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Venom is a key trophic adaptation of many snakes and has 
become an important model system for understanding eco-
logical and evolutionary processes that underlie adaptive 

traits1–3. Genes that encode snake venoms originated through a pro-
cess of gene duplication of non-toxin genes followed by neofunc-
tionalization and venom gland-specific expression4–8. Subsequent 
tandem duplication events have expanded many of these venom 
gene families, and differentially expanded families represent major 
axes of variation in snake venom composition9–12. These processes 
have been hypothesized to involve episodes of directional positive 
selection, especially during their early stages. Indeed, numerous 
studies have documented evidence for episodic positive selection in 
snake venom evolution in comparisons of venom and non-venom 
paralogues, often using codon-model-based approaches (for exam-
ple, refs. 13,14). However, after the establishment of venom gene 
families, it is reasonable to expect that fundamentally different evo-
lutionary forces may drive allelic variation in venom genes within 
populations, as venom evolution reaches a new equilibrium state 
dominated by ongoing predator–prey interactions. In other words, 
selective processes acting on venom genes may differ substantially 
over evolutionary timescales, between processes impacting their 
early origins and those shaping their contemporary maintenance 
(sensu ref. 15, ‘ultimate’ causes). This potential contrast between 
processes underlying venom adaptation at deep versus shallow tim-
escales remains largely unexplored. While previous studies have 

focused primarily on deep-time processes, understanding processes 
acting on more recent timescales requires analyses of population 
genetic variation, which have been used in relatively few studies (for 
example, refs. 16–18).

Empirical studies suggest that contemporary (shallow times-
cale) snake venom evolution is driven by complex predator–prey 
coevolutionary dynamics, in which toxicity to prey is fundamen-
tal to snake fitness2,19–21. In response to intense selection pressure 
imposed by snake predators, molecular mechanisms have evolved 
in prey species to resist the biological activities of venom compo-
nents22. Studies characterizing local adaptation in venom and resis-
tance phenotypes19,23–25 and mechanisms for resistance in prey26–30 
have demonstrated coevolution between snake and prey popula-
tions across space and between species, underscoring the potential 
for frequency-dependent coevolution between these complex traits.

Despite the likelihood that these coevolutionary dynamics 
shape venom evolution, analyses between distantly related snake 
species have echoed the prevailing hypothesis that venom evolves 
via strong directional positive selection (often referred to as ‘posi-
tive Darwinian selection’ in the literature; for example, refs. 13,31–33). 
Most previous studies have compared venom genes in a phyloge-
netic context and interpreted excesses of non-synonymous substi-
tutions as evidence for positive selection. Previous work has largely 
neglected alternative hypotheses, such as persistent versus episodic 
positive selection (but see ref. 13) and has not clarified whether 
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patterns of selection on venom are solely directional. In a recent 
study16, the authors compared interspecific substitutions to intra-
specific polymorphisms at synonymous and non-synonymous sites 
using McDonald–Kreitman tests34 and found that venom genes 
have a higher frequency of non-synonymous polymorphisms than 
do ‘housekeeping’ genes. Taken together, prior studies have galva-
nized the view that venom evolution is driven by directional selec-
tion, often to the exclusion of other mechanisms such as balancing 
selection (but see ref. 18). Accordingly, directional selection remains 
the presumed dominant process shaping venom variation at both 
deep and shallow evolutionary timescales, spanning the neofunc-
tionalization of ancient gene duplicates5,13 to contemporary adapta-
tion in populations16,17,35.

Directional positive selection leaves characteristic signatures in 
genomic variation at sites nearby targets of selection36–38, providing 
testable predictions for patterns of genetic diversity in regions under 
directional selection. The analogy of ‘selective sweeps’ describes 
the effects of directional positive selection on linked neutral varia-
tion39. Here, neutral variation is reduced as haplotypes with the 
target of selection rapidly increase in frequency40,41, creating ‘val-
leys’ of genetic diversity within populations surrounding targets of 
selection and associated ‘peaks’ of genetic differentiation between 
populations. If directional positive selection is the dominant force 
shaping venom phenotypes among closely related lineages, then 
we would expect to observe these patterns in venom gene regions. 
However, no prior studies have examined signatures of selection at 
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Fig. 1 | Overview of the study system and estimates of population structure and historical demography. a, Range map of the Prairie Rattlesnake  
(C. viridis, abbreviated ‘CV’) and the Northern Pacific Rattlesnake (C. oreganus, ‘CO’) in North America. Sampled localities are shown as black dots. The 
inset shows the phylogenetic tree with divergence time estimates as million years ago (Ma) for C. viridis, C. oreganus and outgroups, redrawn from ref. 62. 
b, The genomic location and structure of major venom gene families. The SVMP, SVSP and PLA2 families are each linked to a separate microchromosome 
in the C. viridis genome assembly. Venom gene annotation tracks for each gene family region are shown below, with arrows denoting gene orientation. In 
the SVMP and PLA2 regions, non-venom paralogues are shown as black arrows. c, Population genetic structure within C. viridis and C. oreganus estimated 
using ADMIXTURE under K = 2–4 genetic cluster models. Vertical bars depict the assignment probability per individual to one or more K clusters. The 
best-supported model based on the cross-validation method was K = 3, but there was similar support for the K = 4 model. d, PSMC estimates of effective 
population size (Ne × 104) through time for the four rattlesnake populations, scaled by generation time (g = 3). Estimates from full datasets are shown with 
bold lines, with faint lines representing individual bootstrap replicates. Grey shaded regions show the approximate timing of recent Pleistocene  
glacial periods.
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linked sites across venom-encoding loci using population genomic 
data, leaving open the question of precisely which processes drive 
variation in venom genes at recent evolutionary timescales.

Although not previously demonstrated in venom genes, other 
gene complexes involved in coevolutionary dynamics have been 
shown to evolve under various forms of balancing selection42,43. 
Genes in the vertebrate major histocompatibility complex are argu-
ably the best known examples of balancing selection maintaining 
adaptive genetic diversity over long time periods44,45. Others include 
genes underlying pathogen resistance46 and self-incompatibility 
in plants47. Many prominent examples of genes under balancing 
selection also occur in tandem arrays similar to the architecture 
of multiple venom gene clusters45,46,48. In contrast to the prevailing 
assumption of directional selection, both the ecological context and 
genetic architecture of venom raise the possibility that venom gene 
regions may be under balancing selection. Indeed, maintenance of 
polymorphism in snake venom genes by balancing selection is a 
reasonable expectation if snake venom systems are involved in com-
plex frequency-dependent predator–prey dynamics49,50.

Like directional positive selection, balancing selection leaves 
characteristic signatures in regional genetic variation. Notably, bal-
ancing selection mechanisms increase and retain genetic diversity 
at linked sites42,51,52. In extreme cases, long-term balancing selection 
can maintain shared variation between species (‘trans-species poly-
morphism’53–55), although this phenomenon is thought to be rare in 
nature because it requires the maintenance of alleles over potentially 
millions of years51,56. Inferences of directional positive selection may 
also be confounded by other forms of selection if alternatives are 
not considered. For example, phylogenetic comparisons using dN/dS 
ratios (ω) can identify excess non-synonymous substitution due to 
directional positive selection for specific amino acid replacements 
(ω > 1), yet long-term balancing selection can also produce this pat-
tern if polymorphic variants that are sorting within populations are 
incorrectly assumed to be fixed44, highlighting the importance of 
measuring population-level variation. Similarly, long-term balanc-
ing selection may confound inferences of directional selection in 
related tests examining synonymous and non-synonymous diver-
gence and polymorphism43.

Given the importance of linked variation for testing hypotheses 
about selection, integrated analysis of the structural organization 
and recombination landscape of venom tandem arrays is highly 
relevant to understanding the processes by which they evolve. 
Recombination can interact with selection to facilitate adapta-
tion37 through the erosion of linkage between targets of selec-
tion and nearby regions under alternative selection regimes57,58. 
Recombination further creates complements of alleles previously 
untested by selection59. While a correspondence between recombi-
nation rate and the efficiency of selection is predicted to broadly 
shape genetic diversity across the genome60,61, whether venom evo-
lution has been facilitated by high recombination rates remains 
unknown.

Our study was motivated by two primary aims. The first was to char-
acterize population genetic diversity and differentiation associated  

with major venom gene regions. The second was to combine this 
information with additional measures of selection to test alternative 
predictions of neutrality, directional selection and balancing selec-
tion. We analysed a population genomic dataset for two broadly 
distributed members of the Western Rattlesnake Species Complex, 
the Prairie Rattlesnake (Crotalus viridis) and Northern Pacific 
Rattlesnake (C. oreganus), which share a common ancestor 3 mil-
lion years ago62 (Fig. 1a). We focus primarily on three venom gene 
families: snake venom metalloproteinases (SVMPs), snake venom 
serine proteases (SVSPs) and phospholipases A2 (PLA2s), which 
are organized in tandem arrays on microchromosomes12 and rep-
resent major axes of functional venom variation in these snakes63. 
We further interpret findings in the context of the genomic recom-
bination landscape to understand how recombination and selection 
together shape venom evolution within and between related rattle-
snake lineages. Our results highlight the role of balancing selection 
in adaptation across populations that has been sufficiently strong 
to maintain long-term genetic diversity and trans-species polymor-
phisms among major venom genes.

