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We used mitochondrial DNA sequence data from 151 individuals to estimate population genetic structure
across the range of the Western Diamondback Rattlesnake (Crotalus atrox), a widely distributed North
American pitviper. We also tested hypotheses of population structure using double-digest restriction site
associated DNA (ddRADseq) data, incorporating thousands of nuclear genome-wide SNPs from 42 indi-
viduals. We found strong mitochondrial support for a deep divergence between eastern and western C.
atrox populations, and subsequent intermixing of these populations in the Inter-Pecos region of the Uni-
ted States and Mexico. Our nuclear RADseq data also identify these two distinct lineages of C. atrox, and
provide evidence for nuclear admixture of eastern and western alleles across a broad geographic region.
We identified contrasting patterns of mitochondrial and nuclear genetic variation across this genetic
fusion zone that indicate partially restricted patterns of gene flow, which may be due to either pre- or
post-zygotic isolating mechanisms. The failure of these two lineages to maintain complete genetic isola-
tion, and evidence for partially-restricted gene flow, imply that these lineages were in the early stages of
speciation prior to secondary contact.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Speciation proceeds with the origin of barriers to gene flow,
which permits the maintenance of genetic and phenotypic diver-
gence (Coyne and Orr, 2004; Nosil and Feder, 2012). Isolation
mechanisms may vary in strength, leading to a continuum of spe-
ciation based on the degree to which such mechanisms promote
reproductive isolation between lineages (Coyne and Orr, 2004;
Nosil and Feder, 2012). Lineages in the early stages of this specia-
tion continuum are particularly valuable as model systems for
understanding the mechanisms that drive speciation. They are
valuable for understanding primary mechanisms of isolation
because they lack confounding secondary isolation mechanisms
that evolve later (Orr, 1995; Good et al., 2008). Accordingly,
studying these model systems may also provide novel insight into
why speciation might not occur, leading to the secondary fusion of
divergent lineages (Taylor et al., 2006; Wiens et al., 2006; Webb
et al., 2011). Comparing patterns of mitochondrial and nuclear
genetic variation can be useful for identifying such patterns of par-
tial genetic isolation, due to their different modes of inheritance.
Here we conduct a detailed analysis of nuclear and mitochondrial
gene flow between two divergent lineages of the Western Dia-
mondback Rattlesnake (Crotalus atrox), and assess evidence for
where these divergent lineages may exist on the speciation
continuum.

The Western Diamondback Rattlesnake is a large venomous rat-
tlesnake native to the United States and Mexico. It inhabits among
the broadest distributions of all rattlesnake species, ranging across
much of the southwestern United States and northern Mexico
(Campbell and Lamar, 2004). This species is viewed as a habitat
and diet generalist, living in a diversity of lowland habitats and
feeding on a large variety of prey. There are no described subspe-
cies within C. atrox, although there is evidence of morphological
variation across their range (Klauber, 1956; Spencer, 2008). Given
its large range, local abundance, large size, and toxic venom, C.
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atrox is among the most medically relevant species in North
America, with the highest number of human fatalities due to
envenomation of any snake (Campbell and Lamar, 2004).

In a previous study, Castoe et al. (2007) found evidence for two
distinct C. atrox mitochondrial lineages that diverged approxi-
mately 1.36 MYA, corresponding roughly to populations east and
west of the Continental Divide of the United States and Mexico.
Although sampling was limited, the authors found some evidence
that these two mitochondrial lineages overlap in distribution near
the Continental Divide, suggesting possible gene flow between
these lineages. Although mitochondrially-encoded loci have been
used extensively to study snake phylogeography and population
genetics (e.g., Ashton and de Queiroz, 2001; Douglas et al., 2002;
Castoe et al., 2007; Burbrink and Castoe, 2009; Meik et al., 2012),
they may obscure some patterns of introgression due to their
matrilineal inheritance, lack of recombination, and rapid coales-
cence (Avise and Vrijenhoek, 1987; Palumbi and Baker, 1994;
Avise, 2000). The combination of mitochondrial data with data
from nuclear single nucleotide polymorphisms (SNPs), however,
provides a more powerful means of testing population genetic
hypotheses and of comparing matrilineal versus whole genome
patterns of genetic variation.

