correlated loci identified by bgc as

neutrally introgressing (Figs. S10, S13). These findings suggest

that conspecific correlated loci tend to be more highly differenti-

ated between parental populations, similar to trends observed in

other hybrid systems (Schumer et al. 2014).

Additionally, we observe contrasting relationships between

recombination rates and measures of parental differentiation

across loci categories that are consistent with broad predictions

for the interactions among recombination, introgression, and se-

lection in hybrids. FST between parental lineages for loci that

were inferred to be neutrally introgressing showed a negative re-

lationship with recombination rates (Fig. S12), whereas FST for

bgc-inferred excess ancestry loci showed a positive relationship

with a comparatively weaker effect (Fig. S12). Although these re-

sults are generally consistent with the prediction that highly dif-

ferentiated genomic regions in parental lineages also tend to be

resistant to introgression in hybrids, high parental population dif-

ferentiation seems to be a relatively poor indicator of which loci

may be under selection in hybrids, further supporting the view

that loci under selection and drift in allopatry are likely both im-

portant for hybrid fitness (Cutter 2012; Nosil et al. 2012; Cutter

and Payseur 2013).

In addition to multilocus processes shaping hybrid geno-

types, variation in recombination rate across the genome also

shapes patterns of introgression in hybrid populations (Burri

2017; Schumer et al. 2018; Powell et al. 2021), and the genome-

wide relationships between recombination and introgression can

be quite complex (Calfee et al. 2021). To explore these relation-

ships, we analyzed recombination maps from both C. viridis and

C. oreganus to test for differences in local recombination rates

among genomic windows that contained either neutrally intro-

gressing or excess ancestry loci in hybrids genome-wide and

broken down by chromosome class. Our results indicate that ex-

cess ancestry loci tend to occur in regions of higher recombi-

nation genome-wide and across chromosome classes, including

recombining regions of the Z chromosome (i.e., PAR), yet the

recombination map for only one parental lineage (C. oreganus)

showed significant correlations between recombination rates of

excess ancestry versus neutrally introgressing loci (Figs. 5, S9,

S10, S19). Prior evidence that recombination hotspots in these

species tend to occur in GC-rich genomic regions (Schield et al.

2020) further highlights relationships among genomic nucleotide

content, recombination, and excess ancestry in hybrids. Although

our findings are limited by the relatively sparse genomic sam-

pling of our ddRADseq data, they are consistent with the hypoth-

esis that elevated local recombination rates may lead to increased

efficiency of natural selection on excess ancestry loci in hybrids.

Although similar relationships between loci with biased ances-

try in hybrids and recombination have been observed in other

systems, our evidence here for single parent-recombination bias

contrasts prior studies in which parental lineages had highly sim-

ilar patterns of recombination (Schumer et al. 2018; Powell et al.

2020). Our results therefore highlight the value of considering

both parental lineage contributions in the context of introgression

if parental lineages appear to have divergent landscapes.

Conclusions
Recent studies have accumulated substantial evidence that hy-

bridization in rattlesnakes tends to be fairly ubiquitous, even be-

tween relatively distantly related lineages (Glenn and Straight
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1990; Meik et al. 2008; Myers 2021), yet most hybrid zones

tend to be limited geographically to narrow zones where species’