Results
We sequenced and analysed the genomes of 68 rattlesnakes from 
populations of C. viridis in Colorado and Montana and C. oreganus 
in California and Idaho (Fig. 1a and Supplementary Table 1), along 
with an outgroup (C. atrox). Populations from California and Idaho 
represent the subspecies C. o. helleri and C. o. oreganus sensu ref. 64. 
Hereafter, we refer to C. viridis populations as CV1 (Colorado) and 
CV2 (Montana) and C. oreganus populations as CO1 (California 
C. o. helleri) and CO2 (Idaho C. o. oreganus) (Fig. 1a). We mapped 
genome resequencing data to the C. viridis reference genome12, with 
variant calling and filtering steps yielding 27,749,933 high-quality 
single nucleotide polymorphisms (SNPs). Because inferences of 
selection can be confounded by structural and copy-number vari-
ants (CNVs), particularly in tandemly duplicated gene arrays, we 
conducted extensive assessments, filtering approaches and post-hoc 
validations (Extended Data Fig. 1) to ensure that bioinformatic 
artifacts from these sources of variation did not bias our inferences 
(Supplementary Information). For context, we also visualize popu-
lation genetic statistics in venom gene regions together with varia-
tion in the proportion of individuals per population with masked 
genotypes in CNVs (% CNV).

Population structure and demographic history. Inferences of pop-
ulation structure clearly distinguish C. viridis from C. oreganus under 
a K = 2 model (Fig. 1c and Supplementary Information). Additional 
subdivision between CO1 (California C. o. helleri) and CO2 (Idaho 
C. o. oreganus) is inferred under K = 3, the best-supported model 
based on the cross-validation procedure. Under the K = 4 model, 
which has similar support (Supplementary Fig. 1), each of the four 
populations corresponds to a distinct cluster. This model distin-
guishes Montana and Colorado C. viridis populations (CV2 and 
CV1, respectively), although there are some Colorado individuals 
with low-probability assignment to the Montana cluster, suggesting 

Fig. 2 | Genome scans of genetic diversity within populations and differentiation between populations across chromosome housing major venom gene 
families (SVMPs, SVSPs and PLA2s). a, Sliding windows of nucleotide diversity (π) in C. viridis (CV1) and C. oreganus (CO1) populations and sequence 
divergence (dxy) and relative differentiation (Fst) between CV1 and CO1 across chromosome 9 (upper panels) and in the SVMP region (lower panels).  
b, π, dxy and Fst for CV1 and CO1 across chromosome 10 (upper) and in the SVSP region (lower). c, π, dxy and Fst for CV1 and CO1 across chromosome 15 
(upper) and in the PLA2 region (lower). Shaded points in upper panels show estimates in 10 kb windows and lines show estimates in 100 kb windows. 
In lower panels in a and b, shaded points show estimates in 1 kb windows and lines show estimates in 10 kb windows. In lower panels in c, shaded 
points show estimates in 250 bp windows and lines are estimates in 1 kb windows. The regions housing venom genes are shaded in grey in all panels. 
Chromosome-specific and genome-wide mean values for each statistic are represented by blue and red dashed horizontal lines. The locations of individual 
venom genes are shown as blue boxes (lower panels). The non-venom homologue PLA2gIIE is shown in light purple. Panels at the very bottom show 
regional variation in the proportion of individuals per population with evidence of copy-number variation (percentage CNV) across the venom gene regions. 
Individual genotypes in detected CNV regions were masked.
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weaker structure between C. viridis populations as a consequence of 
recent northern range expansion65.

We used the pairwise sequentially Markovian coalescent 
(PSMC66) to infer population demographic histories and to inform 
forward-time simulations (described below). PSMC estimates indicate  

that each species experienced multiple expansion and contraction 
events within the last 10 million years (Fig. 1d), including contrac-
tions coincident with Pleistocene glacial cycles. Inferred population 
sizes coalesce roughly 3 million years ago, the estimated divergence 
time for the two species62 (Fig. 1a).
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Diversity and differentiation in major venom gene regions. 
To test the predictions of directional versus balancing selec-
tion on major functional axes of venom variation, we dissected 
patterns of genetic diversity and differentiation in genomic 
regions housing SVMP, SVSP and PLA2 gene families (Fig. 2). 
The SVMP and SVSP venom gene clusters on chromosomes 9 
and 10, respectively, exhibit local π peaks in each population 
(Fig. 2a,b and Extended Data Fig. 2). Estimates in these regions 
exceed chromosome-specific and genome-wide mean π val-
ues by >2.5-fold on average, and SVMP and SVSP π distribu-
tions are significantly higher than chromosomal backgrounds 
(Supplementary Table 2; Mann–Whitney ∪, P < 0.05), with mul-
tiple venom genes in each family showing elevated point estimates 
(Extended Data Fig. 3 and Supplementary Tables 2 and 3). SVMP 
and SVSP clusters are also associated with dxy peaks between 
C. viridis and C. oreganus and intraspecies population pairs  
(Fig. 2a,b, Extended Data Fig. 2 and Supplementary Table 2), indi-
cating the persistence of ancestral polymorphism in these regions. 
Accordingly, diversity peaks in SVMP and SVSP clusters corre-
spond with local depressions in Fst (Fig. 2a,b and Extended Data 
Fig. 2). Collectively, the SVMP and SVSP regions have among the 
highest genetic diversity, highest sequence divergence and lowest 
relative differentiation in the genome, including a concentration 
of genetic diversity in coding regions of these venom gene clusters 
(Supplementary Information and Supplementary Table 4).

We observe diversity estimates similar to the chromosomal back-
ground in the PLA2 region of chromosome 15 (Fig. 2c and Extended 
Data Fig. 2). However, detailed examinations across PLA2 genes in 
C. viridis populations show fine-scale variation in π, with low values 
across PLA2 B1 and PLA2 K, intermediate values across PLA2 C1 
and high diversity peaks associated with PLA2 A1 (Fig. 2c, Extended 
Data Figs. 2 and 3 and Supplementary Table 3). There is also a 
PLA2 A1 π peak in the CO1 population, corresponding with high 
dxy and low Fst between C. viridis and C. oreganus (Supplementary 
Table 2). In contrast, the CO2 population lacks a pronounced 
diversity peak across PLA2 A1 and Fst is elevated between C. ore-
ganus populations. Similarly, intraspecific Fst is high for C. viri-
dis across PLA2 B1, corresponding with low π in both CV1 and  
CV2 populations.

Signatures of selection in major venom gene regions. Population 
genomic patterns in major venom gene regions indicate that ances-
tral variation has been maintained during the evolution of C. viridis 
and C. oreganus populations, suggesting a role for balancing selec-
tion. We quantified additional population genetic statistics across 
the three major venom gene regions to test expectations for patterns 
at sites linked to targets of directional versus balancing selection and 
to evaluate whether venom regions have evolved under alternative 
forms of selection versus the null hypothesis of neutrality.

The SVMP region exhibits multiple signatures of balanc-
ing selection, including positive Tajima’s D indicating excess 
intermediate-frequency alleles in CV1 and CO1 populations  
(Fig. 3a). We focus on Tajima’s D interpretations in CV1 and CO1, 
as northern populations show evidence of more extreme recent 
population size contractions (Fig. 1d), producing positively skewed 
genome-wide D distributions (Extended Data Fig. 4). SVMP D peaks 
in CV1 and CO1 stand out against negatively skewed genome-wide 
values and are significantly higher than chromosome 9 background 
distributions (>19-fold on average; Fig. 3a and Supplementary 
Tables 5 and 6; Welch’s two-sample t, P < 0.05). The SVMP region 
also has a lower proportion of fixed differences, df, between C. viri-
dis and C. oreganus than does the chromosome background (Fig. 3b 
and Supplementary Table 5; Mann–Whitney ∪, P = 1 × 10−6).

We find similar patterns in the SVSP region in which Tajima’s D 
is on average 21-fold higher than background distributions in CV1 
and CO1 (Fig. 3c and Supplementary Table 5; Welch’s two-sample 
t, P < 0.05). This region also has extremely low df between spe-
cies, significantly lower than background distributions (Fig. 3d; 
Mann–Whitney ∪, P < 0.05). The paucity of fixed differences 
between C. viridis and C. oreganus, together with elevated Tajima’s 
D and observed patterns of genetic diversity and sequence diver-
gence, is consistent with trans-species polymorphism contributing 
to intermediate allele frequencies in the SVMP and SVSP venom  
gene regions.