Here we combined extensive sampling of individuals for a mito-
chondrial gene with sampling of thousands of nuclear SNPs from
restriction site associated DNA sequencing (RADseq) to investigate
patterns of historical and current divergence, and gene flow across
the range of C. atrox. Our aim in this study was to use both mito-
chondrial and nuclear data to characterize patterns of divergence
and secondary contact in C. atrox, and to detect signatures of pro-
gression towards speciation of lineages within C. atrox prior to
recent introgression. To address this aim, we tested the following
hypotheses: (1) Mitochondrial and nuclear data provide evidence
of two divergent C. atrox lineages, (2) mitochondrial and nuclear
data show evidence of recent gene flow between these lineages,
(3) both eastern and western populations show similar patterns
of genetic diversity and historical demography based on mitochon-
drial and nuclear data, and (4) gene flow is unrestricted between
eastern and western lineages, and there is no evidence of reproduc-
tive isolation.
2. Materials and methods

2.1. Taxon sampling and DNA extraction

We obtained tissues from a total of 151 Crotalus atrox from
throughout their range (Fig. 1B; Table S1), including the 48 sam-
ples in Castoe et al. (2007). Tissues included samples of blood, liver,
and skin preserved by snap-freezing or via lysis buffer, RNALater,
shed skins or rattles. Genomic DNA was isolated in one of four
ways: using a Qiagen DNeasy extraction kit (samples from Castoe
et al., 2007; Qiagen, Inc., Valencia, CA, USA), Zymo Research
Genomic DNA Tissue MiniPrep kit (most solid tissues; Zymo
Research Corporation, Irvine, CA, USA), Thermo Scientific GeneJet
whole blood DNA extraction kit (blood; Thermo Fisher Scientific,
Inc., Waltham, MA, USA), or phenol-choroform-isoamyl alcohol
(some shed skins).
2.2. Mitochondrial locus amplification and sequencing

We used PCR to amplify a fragment of the mitochondrially-
encoded NADH dehydrogenase subunit 4 (ND4), plus the down-
stream Serine, Histidine, and Leucine tRNAs, using the primers
ND4 and Leu (Arevalo et al., 1994). PCR products were purified
using AgenCourt AMPure XP beads (Beckman Coulter, Inc., Irving,
TX, USA). Purified PCR products were quantified and sequenced
in both directions with the use of amplification primers, using
BigDye on an ABI 3730 capillary sequencer (Life Technologies,
Grand Island, NY, USA) at the UTA Genomics Core Facility.

2.3. ddRADseq library generation and sequencing

A subset of the DNA samples used for ND4 PCR were also used
to generate ddRAD libraries (n = 42; Fig. 3B, Supplementary Online
Table 1), largely following the protocol of Peterson et al. (2012)
except for notable exceptions outlined below. Samples were cho-
sen based on locality in order to include representative specimens
of the putative eastern, western, and hybrid zone populations.
Genomic DNA was digested using a combination of rare (SbfI;
8 bp recognition site) and common (Sau3AI; 4 bp recognition site)
cutting restriction enzymes. Double-stranded indexed DNA adapt-
ers were ligated to the ends of digested fragments that also con-
tained unique molecular identifiers (UMIs; eight consecutive N’s
prior to the ligation site). Following adapter ligation, samples were
pooled in sets of eight, size selected for a range of 590–640 bp
using the Blue Pippin Prep (Sage Science, Beverly, MA, USA), and
PCR amplified using primers to complete attachment of flow-cell
binding sequences and addition of a second index specific to each
sub-pool. Sub-pools were pooled again based on molarity calcula-
tions from analysis on a Bioanalyzer (Agilent, Santa Clara, CA, USA)
using a DNA 7500 chip, and sequenced using 100 bp paired-end
reads on an Illumina HiSeq 2500.