ranges come into contact (Zancolli et al. 2016). This suggests

that reproductive isolation between rattlesnake species tends to

be incomplete and raises the question of what postzygotic mecha-

nisms may exist that ultimately limit hybridization. Here, we find

evidence for genomic patterns of introgression that vary across

regions of the genome. These varying patterns support multiple

distinct models of hybrid zone dynamics and implicate multiple

evolutionary processes that appear to synergistically shape hy-

brid fitness. We find patterns consistent with tension zone-like

models, where hybrid genotypes experience reduced fitness due

to predominantly intrinsic multilocus processes resulting in con-

specific associations of parental allele combinations across physi-

cally unlinked genomic regions. We also find evidence consistent

with other models of hybrid zone dynamics (e.g., bounded hybrid

superiority) that result in multilocus processes driven by extrinsic

factors (potentially including ecological or context-dependent se-

lection, or adaptive introgression for transgressive phenotypes),

which result in selection for heterospecific allele combinations

in hybrids. We also find that elevated divergence in allopatry

(i.e., parental FST) and local recombination rates tend to corre-

late with excess ancestry loci in hybrids, suggesting the relevance

of processes in allopatry and genome structure-function in shap-

ing the genomic architecture of hybrids (Noor and Bennett 2009;

Schumer et al. 2018; Powell et al. 2020).

Our findings reinforce the view of hybrid zones as windows

into the complex, synergistic, and even antagonistic evolutionary

processes that ultimately lead to speciation (Gompert et al. 2017;

Moran et al. 2021; Nosil et al. 2021). Although our study is some-

what limited given our lower sampling of hybrid individuals and

parental population localities, our findings ultimately underscore

the importance of studying hybrid zones with the expectation that

multiple processes are likely operating and interacting simulta-

neously. Evidence for multiple multilocus processes in this sys-

tem lends support to the broad concept of genomic coupling and

genome congealing (Feder et al. 2014; Burri et al. 2015)—or the

accumulation of multilocus effects that may collectively repre-

sent an increasingly strong reproductive barrier—as a key tran-

sition along the path to speciation. Our results here point to this

system being at an intermediate stage of this process, in which

multiple multilocus effects appear to indeed impact reproductive

isolation while not completely preventing hybridization. Interest-

ingly, we find evidence that hybrids experience what appear to be

antagonistic genomic interactions that both select for and against

suites of admixed genotypes within the hybrid zone. Accordingly,

our results provide intriguing evidence that helps explain why this

hybrid zone exists yet appears to be confined geographically, due

to the interactions of intrinsic and extrinsic processes that select

for and against hybrid genotypes within this restricted zone.
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Figure S1. Evolutionary relationships of parental taxa.
Figure S2. SNP quality score distribution.
Figure S3. Ancestry coefficients for all sampled individuals under a K=3 model estimated in STRUCTURE.
Figure S4. Hybrid index distribution.
Figure S5. Population assignment and clustering for an 80% complete data matrix.
Figure S6. Simulation of Bayesian genomic cline analysis.
Figure S7. Bayesian genomic cline run convergence.
Figure S8. Relationship between excess ancestry loci and chromosome length.
Figure S9. Patterns of recombination between excess ancestry and neutrallyintrogressing loci across chromosome classes and parental recombination
maps.
Figure S10. Relationship between excess ancestry categories, parental recombination maps, and chromosome classes.
Figure S11. Relationship between genomic cline center parameter and parental differentiation.
Figure S12. Relationship between recombination rates and Fst for each parental recombination map and loci categories.
Figure S13. Histogram of r2 values for all pairwise interchromosomal connections.
Figure S14. Genomic distribution of heterospecific interchromosomal connections.
Figure S15. Comparison of excess ancestry and neutral r2 distributions for pairs of interchromosomal loci in hybrids.
Figure S16. Distribution of r2 values for interchromosomal allele correlations in hybrids.
Figure S17. Distribution of r2 values across lineage and chromosomal comparison categories.
Figure S18. Relationship between near perfect r2 intervals and parental differentiation.
Figure S19. Recombination patterns across categories of interchromosomal comparisons.
Table S1. Sample data for group membership, project ID, locality, NCBI accession, reference study, and number of mapped reads. Group membership
was classified based on ancestry coefficients from STRUCTURE runs, ordination of genetic variance, and geographic locality.
Table S2. Summary of fixed SNPs and excess ancestry loci across individual chromosomes and Z specific regions
Table S3. Summary measures of 10kb windowed recombination maps for neutral and outlier windows from each parental lineage recombination
landscape.
Appendix S1 – supplementary methods
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