Additional statistics further reinforce the role of selection in the 
SVMP and SVSP regions (Fig. 3e–h). We measured the integrated 
haplotype statistic, |iHS| (ref. 67) (Extended Data Fig. 5), to detect 
longer-than-expected haplotypes due to selection across venom 
genes. Haplotype lengths depend on the background recombina-
tion rate, such that haplotypes will tend to be longer in regions of 
low recombination and shorter in regions of high recombination68. 
Importantly, |iHS| compares haplotypes within the same region 
of the genome, controlling for background recombination rate67, 
and has high power when selected haplotypes are at intermedi-
ate frequencies69. The SVMP and SVSP regions are punctuated by 
outstanding |iHS| peaks in C. viridis and C. oreganus that are on 
average 2.5-fold higher in magnitude than chromosome-specific 
and non-venom homologue backgrounds (Fig. 3e,g, Supplementary 
Table 5 and Extended Data Figs. 5–7; Welch’s two-sample  
t, P < 0.001).

Balancing selection produces clusters of linked sites with corre-
lated allele frequencies surrounding balanced polymorphisms51,70,71. 
We quantified allele frequency correlation, ß (refs. 71,72), across 
the genome under a range of parameter settings (Extended Data  
Fig. 5 and Supplementary Table 7). Our results reveal high ß in 
SVMP and SVSP regions of both species (Fig. 3f,h and Extended 
Data Figs. 6 and 7). Clustered ß peaks in these regions are on aver-
age threefold higher than background distributions (Supplementary 

Fig. 3 | Signatures of selection in venom gene regions, with comparisons to chromosomal backgrounds and non-venom homologues. Signatures of 
selection in SVMP (a,b,e,f,i,j) and SVSP (c,d,g,h,k,l) venom gene regions. a, Tajima’s D across chromosome 9 in C. viridis (CV1) and C. oreganus (CO1) 
populations (top). The SVMP region is shaded in grey. Boxplots below show distributions of Tajima’s D for chromosome 9, non-venom homologues (NV) 
of the SVMP family and SVMPs. b, Proportion of fixed differences (df) between CV1 and CO1. c, Integrated haplotype statistics (|iHS|) in CV1 and CO1. 
d, ß statistic measuring allele frequency correlation in CV1 and CO1. e–h, Chromosome scans and distributions of each statistic for the SVSP region, the 
chromosome 10 background and SVSP non-venom homologues. Points in genome scan panels represent mean estimates in 10 kb sliding windows, and 
lines represent 100 kb windowed estimates. Boxplots in a–h show the median (horizontal lines), interquartile (box limits) and range (whiskers). Asterisks 
indicate significant differences between venom gene regions and chromosome backgrounds and non-venom homologues based on two-tailed Welch’s 
two-sample t-tests (Tajima’s D and |iHS|) and Mann–Whitney ∪ tests (df and ß) and n = 2,293 and 2,068 10 kb sliding windows for SVMP and SVSP 
comparisons, respectively (*P < 0.05, **P < 0.001, ***P < 2.2 × 10−16). Exact P values for comparisons can be found in Supplementary Table 5. i,j, Results 
of composite-likelihood ratio tests of balancing selection versus neutrality using B0,MAF scores in the SVMP region in CV1 and CO1. Top panels show B0,MAF 
scores, with higher values indicating greater evidence for balancing selection. Dark blue arrows show locations of venom genes. Middle panels show 
inferred footprint size, log(̂A), as solid grey lines and equilibrium allele frequency, x̂, as dashed lines. Bottom panels show variation in the proportion of 
individuals per population with masked genotypes in detected CNVs (% CNV). k,l, B0,MAF scores, log(̂A), x̂ and % CNV in the SVSP region in CV1 and CO1. 
Dashed lines in top panels of i–l show the genome-wide 95th quantile.
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Table 5; Mann–Whitney ∪, P < 0.001, except between the SVMP 
region and non-venom homologues in C. viridis, P = 0.12). The ß 
peaks highlight signatures of balancing selection across SVMP and 
SVSP regions and are consistent with additional evidence from the 
combination of elevated Tajima’s D and |iHS| in both species. By 

contrast, we would expect low Tajima’s D combined with an absence 
of ß peaks under directional positive selection.

To explicitly test for evidence of balancing selection we per-
formed model-based genome scans of a composite-likelihood ratio 
test statistic73,74 to distinguish departures from neutral evolution. 
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Higher ratios, measured as B0,MAF scores, more strongly reject neu-
trality in favour of the alternative hypothesis of balancing selection, 
and we considered regions with scores above the genome-wide 
95th quantile to be significant. The SVMP and SVSP regions each 
include multiple genes with outlier B0,MAF scores that reject neutral-
ity in one or both species (Fig. 3i–l, upper panels). Strong candidates 
under balancing selection in both species include SVMPs 1, 2, 3, 4, 
5, 8 and 10 and SVSPs 7 and 9. Genes showing evidence of balanc-
ing selection in one species include SVSPs 5 and 10 in C. viridis 
and SVMPs 6, 7 and 9 in C. oreganus. Additional indicators of bal-
ancing selection are low log10(̂A) and high x̂ parameters associated 
with high B0,MAF scores, which measure balancing selection footprint 
size and equilibrium minor allele frequency, respectively (Fig. 3i–l, 
middle panels). Large footprints in these regions, indicated by low 
log10(̂A) values, provide very strong evidence of multilocus balanc-
ing selection73,75. Finally, the sign and magnitude of the dispersion 

parameter, â, in high B0,MAF regions indicate balancing selection as 
opposed to positive selection (Extended Data Fig. 8). It is notable 
that multiple venom gene regions with among the strongest evi-
dence for balancing selection show little or no CNV presence (Fig. 
3i–l), reinforcing that bioinformatic artifacts due to CNVs do not 
explain these findings (Supplementary Information).

The PLA2 region exhibits varied signals of selection (Extended 
Data Figs. 6–9). Tajima’s D is higher than background distributions 
in C. oreganus (Welch’s two-sample t, P < 0.001), but we find no sig-
nificant differences in C. viridis (Supplementary Table 5). However, 
fine-scale variation in D across C. viridis PLA2 genes aligns with 
variation in π and Fst. Νegative D estimates for PLA2 B1 and PLA2 
K contrast with positive D for PLA2 C1 and PLA2 A1 (Extended 
Data Fig. 9a and Supplementary Table 6). PLA2 A1 has significantly 
fewer fixed differences between C. viridis and C. oreganus than do 
non-venom homologues (Extended Data Fig. 9b and Supplementary 
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Fig. 5 | Predicted probabilities of alternative evolutionary mechanisms (neutrality, negative frequency-dependent selection and heterozygote 
advantage) across SVMP, SVSP and PLA2 venom gene regions. Predictions are based on training a neural network classification model with forward-time 
simulations and application of the trained model to empirical data (Supplementary Fig. 2). a,b, Violin plots show distributions of predicted probabilities 
of alternative mechanisms in windows of each venom region in C. viridis (a) and C. oreganus (b), respectively. c,d, Regional variation in the predicted 
probability of balancing selection versus neutrality across venom gene regions in C. viridis (c) and C. oreganus (d), respectively, measured as the log10 odds 
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Table 5; Mann–Whitney ∪, P = 0.0064). We observe, on average, 
1.5-fold higher |iHS| across the PLA2 region than in background 
distributions (Extended Data Fig. 9c and Supplementary Table 5; 

Welch’s two-sample t, P < 0.05). Finally, ß varies across PLA2 genes; 
lower values for PLA2 B1, PLA2 K and PLA2 C1 contrast with 
a ß peak over PLA2 A1 in C. viridis (Extended Data Fig. 9d and 

8.5 8.6 8.7 8.8 8.9 9.0

14.0 14.2 14.4

3.02 3.03 3.04 3.05

0

0.5

1.0

1.5

2.0

0

1

2

3

–1

0

1

2

3

Chromosome position (Mb)

Balancing selection Neutrality

–1.0

–0.5

0

0.5

1.0

–4

–2

0

–4

–2

0

Heterozygote advantage Negative frequency dependence

8.5 8.6 8.7 8.8 8.9 9.0

14.0 14.2 14.4

3.02 3.03 3.04 3.05

0

1

2

–1

0

1

2

–1

0

1

2

Chromosome position (Mb)

Balancing selection Neutrality

0

0.5

1.0

1.5

–1

0

1

–1

0

1

lo
g 1

0(
P

(n
eg

at
iv

e 
fr

eq
ue

nc
y 

de
pe

nd
en

ce
)/

P
(N

eg
at

iv
e 

fr
eq

ue
nc

y 
ad

va
nt

ag
e)

)

Heterozygote advantage Negative frequency dependence

0
0.

25 0.
50

0.
75 1.

00 0
0.

25 0.
50

0.
75 1.

00 0
0.

25 0.
50

0.
75 1.

00

Heterozygote
advantage

Negative
frequency

dependence

Neutrality

Probability

0
0.

25 0.
50

0.
75 1.