2.4. mtDNA sequence analysis

Raw mitochondrial gene sequence chromatograms were edited
using Geneious v6.1.6 (Biomatters Ltd., Auckland, NZ), and we
aligned edited sequences using MUSCLE (Edgar, 2004) with mini-
mal manual adjustments to improve alignment of tRNA gene
regions and to trim the 50 and 30 ends of all sequences to reduce
columns with high levels of missing data. The final alignment con-
tained 813 aligned bases and included no indels.

We estimated phylogenetic relationships among unique C. atrox
haplotypes and outgroup species using Bayesian phylogenetic
inference in MrBayes v3.2.1. (Huelsenbeck and Ronquist, 2001).
For outgroups, we used single representatives C. molossus, C. tigris,
and C. ruber, which were chosen based on previous estimates of
relationships among rattlesnakes (Reyes-Velasco et al., 2013) We
used the Bayesian Information Criterion (BIC) implemented in Par-
titionFinder v1.1.1 (Lanfear et al., 2012) to select best-fit models,
which were HKY for 1st and 2nd codon positions, as well as for
tRNAs, and TN + C + invariant sites for 3rd codon positions. This
partitioned model was used for analyses in MrBayes, which con-
sisted of four runs, each run for 107 generations with four chains
(one cold and three heated), sampled every 500 generations. We
accounted for among partition rate variation using the ‘‘prset
ratepr = variable’’ command. Potential scale reduction factor value
estimates (PSRF) indicated that individual runs had converged by
105 generations, and thus we discarded the first 105 samples as
burn-in. We also confirmed that independent runs had converged
based on overlap in likelihood and parameter estimates among
runs, as well as effective sample size (ESS) and PSRF values, which
we evaluated in Tracer v1.5 (Drummond and Rambaut, 2007). We
generated a 50% majority rule consensus phylogram using com-
bined estimates from post burn-in samples from independent runs.
We also constructed a median-joining haplotype network to visu-
alize relationships among unique haplotypes using Network
v4.5.1.6 (Bandelt et al., 1999), weighting transitions 2:1 over trans-
versions (recommended in the Network manual to distinguish
between haplotype connections that would be equally parsimoni-
ous with a 1:1 ratio) and using the maximum parsimony option to
reduce excess links among haplotypes from the resulting network.



Fig. 1. Results of analyses of the ND4 mitochondrial gene. A. Bayesian phylogenetic tree estimate of relationships among condensed C. atrox haplotypes. The western clade is
represented by red branches and the eastern clade by blue branches. Bipartition posterior probabilities greater than 0.90 are represented by black circles. Haplotypes marked
with ⁄ and ⁄⁄ include 16 and 49 individuals, respectively. Samples falling within the western or eastern clade counter to geographic expectation are underlined. B. Map of
western (red circles) and eastern (blue circles) clades, and the Continental Divide (dark line). The size of each circle corresponds to sampling frequency at that locality. For
localities with pie charts, the relative contribution of each color to the circle reflects the frequency of eastern or western clade individuals. The black ellipse highlights the
putative fusion region between eastern and western clades. C. Median-joining network of mtDNA haplotypes. The two mitochondrial clades are represented by blue (eastern)
and red (western) circles. Circle sizes correspond to the frequency of each haplotype in our sampling. Branch lengths between circles are proportional to the number of
nucleotide differences between adjacent haplotypes. Black circles represent a haplotype that is absent in our sampling. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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We estimated haplotype diversity in each population using the Nei
and Tajima equation (Nei and Tajima, 1981) implemented in cus-
tom Python scripts.

We analyzed changes in effective population size through time
in the two primary mitochondrial lineages of C. atrox using the
Bayesian Skyline Plot (BSP) coalescent model (Drummond et al.,
2005) implemented in BEAST v1.7.5 (Drummond and Rambaut,
2007). We partitioned the dataset by gene (ND4 and tRNA) and
ND4 was further partitioned by codon position (1st and 2nd posi-
tion combined, 3rd position) and used the substitution model HKY,
along with a strict molecular clock (recommended for intraspecific
inferences in the BEAST manual) and a coalescent Bayesian skyline
tree prior. We applied a 0.7% per lineage per million years muta-
tion rate, which has been used in other studies using the ND4 gene
in snakes, including C. atrox (Wuster et al., 2002; Castoe et al.,
2007; Lane and Shine, 2011b). We conducted two independent
runs of 4 � 107 generations with a burn-in of 25%. Additionally,
we used IMa2 (Hey and Nielsen, 2007) to obtain estimates of the
marginal posterior probability density of the parameters of the iso-
lation-migration model (Hey and Nielsen, 2004), including t0 (time
since population splitting), q0 (effective western population size),
q1 (effective eastern population size), qA (effective ancestral popu-
lation size), m1 > m0 (migration rate from west to east), and
m1 < m0 (migration rate from east to west). We ran IMa2 using
our total mtDNA dataset, with population sample sizes assigned
based on the locality of each individual relative to the Continental
Divide. Each of four independent runs had a 2 � 106 generation
burn-in period (length was determined in initial trial runs) fol-
lowed by a 107 generation post-burn-in sampling period, which
we determined based on chain mixing and ESS values exceeding
1000 for parameters in all runs, and convergence was assessed
by congruent results from independent runs. We rescaled parame-
ter estimates using generation time and mutation rate estimates
for C. atrox from Castoe et al. (2007).
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We assessed landscape-level patterns of genetic differentiation
for the eastern and western mitochondrial clades separately by
interpolating pairwise mitochondrial genetic distances (mismatch
distances) among sampling localities. Mismatch distances were
calculated in Alleles in Space v1.0 (Miller, 2005) and assigned to
geographic coordinates representing midpoints between sampling
localities using the Delaunay triangulation-based connectivity net-
work (Miller et al., 2006). To account for the correlation between
genetic and geographical distances, we used residual values
derived from the linear regression of mismatch distances derived
from the linear regression of mismatch versus geographical dis-
tance (Manni et al., 2004). Any data points with residuals outside
of the 95% confidence interval of the linear regression were
removed from analysis. We imported the mismatch distances
and associated coordinates into ArcGIS v9.2 (ESRI, Redlands, CA,
USA) and interpolated them across 2.5-minute grids using the
inverse distance weighted procedure (Watson and Philip, 1985)
in the ArcGIS Spatial Analyst extension. In order to restrict the
interpolation analysis within an area that is actually occupied by
the species, we approximated the range of C. atrox via ecological
niche modeling implemented in MAXENT v3.2.1 (Phillips et al.,
2006) using default parameters, with 50 replicates per population,
and average model probabilities converted to presence-absence
maps in ArcGIS. This methodology extracts environmental data
(obtained from the Worldclim dataset; (Hijmans et al., 2005) cor-
responding to occurrence records which were represented by geo-
graphic coordinates obtained from HerpNet (www.herpnet.org)
and evaluates habitat suitability across the landscape using pro-
gram-specific algorithms (Elith et al., 2006). The resulting maps
were used as an approximation of the range of C. atrox for geo-
graphically masking the surface derived from the interpolation
analyses.