00 0
0.

25 0.
50

0.
75 1.

00 0
0.

25 0.
50

0.
75 1.

00

Heterozygote
advantage

Negative
frequency

dependence

Neutrality

Probability

Heterozygote advantage Negative frequency dependence Neutralitya

SVMP SVMP

SVSP

PLA2

SVSP

PLA2

SVMP SVMP

SVSP

PLA2

SVSP

PLA2

8.5 8.6 8.7 8.8 8.9 9.0

14.0 14.2 14.4

3.02 3.03 3.04 3.05

Chromosome position (Mb)

8.5 8.6 8.7 8.8 8.9 9.0

14.0 14.2 14.4

3.02 3.03 3.04 3.05

Chromosome position (Mb)

b

c d

e f

C. viridis C. oreganus

lo
g 1

0(
P

(b
al

an
ci

ng
 s

el
ec

tio
n)

/P
(n

eu
tr

al
ity

))

lo
g 1

0(
P

(b
al

an
ci

ng
 s

el
ec

tio
n)

/P
(n

eu
tr

al
ity

))
lo

g 1
0(

P
(n

eg
at

iv
e 

fr
eq

ue
nc

y 
de

pe
nd

en
ce

)/
P

(h
et

er
oz

yg
ot

e 
ad

va
nt

ag
e)

)

SVMP region SVSP region PLA2 region PLA2 regionSVMP region SVSP region

Heterozygote advantage Negative frequency dependence Neutrality

Nature Ecology & Evolution | www.nature.com/natecolevol

http://www.nature.com/natecolevol


ArticlesNaTurE EcOlOgy & EVOluTiOn

Supplementary Table 6). A similar PLA2 A1 ß peak is present in C. 
oreganus, and overall PLA2 region ß is >1.5-fold higher than back-
ground distributions in both species (Mann–Whitney ∪, P < 0.05). 
Explicit tests of balancing selection are equivocal, however, and 
do not reject neutrality across the PLA2 region in both species 
(Extended Data Figs. 8 and 9e,f). Small localized peaks of higher 
B0,MAF scores are present across PLA2 C1 in C. oreganus and PLA2 
A1 in both species, yet these scores fall below the genome-wide 95th 
quantile. It therefore remains an open question whether the PLA2 
region has indeed experienced a mixture of positive and balancing 
selection, or perhaps there is reduced power to discriminate among 
processes, including neutrality, due to its comparatively small size.

To examine evidence for the persistence of trans-species poly-
morphism due to long-term balancing selection in venom gene 
regions, we quantified the relative proportions of fixed differ-
ences, private polymorphisms and trans-species polymorphisms 
among phased C. viridis and C. oreganus variants. We predict that 
long-term balancing selection will result in a higher frequency of 
trans-species polymorphisms relative to fixed differences between 
species. Indeed, we find that the SVMP and PLA2 venom gene 
regions are enriched for trans-species polymorphisms relative to 
chromosomal backgrounds (Fig. 4a; Fisher’s exact, P < 0.05), and 
each major venom region has comparatively low proportions of 
fixed differences between C. viridis and C. oreganus, as also indi-
cated by scans of df above. We then scanned venom exon alignments 
for trans-species amino acid polymorphisms, limiting analyses to 
exons without CNV evidence within or between species. We find 19, 

24 and 6 trans-species amino acid polymorphisms among SVMP, 
SVSP and PLA2 genes, respectively, indicating that balanced poly-
morphisms are indeed relevant to venom protein variation (Fig. 4b).

Multiple specific forms of balancing selection could drive 
long-term maintenance of polymorphism, including negative 
frequency-dependent selection or heterozygote advantage (over-
dominance). To discriminate among these forms, we trained a neural 
network classification model (Supplementary Fig. 2) with summary 
statistics calculated from simulations generated under neutrality 
and alternative balancing selection mechanisms based on inferred 
demographic histories (Fig. 1d). We used this model to predict the 
probabilities of neutrality, negative frequency-dependent selec-
tion and heterozygote advantage in genomic windows from sum-
mary statistics computed on empirical data. These analyses provide 
strong support for balancing selection in venom gene regions of 
both C. viridis and C. oreganus (Fig. 5a,b), with few windows show-
ing higher probabilities of neutrality (Fig. 5c,d). Fine-scale variation 
in the probability of negative frequency dependence versus hetero-
zygote advantage across these venom regions (Fig. 5e,f) further sug-
gests that both mechanisms have contributed to the maintenance of 
polymorphism in major venom gene regions.

Recombination rate variation in major venom gene regions. Given 
multiple signatures of selection across major venom gene clusters, 
we investigated if the efficiency of selection and maintenance of 
variation have been facilitated by elevated levels of recombination. 
We first examined estimates of population-scaled recombination  
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rate (ρ) in the SVMP, SVSP and PLA2 regions (Extended Data  
Fig. 10) and compared these to respective non-venom homologues 
and chromosomal backgrounds after dividing windowed estimates 
by nucleotide diversity (ρ/π) as a proxy for local Ne. The SVMP and 
SVSP regions show higher ρ/π than background distributions in 
both species (Fig. 6a–d and Supplementary Table 8; Mann–Whitney 
∪, P < 0.001). PLA2 ρ/π is comparatively modest, although C. viri-
dis PLA2 ρ/π is higher than in the chromosome 15 background  
(Fig. 6e,f; P = 0.005).

We hypothesized that high recombination rates have reduced 
selective interference between venom clusters and surrounding 
regions and potentially between venom paralogues in the larger 
SVMP and SVSP regions. To test this we compared the decay of 
linkage disequilibrium (LD) measured using r2 as a function of 
physical distance between SNPs in venom regions to their immedi-
ate flanking regions. Indeed, LD decays more rapidly in the SVMP 
region in both species, decaying on average to 0.2 within 1.9 kilo-
bases (kb) in C. viridis and 0.5 kb in C. oreganus, compared to 2.6 kb 
and 2.1 kb in flanking regions, respectively (Fig. 6a,b). Similarly, 
SVSP LD decays to 0.2 within 1.5 kb in C. viridis and 0.7 kb in C. 
oreganus compared to 6.1 kb and 4.3 kb in flanking regions (Fig. 6c, 
d). By contrast, we find longer blocks of LD on average in the PLA2 
region of each species than in the immediate flanking regions (Fig. 
6e,f). This finding makes sense considering the much tighter physi-
cal linkage of PLA2 genes compared to the larger SVMP and SVSP 
clusters (the PLA2 region spans 26 kb versus 440 kb and 605 kb 
SVSP and SVMP regions). Interestingly, evidence for rapid LD 
decay in flanking regions suggests that there may be less selective 
interference between venom PLA2s and neighbouring genes, which 
serve ‘housekeeping’ functions76. The existence of a recombination 
hotspot in C. viridis between PLA2gIIE (non-venom) and PLA2 B1 
and the remaining venom cluster further supports this conclusion 
(Extended Data Fig. 10).

Finally, we investigated the relationship between recombination 
rate and signatures of selection to clarify their roles in venom adap-
tation and to test the alternative hypothesis that high recombina-
tion rates are themselves artifacts of balancing selection, as balanced 
polymorphism can mimic recombination hotspots due to local 
reductions in LD52. We find no associations between variables in 
any of the major venom gene regions that suggest high recombina-
tion rate estimates are driven by balancing selection (Supplementary 
Information).

Discussion
Analyses of snake venom evolution that lack a broad genomic con-
text with a bias toward deep-time comparisons have left substantial 
gaps in our understanding of population-level processes contribut-
ing to venom variation and adaptation. By analysing whole genomes 
and comparing genotypes of entire venom multigene families in 
closely related populations (Fig. 1), this study provides new per-
spectives on venom evolution at shallow timescales, which we show 
may be shaped by fundamentally distinct evolutionary forces from 
those that shaped ancient venom gene origins. Our findings support 
a role of balancing selection in maintaining adaptive genetic diver-
sity in major venom families and indicate remarkably little evidence 
for the widely accepted view that contemporary venom evolution 
is dominated by directional positive selection. Further, we find evi-
dence that long-term balancing selection on venom gene regions 
has driven elevated levels of trans-species polymorphism, which is 
thought to be rare in nature43, and that high regional recombination 
rates facilitate snake venom adaptation.

A role of balancing selection in venom evolution. Classic signa-
tures of directional selection poorly characterize variation observed 
in major rattlesnake venom gene regions, especially the large SVMP 
and SVSP tandem arrays. Instead, these venom loci manifest as 

readily distinguishable regions of elevated genetic diversity (Fig. 2 
and Extended Data Fig. 2). Several genes in the smaller PLA2 region 
also harbour high genetic diversity (for example, PLA2 A1). In both 
C. viridis and C. oreganus, genes with elevated genetic diversity in 
major venom regions show additional signatures of balancing selec-
tion, including local concentrations of intermediate-frequency 
alleles, extended haplotype lengths and clusters of SNPs with corre-
lated allele frequencies (Fig. 3 and Extended Data Fig. 9). The latter 
signature, in particular, is expected when balanced polymorphism 
has been maintained over moderately long evolutionary time peri-
ods (long-term balancing selection42,70,71). Model-based inferences 
further reject neutrality for multiple genes in the SVMP and SVSP 
clusters in both species (Fig. 3 and Extended Data Figs. 8 and 9), 
supporting that balancing selection mechanisms have shaped allelic 
diversity in these regions.