To estimate how cooler climatic cycles during the Pleistocene
might have restricted the range of C. atrox, we estimated the
geographic distribution of the eastern and the western popula-
tion during the last glacial maximum (LGM). We projected the
present-day models for eastern and western populations of
C. atrox (discussed above) onto climatic reconstructions of the
LGM under the assumption that the climatic niche of each
population remained conserved between the LGM and present
time (Elith et al., 2010; Jezkova et al., 2011). For environmental
layers representing the climatic conditions of the LGM, we used
ocean-atmosphere simulations available through the Paleoclimatic
Modelling Intercomparison Project (Braconnot et al., 2007). We
used Community Climate System Model v. 3 (CCSM) that has
been previously downscaled to the spatial resolution of 2.5
minutes and converted to bioclimatic variables (Waltari et al.,
2007). We constructed LGM models in MAXENT using default
parameters and ran models for 20 replicates per model, and
obtained an average model using logistic probability classes of
climatic niche suitability. Maps representing suitable climatic
niche for eastern and western populations were determined
using a logistic probability threshold that balances omission,
predicted area, and a threshold value (Liu et al., 2005).

2.5. Analysis of RADseq data

Raw ddRADseq Illumina sequencing reads were processed using
the Stacks pipeline (Catchen et al., 2013). PCR clones were removed
using the Stacks clone filter program using the in-line UMI regions
of our adapter design, which were subsequently trimmed away
using the FASTX-Toolkit trimmer (Hannon, 2014). Trimmed reads
were processed using the process radtags function in Stacks, which
parses reads by barcodes, confirms the presence of restriction
digest cut sites, and discards reads that lacked these features or
those with poor quality scores. We used the de novo main Stacks
pipeline, including Ustacks, Cstacks, and Sstacks, to summarize
SNP information for downstream analyses.

We used the populations program in Stacks to obtain various
population genetic parameters estimates. We used two alternative
population assignments for analyses: (1) all individuals as a single
population (these outputs were used for downstream Structure
analyses); and (2) a two-population model, with individuals parti-
tioned into western and eastern populations. For the two-popula-
tion model, we only used individuals that fit the following two
criteria: (1) nuclear allele assignments of >90% to either the wes-
tern or eastern population cluster in Structure analyses, and (2)
mitochondrial haplotypes that matched with the majority of
nuclear genome assignments (e.g., >90% western nuclear alleles
and containing a western mitochondrial haplotype); this popula-
tion assignment model was used for genetic diversity comparisons
between western and eastern populations. We used thresholds for
missing data (50%) as well as minimum read depth per stack (5) in
populations for all analyses. We used these thresholds to maximize
the number of loci available for analyses after determining that
other threshold settings (e.g., 75% missing data, 10X stack depth)
did not qualitatively alter our estimates (Supplementary Online
Table 2).

We inferred population structure and admixture using Struc-
ture (Pritchard et al., 2000), based on 4494 SNPs recovered by
our Stacks analyses. We first estimated the allele frequency dis-
tribution parameter (k), using a trial run with K set to 1. We used
this estimation (k = 3.13) in short clustering runs (104 burn-in,
104 data collection) under a mixed ancestry model (Hubisz
et al., 2009) for K = 2–9 with no putative population origins spec-
ified for individuals (single population model). From this, we
determined that a K range of 2–5 population clusters was most
likely based on model likelihood estimates. We then performed
longer runs (107 burn-in, 108 data collection) for K = 2–5 (each
with 3 iterations). For each of these runs, the optimal K clusters
was determined using the DK method described by Evanno
et al. (2005) implemented in StructureHarvester (Earl and
Vonholdt, 2012). The results of Structure runs were visualized
using Distruct (Rosenberg, 2004).

To quantify genomic introgression in C. atrox, we conducted
Bayesian estimation of genomic clines using the program bgc
(Gompert and Buerkle, 2011). This program estimates the proba-
bility that an individual with a hybrid index H has inherited a gene
copy at a given locus from one of two parental populations using
two locus-specific cline parameters (a, the genomic cline center
parameter, and b, the genomic cline rate parameter; estimated
using MCMC). Under this model, if a and b both equal zero, an indi-
vidual’s hybrid index will be equal to the probability of ancestry (/
) from a given parental population (Gompert and Buerkle, 2011;
Gompert et al., 2012b). We were specifically interested in genome
wide estimates of both cline parameters to understand the degree
of variation in locus specific introgression across the genome of our
admixed population. We used data from all individuals included in
our RADseq dataset, and partitioned samples into western paren-
tal, eastern parental, and admixed populations. We used allele out-
put files for each individual from Stacks and custom Python scripts
to generate biallelic input files for each population, which included
information for a total of 19,123 loci (though some loci suffered
from missing data for particular individuals). We ran bgc using
the genotype uncertainty model (recommended for next-genera-
tion sequencing data; see bgc manual) on our parental and
admixed population dataset using four chains for 50,000 genera-
tions each, discarding the first 5000 generations as burnin, and
using default settings assuming free recombination between all
loci (maximum distance between loci set to 0.5). We then com-
bined the output from the four chains after inspecting the MCMC
output for convergence onto a stationary distribution.
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3. Results

3.1. Mitochondrial gene variation

Within C. atrox, we identified 52 unique ND4 haplotypes in our
sampling. The four independent runs of Bayesian phylogenetic
analyses using unique haplotypes converged on nearly identical
estimates of the likelihood score, had PSRF values very near 1.0
throughout non burn-in generations, and had ESS values above
400 for all parameters. The 50% majority rule consensus phylogram
from these runs is presented in Fig. 1A. Within C. atrox, we found
strong support (>0.95 posterior probability) for a deep split
between two haplotype lineages that correspond approximately
to populations east and west of the Continental Divide of the US
and Mexico (Fig. 1B). Both of these major clades, however, contain
subclades that include haplotypes from individuals on either side
of the Continental Divide. The two major mitochondrial clades
are also apparent in the median-joining haplotype network
(Fig. 1C). The eastern clade contains a greater number of haplo-
types (31 of 52 haplotypes) compared to the western clade. Despite
this, the western population has a higher degree of haplotype
diversity (0.89) than the east (0.75), which appears to be due to
many eastern samples possessing one of a small number of high-
frequency haplotypes.

Our map of eastern and western haplotypes highlights a puta-
tive zone of population fusion, which we term the Inter-Pecos
region, implicating the Continental Divide as a barrier to gene flow
for eastern haplotypes, as very few individuals belonging to this
clade were observed west of the divide (Fig. 1B). Likewise, we do
not observe any western haplotypes east of the Pecos River in
Texas, suggesting that this region in general represents a barrier
to gene flow for the western clade. The results of our BSP analysis
of historical demography in eastern and western clades indicate
that both lineages have experienced recent population expansion
(i.e., within the last 100 KYA). These results also suggest that the
eastern population has undergone a greater increase in effective
population size relative to the west (approximately 1.7 million
and 3 million in the west and east, respectively; Supplementary
Online Fig. 1).

Our independent IMa2 runs resulted in nearly identical esti-
mates of marginal posterior probability densities for each parame-
ter, and ESS values were greater than 2000 for all parameters; we
present the results from the independent run with the highest ESS
values in Supplementary Online Fig. 2. Based on our IMa2 analyses,
we found evidence of substantial population expansion in both the
eastern and western population (Supplementary Online Fig. 2A),
with a greater degree of population expansion in the eastern popu-
lation; these findings are all consistent with our inference from BSP
analysis (Supplementary Online Fig. 1). We were unable to obtain a
robust estimate of the ancestral effective population size from IMa2
analyses, however, as parameter estimation appears to have suf-
fered from insufficient data resulting an essentially flat posterior
distribution for this parameter. The posterior estimates for migra-
tion rate parameters support very low migration rates (�7 � 10�8

migrants per year) for both populations (Supplementary Online
Fig. 2B), though estimates for these parameters may have also suf-
fered from insufficient data for accurate estimation of migration
rates as indicated by posterior densities that do not reach low levels
near the upper or lower limits of the prior (even after multiple runs
with increasingly broad priors). We found support for a TMRCA for
the eastern and western populations of approximately
675,000 years ago (95% posterior interval values ranging from
412,933 to 1,027,939; Supplementary Online Fig. 2C), which falls
well within the time span of Pleistocene glaciation cycles.