Different underlying selection regimes can drive signatures of 
balancing selection, such as negative frequency-dependent selec-
tion and heterozygote advantage, although distinguishing between 
these can be challenging43. Our simulation study to test evidence for 
distinct balancing selection mechanisms indicates that both nega-
tive frequency dependence and heterozygote advantage have prob-
ably contributed to venom diversity (Fig. 5), with regional variation 
in the probability of these alternative mechanisms. These conclu-
sions align with known aspects of venom composition in snakes and 
the ecological context of predator–prey antagonism. Documented 
evidence of taxon-specific toxicity of venom protein isoforms in the 
same snake species lends support to heterozygote advantage at the 
functional level77,78. Various prey types are important in the diets of 
C. oreganus and C. viridis79, with deer mice (Peromyscus sp.) and 
voles (Microtus sp.) representing large proportions of prey items80. 
If mouse- and vole-specific venom isoforms exist, for example, then 
the presence of these prey species in the diets of both species alone 
could exert overdominant selection and produce the observed sig-
natures. Alternatively, alleles may be adaptive only until they reach 
certain frequencies (and prey potentially evolve resistance), at 
which point selection favours an alternative allele. Such frequency 
dependence is a strong expectation given evidence for coevolution 
between snake venom and prey resistance and aligns with the rapid 
turnover in venom composition at fine geographic scales observed 
in nature19,81.

Our results do not entirely reject the role of directional selection 
in venom adaptation, as a subset of venom genes show signatures 
of directional selection (for example, PLA2 B1 and vespryn in C. 
viridis and CTL in C. oreganus; Supplementary Information). We 
also acknowledge that directional selection may have operated in 
the past or may occasionally impact specific SVMP and SVSP genes 
and that its footprints have been ‘overwritten’ by dominant effects 
of balancing selection at nearby genes. Still other venom genes have 
population genetic signatures that were indistinguishable from the 
genomic background and are probably sorting neutrally or evolving 
under purifying selection. These results suggest the maintenance of 
diversity in large venom gene complexes affords a greater ability for 
evolution to constantly tune their allelic composition, while other 
minor venom components remain more static, which aligns with 
less dynamic evolution of minor venom gene families in pitvipers, 
generally9,16,18,80,82,83.

Predator–prey coevolution and trans-species polymorphism. A 
major role of balancing selection in venom evolution is logically 
consistent with predictions of antagonistic predator–prey coevo-
lution, including that an outcome of adaptive evolution may be 
a genetically diverse set of segregating alleles rather than a single 
optimal genotype84. In contrast, directional positive selection may 
lead to evolutionary ‘dead ends’ in which alleles with high fitness 
at certain points in time and space become fixed but subsequently 
have reduced fitness as prey evolve effective resistance. In extreme 
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cases, evolved resistance in prey could render fixed venom alleles 
completely ineffective, at which point the snake predator popu-
lation must wait for new beneficial mutations to evolve or arrive 
through gene flow from other populations. Evidence for balancing 
selection in major venom gene regions therefore provides a plau-
sible explanation for the ability of snake predators to keep pace with 
coevolving prey through selective processes that maintain venom 
allelic diversity. Our results also provide evidence for the long-term 
maintenance of venom gene allelic diversity through balancing 
selection leading to trans-species amino acid polymorphisms (Fig. 
4). These findings align with contemporary venom evolution being 
dominated by predator–prey coevolutionary dynamics that include 
prey evolving resistance to venom and snake venom evolving to 
circumvent this resistance. Our data therefore provide new popula-
tion genomic evidence for mechanisms that explain the otherwise 
well-known85 biological phenomenon of snake venom coevolution 
with prey resistance.

Recombination and selection shape venom adaptation. It has 
remained unclear how compact tandem arrays of fitness-relevant 
venom loci could experience independent selection to target dis-
tinct molecules and prey through vastly different biological func-
tions (for example, PLA2 genes) while circumventing pronounced 
hitchhiking effects of close physical linkage. Our results reveal 
high local recombination rates and the presence of recombination 
hotspots in major venom tandem arrays, providing key insight on 
how selection can operate efficiently in these regions (Fig. 6 and 
Extended Data Fig. 10). Indeed, the rapid decay of LD between 
venom gene paralogues suggests reduced selective interference 
among loci, allowing natural selection to operate more efficiently 
on individual loci and new allele combinations57. This erosion of 
LD aligns with our inferences of balancing selection on venom, as 
reduced LD may be expected in cases of recombination between 
long-term balanced polymorphisms51. Another consequence of 
high recombination may be increased exposure of slightly deleteri-
ous alleles to selection48, reducing the build-up of genetic load in 
gene-dense venom regions.

Methods
Reference genome and venom gene annotation. We used the Prairie Rattlesnake 
genome assembly and annotation12 as the reference for all analyses. Annotations 
of venom gene families include three of the main multigene families present in 
Prairie Rattlesnake venom, snake venom metalloproteinases (SVMPs; 11 genes), 
snake venom serine proteases (SVSPs; 11 genes) and phospholipases A2 (PLA2s; 
4 genes), among other genes contributing to the venom phenotype (for example, 
CTL, CRISPs and LAAOs). The SVMP, SVSP and PLA2 venom gene families 
are each clustered in tandem arrays and occur on distinct microchromosomes 
(chromosomes 9, 10 and 15, respectively). For comparisons between genomic 
regions housing major venom gene families and the genomic background, we 
defined SVMP and SVSP regions as starting 50 kb upstream of the start site of 
the first gene and ending 50 kb downstream of the last gene in each family. The 
PLA2 venom gene region is much smaller than the SVMP and SVSP regions; thus, 
we only included 10 kb flanking regions to its coordinates. We also used SVMP, 
SVSP and PLA2 non-venom homologues identified in ref. 12 in our comparisons. 
Non-venom homologues are widely distributed across the genome, linked to 
chromosomes 1, 2, 4, 5, 6, 7, 9, 12, 15 and 18, as well as the Z chromosome.

Population sampling, whole-genome resequencing and variant calling. 
We generated whole-genome resequencing data for individuals collected 
from northern populations of C. viridis (Montana) and C. oreganus (Idaho) 
to complement previous sampling of populations from refs. 62,86 (Fig. 1a and 
Supplementary Table 1). We also used resequencing data for an individual C. atrox 
as an outgroup for alignment-based analyses. Our total sampling included 17 
California C. oreganus (C. o. helleri sensu ref. 64), 17 Idaho C. oreganus, 19 Colorado 
C. viridis, 14 Montana C. viridis and 1 C. atrox. All procedures using animals 
and tissues were performed according to the University of Northern Colorado 
Institutional Animal Care and Use Committee protocols 0901C-SM-MLChick-12 
and 1302D-SM-S-16.

We extracted DNA from blood tissue stored in DNA lysis buffer using 
phenol-chloroform-isoamyl extractions and then prepared sequencing libraries 
using Illumina Nextera Flex kits with sample-specific barcodes. Libraries were 

sequenced on Illumina NovaSeq 6000 lanes using 150 bp paired-end reads. 
Reads were quality filtered using Trimmomatic v.0.39 (ref. 87) using the settings 
LEADING:20 TRAILING:20 MINLEN:32 AVGQUAL:30 and then mapped to 
the C. viridis reference genome using bwa mem88 with default settings. A mean of 
97% ± 1.7% reads aligned uniquely, corresponding to 28.7× ± 16.9× read depth 
per sample (Supplementary Table 1). We called genomic variants using the GATK 
v.4.0.8.1 best-practices workflow89,90. Specifically, we called individual variants 
using GATK HaplotypeCaller, specifying ‘--ERC GVCF’ to generate a genomic 
variant call file (VCF; ref. 91) per sample. We then called variant sites among the 
cohort of samples using GATK GenotypeGVCFs, specifying ‘--all-sites’ to retain 
information for variant and invariant genotypes. Following variant calling, we 
masked sites in the C. viridis repeat annotation12 using GATK VariantFiltration 
and recoded repeats, indels, low depth and quality bases (depth < 5 and genotype 
quality < 30) and sites with mean read depths above the 97.5th quantile 
(depth > 36.24) as missing genotypes using bcftools filter92. The latter filtering step 
was applied to avoid spurious SNP calls based on paralogous mappings. Finally, 
we filtered to remove sites on scaffolds not assigned to chromosomes. The filtered 
variant dataset included 27,749,933 biallelic SNPs. We compared the distributions 
of genotype quality scores in venom gene regions to the genome-wide distribution 
to verify that there was not a bias in read depths due to potential paralogous 
mappings.

Phased variants were available for the Colorado C. viridis and California 
C. oreganus populations62. Briefly, non-singleton variants were phased using 
SHAPEIT v.2.904 (ref. 93) after first identifying phase-informative reads using the 
extractPIRs extension. Using phase-informative reads and input VCFs for each 
population, we ran SHAPEIT using the settings -states 1000 -burn 200 -prune 210 
-main 2000 and then confirmed the results by calculating low switch error rates 
across independent runs. To avoid spurious results from paralogous mappings in 
multigene venom gene regions, we filtered phased variants with mean read depths 
greater than the 97.5th quantile per chromosome. The final phased variant datasets 
included 9,737,794 SNPs for C. viridis and 6,365,456 SNPs for C. oreganus.

Removal of bioinformatic artifacts of copy-number variation. Multigene 
venom gene families are composed of closely related paralogues and copy 
number can vary within and between species14,94. To avoid the influence of 
CNVs on population genetic inferences in venom gene regions, we performed 
pairwise CNV detection analyses between all individuals in all populations and a 
randomly selected individual from the CV1 population (the same population as 
the reference genome animal) with the expectation of little structural variation 
in this population compared to the reference genome (Extended Data Fig. 1a). 
Indeed, relative read depths across the venom gene regions in the CV1 population, 
measured as the log2 of the ratio of read depth divided by the autosomal median 
read depth, indicate that structural variation is minimal or absent in this 
population (Extended Data Fig. 1b). We performed pairwise CNV detection for 
each individual using CNV-seq95. This approach detects CNVs based on pairwise 
differences in read depths when mapped to a common reference genome. We 
extracted alignments on chromosomes 9, 10 and 15 (microchromosomes housing 
major venom gene families) for CNV analysis using samtools v.1.10 (ref. 92). We 
ran CNV-seq on mapping hits, specifying --log2 0.6, --p 0.001, --bigger-window 1 
and --minimum-windows 2 and specifying a window size of 2.5 kb. We then used 
the coordinates of significant CNVs to mask genotypes per individual such that 
masked genotypes were not used in downstream population genetic inference. 
This approach has the advantage of accounting for polymorphism in CNVs within 
and between populations and species, and we further quantified the number of 
individuals per population with masked genotypes in detected CNVs (% CNV) to 
visualize the degree of genotype masking across the venom gene regions (Extended 
Data Fig. 1a,b).

We used a one-tailed test of Hardy–Weinberg equilibrium (HWE) adapted 
from ref. 96 to remove potential bioinformatic artifacts that persisted after CNV 
masking. We used a one-tailed test across our dataset to specifically remove sites 
with significant departures from HWE due to excess heterozygosity unlikely to 
be explained by natural variation. We performed a Benjamini–Hochberg false 
discovery rate correction with a threshold of 0.001 on HWE P values to account 
for multiple testing and to avoid false positives. This procedure found 12,612 
excess heterozygosity SNPs across the genome with significant departures from 
HWE, which we removed from further analysis. To validate that our CNV and 
HWE filtering approaches removed potential bioinformatic artifacts of structural 
variation in venom genes, we visualized minor allele frequency spectra for each 
gene (Extended Data Fig. 1c).

Population structure. We inferred population structure in C. viridis and C. 
oreganus using the likelihood-model approach in ADMIXTURE97 for K genetic 
clusters, with K ranging from 1 to 16. Before analysis, we used VCFtools91 
to prune our SNP dataset to retain biallelic ingroup SNPs with minor allele 
frequencies ≥0.05 (--maf 0.05) that were genotyped in at least 60% of samples 
(--max-missing 0.4). We also thinned the dataset to only keep SNPs separated by at 
least 1 kb to reduce the effects of tight physical linkage on estimates of assignment 
probabilities to one or more K clusters. These filtering settings yielded 348,264 
SNPs for analysis. We converted data in VCF format for ADMIXTURE using Plink 
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v.1.90 (ref. 98) and then ran iterations of ADMIXTURE for models with K = 1 to 
16 clusters. We evaluated the fit of K models to the data using the cross-validation 
procedure.

Demographic history. We used PSMC v.0.6.5 (ref. 66) to estimate effective 
population size through time for each of the four populations. We sampled read 
mapping data for a representative individual from each population at random and 
then called heterozygous sites using bcftools mpilup and call functions92, using 
bcftools filter and view functions to remove indels, SNPs with low (DP < 5) and 
high (DP > 50) read depths and SNPs overlapping the C. viridis repeat annotation. 
We ran PSMC specifying a generation time of 3 yr and the generalized squamate 
mutation rate of 2.4 × 10−9 reported in ref. 99. We specified a time segment pattern 
of 4 + 30 × 2 + 4 + 6 + 10 after performing preliminary analyses using a range of 
patterns and tested the robustness of effective population size estimates using 100 
bootstrap replicates per analysis.

Measurements of genetic diversity, differentiation and selection. We measured 
various population genetic summary statistics across the genome to understand 
the roles of evolutionary processes in shaping the broad genomic landscape of 
diversity. We further investigated patterns in venom gene regions, specifically, to 
detect signatures of selection on venom loci and evaluate the effects of selection 
on linked variation. We first estimated within-population nucleotide diversity (π), 
between-population sequenced divergence (dxy) and between-population relative 
differentiation (Fst) using Pixy v.0.95 (ref. 100). Pixy explicitly accounts for missing 
genotypes when estimating π and dxy, which are both biased by the presence of 
missing data among sites and associated sampling variance101. Pixy therefore 
provides more robust estimates of within- and between-population diversity than 
do methods that do not account for missing data100. We estimated π for each C. 
viridis and C. oreganus population and also for outgroup species and calculated 
dxy and Fst between pairs of C. viridis and C. oreganus populations, specifying 
minimum depth filters for the inclusion of sites (--variant_filter_expression 
‘DP ≥ 5’ and --invariant_filter_expression ‘DP ≥ 5’)'. We performed multiple runs 
to calculate statistics in 100, 10 and 1 kb sliding windows. Because the PLA2 region 
is relatively small, we also calculated statistics in 250 bp sliding windows across 
chromosome 15 to evaluate patterns across this region.

Additional statistics were calculated in sliding windows to evaluate evidence 
of selection in venom gene regions suggested by patterns of genetic diversity 
and differentiation. We tested for deviations from neutral expectations using 
Tajima’s D statistic102, which we measured using VCFtools91. We measured the 
frequency of fixed differences, df, between populations. We further measured 
extended haplotype homozygosity on phased variants in the CV1 and CO1 
populations using the |iHS| statistic67 in the R package rehh103,104. SNPs with minor 
allele frequencies <0.05 were filtered before calculating |iHS|, and we specified 
‘polarized = false’ because phased data for outgroups were not available to polarize 
ancestral from derived alleles. We tested for evidence of balancing selection 
using BetaScan71,72, which calculates the allele frequency correlation summary 
statistic, ß, in sliding windows. The ß statistic is capable of detecting clusters of 
intermediate-frequency polymorphisms surrounding a central balanced variant. 
These clusters reflect regional distortions in the time to most recent common 
ancestor, an expected result of balancing selection42,43. We used glactools105 
to convert phased variants called in CV1 and CO1 populations to folded site 
frequency spectra. We then ran BetaScan on each chromosome per population 
with a minimum folded core SNP allele frequency -m 0.15 and under a series of -w 
(500, 1,000 and 2,000 bp) and -p (2, 5, 10, 20) parameters to determine if the results 
were sensitive to differences in these settings (Supplementary Table 7). As for Pixy 
analyses, we calculated summary statistics in 100, 10 and 1 kb non-overlapping 
sliding windows across the genome and in 250 bp windows on chromosome 15. We 
used the composite-likelihood ratio test implemented in BalLerMix+ (B0,MAF; refs. 
73,74) to explicitly test for evidence of balancing selection versus neutral evolution 
across the genome. We calculated the genome-wide 95% significance threshold 
for C. viridis and C. oreganus to distinguish genomic regions in each species with 
outstanding B0,MAF scores.

We calculated the relative proportion of fixed differences, private 
polymorphisms and trans-species polymorphisms among variant sites observed 
in the phased CV1 and CO1 datasets by first generating chromosome-length 
haplotype alignments using BCFtools92, with C. atrox as an outgroup. We then 
identified variant sites for which at least 50% of samples in each species had called 
genotypes and classified private polymorphisms as sites where one species was 
invariant while the other was at a minor allele frequency in the range between 0.1 
and 0.5. Similarly, we conservatively classified trans-species polymorphisms as sites 
where both species had minor allele frequencies between 0.1 and 0.5. To evaluate 
functional variation in venom genes themselves, we extracted and translated the 
exon alignments to quantify the number of amino acid replacements produced by 
private and trans-species polymorphisms in both species.