When residual pairwise genetic distances are interpolated on
geographic distance and are visualized across the range of both
clades, we find evidence for highly contrasting levels of genetic
diversity. Although there are varying degrees of diversity in each
lineage, there is an overall greater degree of genetic diversity
(inferred via mismatch distances) in the east (range = �0.012 to
0.029; Fig. 2B) relative to the west (range = �0.012 to 0.012;
Fig. 2A), particularly in the central and western regions of Texas.
Both lineages harbor relatively low diversity within areas of the
Inter-Pecos fusion zone, consistent with range expansion in each
lineage towards the Continental Divide. Furthermore, we find that
a large portion of the high-diversity core observed in the eastern
lineage falls within the eastern portion of the Inter-Pecos region,
while the western lineage shows no evidence of high diversity any-
where within the Inter-Pecos.

The results of our LGM climatic niche modeling highlight major
differences in estimated Pleistocene refugia for the eastern and
western populations, and provide context for our observed pat-
terns of contrasting diversity in western versus eastern popula-
tions (Fig. 2C). At all thresholds, we find that the eastern
population inhabited a large region of the Chihuahuan Desert
and adjacent Gulf Coastal Plains. This region is comprised of multi-
ple large segments that are largely in contact; thus, the eastern
refugium exhibits little fragmentation, whereas the western refu-
gium occupies a much smaller and more linear range. Our models
also demonstrate that the eastern population occupied part of the
Inter-Pecos region during the LGM, while the western population
was completely absent. Additionally, these models suggest that
the eastern and western populations of C. atrox were most likely
not in contact during Pleistocene glacial cycles, and were instead
isolated by an extensive region of high-elevation.

3.2. Nuclear SNP variation

RADseq filtering thresholds of 50% missing data per locus and
5X read depth per locus provided the most numerous RAD loci
(4,519) for analyses among threshold combinations used under
the two-population model explained above, and genetic diversity
estimates did not vary qualitatively with this filtering scheme rel-
ative to others (for results from Stacks populations analyses under
different filtering thresholds, see Supplementary Online Table 2).
We find substantial population differentiation among western
and eastern populations based on these data (FST = 0.15). This esti-
mate is consistent with moderate-to-high levels of differentiation
(Lewontin, 1972; Lewontin and Krakauer, 1973), and emphasizes
that, prior to secondary contact, eastern and western lineages were
well-differentiated incipient species.

Our nuclear SNP dataset provided consistent evidence of higher
genetic diversity in the eastern population relative to the west. We
find a much higher number of private alleles in the eastern popu-
lation than in the western population (453 and 253, respectively;
Fig. 3A). Observed heterozygosity is significantly higher in the east-
ern population than in the western population (p < 0.0001; Fig. 3B).
We find the same pattern in the estimates of nucleotide diversity
(p), with significantly higher diversity in the east (p < 0.0001;
Fig. 3C). Altogether, the pattern of higher nuclear genetic diversity
in the eastern population is consistent with similar patterns
observed in our mitochondrial dataset.

In our final Structure analyses, we estimated K = 4 as the opti-
mal model of population clustering, and populations assignments
are shown in Fig. 3D. Additionally, we visualized the results of
the two-cluster (K = 2) model for comparison, because a two-pop-
ulation model was most consistent with the general findings from
our mitochondrial data. We find that both two and four population
models recover similar population structure, such that there are
identifiable western and eastern clusters. Both models also indi-
cate a similar fusion zone between lineages, with the majority of
individuals within the zone showing evidence of substantial



Fig. 2. Landscape genetic diversity estimates and Last Glacial Maximum (LGM)
ecological niche models. A-B. Residual pairwise genetic distances from the
calculated linear regression interpolated across landscape for western (A) and
eastern (B) mitochondrial clades of C. atrox. Interpolations are restricted by
ecological niche models used to determine suitable habitat for each population and
by the distribution of sampled localities. C. LGM models for western (red) and
eastern (blue) populations at three stringency thresholds. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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admixture. These samples predominately fall within the Inter-
Pecos region as defined by our mitochondrial dataset, although
nuclear SNPs highlight the Continental Divide as the location of a
very steep cline of genotype intergradation between eastern and
western population clusters (also see Section 3.3. below).