Training a classifier to predict evolutionary mechanism. To better explore 
potential evolutionary mechanisms shaping haplotypic variation in venom gene 
clusters, we trained predictive classification models with simulated data designed 
to mimic the evolutionary history of C. viridis and C. oreganus. Specifically, using 

the forward-time simulator SLiM 3.7.1 (ref. 106), we generated L = 10 kb long 
sequences under demographic histories inferred by PSMC66 for CO1 and CV1 
populations and, respectively, sampled 34 and 36 haplotypes for CO1 and CV1 
simulations to match empirical sample sizes. To further match the empirical data, 
we assumed a per-site per-generation neutral mutation rate of μ = 8.4 × 10−9(ref. 99) 
and species-specific per-site per-generation recombination rates of r = 6.08 × 10−8 
and 1.79 × 10−8 for C. viridis and C. oreganus, respectively62. Details of classification 
model training, simulations and comparisons with empirical data to determine 
probabilities of neutrality, negative frequency-dependent selection and 
heterozygote advantage in venom gene regions can be found in the Supplementary 
Information.

Analysis of recombination rate and linkage disequilibrium. Population-scaled 
recombination rates (ρ = 4Ner) for C. viridis and C. oreganus were estimated 
previously62. Briefly, ρ was estimated from phased variants using the rjMCMC 
procedure in LDhelmet107 for chromosome-assigned scaffolds in the C. viridis 
genome using a block penalty (‘bpen’) of 10. Recombination hotspots in C. viridis 
and C. oreganus were defined as intervals where estimated ρ was greater than 
tenfold higher than immediate upstream and downstream 40 kb regions and 
hotspot ‘heat’ was calculated by dividing ρ within hotspot intervals by the mean 
rate in flanking regions. Hotspots within 5 kb of one another were filtered to 
retain the hotspot with the highest relative heat. We investigated ρ variation in the 
SVMP, SVSP and PLA2 venom gene regions in 1, 10 and 100 kb sliding windows 
and extracted all intervals in recombination maps within coordinates for the 
venom gene families to quantify the distribution of ρ in venom gene regions. We 
also quantified background ρ distributions outside of these regions for each of 
the microchromosomes housing venom genes and for non-venom homologues 
distributed across macrochromosomes and microchromosomes. We compared 
distributions after dividing ρ estimates by π per genomic window to account for 
effective population size (Results).

We quantified LD in major venom gene regions by calculating r2 between all 
pairs of phased SNPs using VCFtools --hap-r2 (ref. 91), after filtering to retain SNPs 
with minor allele frequencies above 0.1 (--maf 0.1). We examined LD decay by 
calculating the mean and interquartile range of r2 values as a function of physical 
distance between all pairs of SNPs. We then repeated this process for upstream 
and downstream flanking regions of equal size to venom gene regions; mean and 
interquartile ranges were calculated after combining pairwise r2 for all SNPs in 
both flanking regions.

Statistical analysis. We performed all statistical analyses in R (ref. 108). We used 
Mann–Whitney ∪ tests and Welch’s two-sample t-tests to compare distributions of 
population genetic estimators in venom gene regions to respective chromosomal 
backgrounds and non-venom homologues. We calculated Spearman’s rank order 
correlation coefficients to examine associations between parameters across the 
genome and in venom gene regions, specifically.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The genomic data that support the findings of this study are available at NCBI SRA 
under accession PRJNA593834.

Code availability
Analysis scripts are available on GitHub (https://github.com/drewschield/
venom_population_genomics).
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Overview of filtering strategy to remove potential bioinformatic artifacts of copy-number variation (CNV) in major venom gene 
regions. a Schematic representation of the workflow used to filter departures from Hardy–Weinberg equilibrium (HWE) due to excess heterozygosity at 
SNP positions. Input variant calls were analysed using a one-tailed HWE test (adapted from Wigginton et al. 2005) and SNPs with significant HWE P-
values after FDR correction were filtered. Individual CNVs were detected, scored, and regional variation in CNV presence, quantified as the proportion of 
individuals in a population with a detected CNV (% CNV), was measured across each major venom gene region. CNV calls were used to mask genotypes 
per individual prior to population genetic analysis. b Regional variation in CNV presence per population across the major venom gene regions. Top panels 
for each venom gene region show log2 read depths in sliding windows relative to the autosomal median depth for the CV1 reference population. Here 
values of zero indicate equal coverage to the autosomal median, values of −1 equal half coverage, and values of 1 equal twice the autosomal median 
coverage. Dark blue segments indicate the locations of venom genes in each region. Lower panels for each region show variation in the proportion of 
individuals with masked genotypes in a detected CNV (% CNV) per population. c Minor allele frequency spectra across the dataset for each gene in the 
major venom gene families after using the described HWE and CNV filtering strategy.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Genome scans of genetic diversity within populations and differentiation between populations across chromosome housing 
major venom gene families (SVMPs, SVSPs, and PLA2s) in CV2 and CO2 populations. a Sliding windows of nucleotide diversity (π) in C. viridis (CV2) and 
C. oreganus (CO2) populations and sequence divergence (dxy) and relative differentiation (Fst) between CV1 and CV2 and between CO1 and CO2 across 
Chromosome 9 (top panels), and in the SVMP region (bottom panels). b π, dxy, and Fst across Chromosome 10 (top), and in the SVSP region (bottom). c π, 
dxy, and Fst across Chromosome 15 (top), and in the PLA2 region (bottom). Shaded points in top panels show estimates in 10 kb windows and lines show 
estimates in 100 kb windows. In bottom panels in a and b, shaded points show estimates in 1 kb windows, and lines show estimates in 10 kb windows. 
In bottom panels in c, shaded points show estimates in 250 bp windows and lines are estimates in 1 kb windows. The regions housing venom genes are 
shaded in grey in all panels. Chromosome-specific and genome-wide mean values for each statistic are represented by blue and red dashed horizontal 
lines. The locations of individual venom genes are shown as blue boxes (bottom panels). The non-venom homologue PLA2gIIE is shown in light purple. 
Gaps in measurements are locations that were masked due to significant evidence of copy-number variation between C. viridis and C. oreganus.
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Extended Data Fig. 3 | Genetic diversity point estimates for major venom paralogues. Point estimates (dark blue circles) of π (a), dxy (b), and Fst (c) 
for paralogues in the three major venom gene families, compared to chromosome-specific background distributions outside of venom gene regions. 
Boxplots show the median (horizontal lines), interquartile (box limits), and range (whiskers) based on n = 2,253, 1,998, and 1,239 10 kb sliding windows for 
chromosomes 9, 10, and 15, respectively.
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Extended Data Fig. 4 | Tajima’s D across major venom regions in CV2 and CO2 populations. Tajima’s D across SVMP (a), SVSP (b), and PLA2 (c) 
regions in CV2 and CO2 populations. Top panels show sliding window Tajima’s D estimates in 100 kb (lines) and 10 kb (points points) windows. Venom 
gene regions are shaded in grey. Middle panels in a and b show zoomed in venom gene regions with sliding window estimates in 10 kb (lines) and 1 kb 
(points) windows. Middle panels in c show estimates in 1 kb (lines) and 250 bp (points) windows. Gaps in lines represent windows where there was 
insufficient data to calculate a mean estimate. Dark blue segments show the locations of venom genes in each region, and the non-venom homologue 
PLA2gIIE is shown in light purple in c. Regional variation in the presence of CNVs (% CNV) in CV2 (orange dashed line) and CO2 (dark blue line) is 
shown below venom region scans. Individual genotypes in detected CNVs were masked. Bottom panels show distributions of chromosome-specific 
and non-venom homologue (NV) backgrounds compared to values in each venom gene region, with boxplots showing the median (horizontal lines), 
interquartile (box limits), and range (whiskers). Asterisks indicate significant differences between venom gene regions and chromosome backgrounds and 
non-venom homologues based on two-tailed Welch’s two-sample t-tests and n = 2,293, 2,068, and 1,272 10 kb sliding windows for SVMP, SVSP, and PLA2 
comparisons, respectively (*P < 0.05; **P < 0.001). Exact P-values for comparisons can be found in Supplementary Table 5.
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Extended Data Fig. 5 | Genomic scans of iHS and ß selection statistics in CV1 and CO1 populations. Lines show mean estimates in 1 Mb sliding windows. 
Shaded points show mean estimates in 100 kb sliding windows.
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Extended Data Fig. 6 | Scans of iHS and ß selection statistics across major venom regions. Scans of a|iHS|and b ß selection statistics in CV1 and CO1 
populations across SVMP, SVSP, and PLA2 venom gene regions. Lines in SVMP and SVSP panels show mean estimates in 10 kb sliding windows. Shaded 
points in SVMP and SVSP panels show mean estimates in 1 kb sliding windows. Lines in PLA2 panels show mean estimates in 1 kb sliding windows. Shaded 
points in PLA2 panels show mean estimates in 250 bp sliding windows. Gaps in lines represent windows where there was insufficient data to calculate a 
mean estimate. Venom gene locations are shown with dark blue segments. The non-venom PLA2gIIE homologue is shown as a light purple segment.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Selection statistic point estimates for major venom paralogues. Point estimates (dark blue circles) of Tajima’s D (a), df (b), 
|iHS|(c), and ß (d) for paralogues in the three major venom gene families, compared to chromosome-specific background distributions outside of venom 
gene regions. Boxplots show the median (horizontal lines), interquartile (box limits), and range (whiskers) based on n = 2,253, 1,998, and 1,239 10 kb 
sliding windows for chromosomes 9, 10, and 15, respectively.
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Extended Data Fig. 8 | Diagnostic parameters in composite-likelihood ratio tests of selection in major venom regions. Results of composite-likelihood 
ratio tests of balancing selection and diagnostic parameters in the SVMP (a-b), SVSP (c-d), and PLA2 (e-f) venom gene regions. Top and middle panels 
show B0,MAF scores, log(̂A), and x̂ parameters as shown in Fig. 3 and Extended Data Fig. 9. Dark blue arrows show locations of venom genes and dashed 
lines show the genome-wide 95th quantile. Lower panels show the dispersion parameter, log (̂a), where positive values indicate balancing selection in 
regions with high B0,MAF scores and negative values are indicative of positive selection. The dashed horizontal line indicates 0 on the y-axis.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Signatures of selection in the PLA2 venom gene region. Signatures of selection in the PLA2 venom gene region, with comparisons 
to chromosomal backgrounds and non-venom homologues (NV). a Tajima’s D across chromosome 15 in C. viridis (CV1) and C. oreganus (CO1) populations 
(top). Middle panels show variation zoomed into the PLA2 region, shaded in grey. Boxplots show distributions of Tajima’s D for chromosome 15, non-
venom homologues of the PLA2 family, and PLA2s. b Proportion of fixed differences (df) between CV1 and CO1. c Integrated haplotype statistics (|iHS|) in 
CV1 and CO1. d ß statistic measuring allele frequency correlation in CV1 and CO1. Points in chromosome scan panels represent mean estimates in 10 kb 
sliding windows, and lines represent 100 kb windowed estimates. Points in zoomed PLA2 region scans represent mean estimates in 250 bp windows and 
lines show 1 kb windowed estimates. Locations of individual PLA2 genes are shown as dark blue segments (bottom panels). The PLA2gIIE non-venom 
homologue is shown in light purple. Gaps in lines represent windows where there was insufficient data to calculate a mean estimate. Boxplots in a-d show 
the median (horizontal lines), interquartile (box limits), and range (whiskers). Asterisks indicate significant differences between venom gene regions and 
chromosome backgrounds and non-venom homologues based on two-tailed Welch’s two-sample t-tests (Tajima’s D and |iHS|) and Mann–Whitney ∪ tests 
(df and ß) and n = 1,272 10 kb sliding windows for comparisons (*P < 0.05; **P < 0.001; ***P < 2.2 × 10−16). Exact P-values for comparisons can be found in 
Supplementary Table 5. e-f Results of composite-likelihood ratio tests of balancing selection versus neutrality using B0,MAF scores in the PLA2 region in CV1 
and CO1. Upper panels show B0,MAF scores, with higher values indicating greater evidence for balancing selection. Arrows show locations of PLA2 genes. 
Lower panels show inferred footprint size, log(̂A), as solid grey lines and equilibrium allele frequency, x̂, as dashed lines. Dashed lines in top panels of e-f 
show the genome-wide 95th quantile.
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Extended Data Fig. 10 | Population-scaled recombination rates in major venom regions. Population-scaled recombination rate (ρ = 4Ner) across SVMP 
(a), SVSP (b), and PLA2 (c) venom gene regions in C. viridis and C. oreganus. Upper panels show chromosome-wide variation and lower panels show 
variation within the venom regions, specifically, highlighted by the grey shading in all panels. Dark blue segments in lower panels show the locations of 
venom paralogues. The light purple segment in c is the non-venom homologue PLA2gIIE. Shaded points in the upper panels of a-c represent mean ρ in 
10 kb windows and black lines represent 100 kb windowed means. In lower panels of a and b, points and lines represent 1 kb and 10 kb windowed ρ. In 
lower panels of c, lines represent 1 kb windowed ρ and points are estimates from all SNP intervals. Vertical dashed lines show the locations of inferred 
recombination hotspots from Schield et al. (2020). Panels at the bottom show regional variation in the proportion of C. viridis (orange dashed line) and  
C. oreganus (dark blue line) individuals per population with evidence of copy-number variation (% CNV) across the venom gene regions.
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Illumina sequencing technology software was used to collect raw sequencing data.

Data analysis The workflow and analyses in this study used the following open-source software: Trimmomatic v0.36, bwa v0.07.17, GATK v3.8 and v4.0.8.1, 
htslib v1.10, samtools v1.10, bcftools v1.10, tabix v1.9, plink v1.9, vcftools v0.1.17, bedtools v2.29.2, CNV-seq, SNP-HWE, ADMIXTURE v1.3, 
psmc v0.6.5, pixy v1.0, glactools, betascan, rehh, R v3.6.1, and BalLerMix+. Custom scripts for data processing and analysis are available at 
https://github.com/drewschield/venom_population_genomics.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The genomic data that support the findings of this study are available at NCBI SRA under accession PRJNA593834.
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Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender N/A

Population characteristics N/A

Recruitment N/A

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description We performed population genomic analyses of rattlesnake populations to investigate the evolutionary history of major venom gene 
regions in the genome. Our findings reveal previously unappreciated roles of recombination and balancing selection in maintaining 
genetic diversity in venom gene regions.

Research sample We collected 68 rattlesnakes from two species in the Western Rattlesnake Species Complex (Crotalus viridis and C. oreganus) and an 
outgroup (C. atrox). Within each species, we sampled multiple populations from localities in Colorado, California, Idaho, and Montana 
to examine within-species genetic diversity and differentiation. Populations of C. viridis and C. oreganus were sampled such that 
sample sizes (n = 14-19) were appropriate for analyses of population genetic structure, demography, genetic diversity and 
differentiation, and signatures of selection.

Sampling strategy Samples were chosen to represent northern and southern populations of C. viridis and C. oreganus to enable comparisons within and 
between populations and species.

Data collection Genome resequencing data was obtained by extracting DNA from each specimen, preparing Illumina Nextera Flex genomic libraries 
per sample, and sequencing on an Illumina NovaSeq 6000 instrument.

Timing and spatial scale Samples were collected during trips in June 2017 and 2019 or were obtained from museum collections. Sequencing data were 
generated in May 2018 and July 2019. 

Data exclusions No data were excluded from analyses.

Reproducibility For analyses that were potential sensitive to different parameter settings, we performed multiple analyses with different 
complements of parameters to ensure that the results were robust to parameter choice (e.g., betascan analyses). The details of our 
analysis workflow and software used are available at https://github.com/drewschield/venom_population_genomics.

Randomization Samples were allocated into populations based on sampling locality and analyses of population genetic structure, which clearly 
delineated distinct populations.

Blinding No experimental methods required blinding.

Did the study involve field work? Yes No

Field work, collection and transport

Field conditions Field collections took place in June 2017 and 2019. Temperatures varied by locality, but were typically between 65-85 degrees 
Fahrenheit. Rainfall was typical during collection in Idaho, but not elsewhere.

Location Samples were collected from the vicinities of Weld County, Colorado (approximately 40.31N, -104.28W; ~5,000 ft), West Knee, 
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Location Montana (48.01471N, -111.35434W; 3,800 ft), and Lewiston, Idaho (46.357013N, -117.047732W; 780 ft). Samples from California 

were loaned from the California Academy of Sciences. All specific localities are detailed in Supplementary Table 1.

Access & import/export Sampling locations were accessed responsibly on public lands or with permission from land owners and in compliance with scientific 
collecting permits granted by Montana Fish, Wildlife, and Parks Service, Idaho Department of Fish and Game, and Colorado 
Department of Parks and Wildlife.

Disturbance No disturbance was caused by this study.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals The study did not involve laboratory animals.

Wild animals Snakes were caught during collecting hikes to den sites. Snake tongs and hooks were used to safely handle the animals, which were 
placed into snake bags and then into five-gallon buckets for temporary containment. Animals ranged in age, but those collected were 
primarily adults (2-5 years). A roughly equal proportion of males and females were collected from each population. 

Reporting on sex This study did not involve sex-based analyses.

Field-collected samples Animals were humanely euthanized according to IACUC protocols, then dissected and tissue samples were either snap frozen in 
liquid nitrogen or stored in DNA lysis buffer.

Ethics oversight Ethical use of animals was approved and prescribed by the Institutional Animal Care and Use Committee (IACUC) at University of 
Northern Colorado, protocol numbers 0901C-SM-MLChick-12 and 1302D-SM-S-16 issued to Stephen P. Mackessy.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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