When we ordered samples by longitude (as shown in Fig. 3D),
we found a visible relationship between the longitudinal gradient
from west to east and relative levels of population cluster assign-
ment, suggesting a cline of genetic introgression of western and
eastern populations. We find that as the complexity of our model
increases from K = 2 to K = 4, so does evidence of increased struc-
ture in the eastern population (Fig. 3D). Additionally, the more
complex model recovered a genetic cluster that is endemic to the
Inter-Pecos region and northern Chihuahuan Desert (Fig. 3E), con-
sistent with the hypothesis that the eastern population has been
long-established in this area (e.g. prior to the LGM). To further test
this, we examined the relative frequencies of private alleles (from
nuclear SNP data) for the entire eastern population used for diver-
sity estimates versus a subset that falls within this more restricted
geographic zone of high mitochondrial diversity. Because these
compared sets of individuals differ in the number of loci available
after filtering and in the number of individuals, we standardized
our comparison by the number of loci and numbers of individuals
to obtain a relative frequency of private alleles. We find that the
entire eastern population sampling (for nuclear data) has a fre-
quency of approximately 0.17 private alleles per individual per
locus, while the eastern sampling limited to the inferred endemic
diversity region has a frequency of 0.20, corresponding to a 17%
increase in private alleles in this region. Thus the mitochondrial
and nuclear data broadly agree in identifying a region of high ende-
mic diversity in the eastern population centered in Texas (e.g.,
Fig. 2B).

We found evidence for variable introgression across the genome
for the admixed population of C. atrox in our bgc analyses (Fig. 4).
In particular, we found median estimates of the genomic cline cen-
ter parameter a to vary moderately among the loci sampled (min-
imum = �0.0127, maximum = 0.0147) and the 95% confidence
interval for a encompassed zero for all loci, indicating a lack of
excess ancestry from either parental population. The genomic cline
rate parameter b was slightly less variable (minimum = �0.0108,
maximum = 0.0116) and also had a 95% confidence interval that
encompassed zero for all loci. Collectively, the variation in these
parameters is less extreme than that observed in other recently
studied systems (e.g., Gompert et al., 2012a; Lindtke et al., 2012),
and would indicate that, though genome wide variation in
introgression is occurring in C. atrox, the degree to which parental
population ancestry is observed appears to be driven by drift over
selection (which would be inferred in the case of large proportions
of excess ancestry from one parental population over the other).

3.3. Relationship between mitochondrial and nuclear genomes

In addition to the formal tests of genomic introgression in our
nuclear dataset, we examined the longitudinal relationship of our
mitochondrial and nuclear genetic datasets to identify visible
clines or shifts in genetic composition across their distribution.
We combined samples from both datasets into two-degree longitu-
dinal bins and calculated eastern versus western mitochondrial
haplotype frequencies (per longitudinal bin), as well as average
western or eastern nuclear genome proportion (inferred via popu-
lation assignments of individuals under the two population model
in Structure). We then plotted these values to compare nuclear and
mitochondrial patterns (Fig. 5). We find a relatively steep gradient
of nuclear composition shift between 110 and 108 degrees W,
corresponding to the Continental Divide (and approximately the
Arizona-New Mexico border), supporting this region as a barrier
to western nuclear alleles moving eastward and vice versa. In con-
trast, the region of mitochondrial overlap is considerably broader
and the shift between higher frequency western or eastern haplo-



Fig. 3. Patterns of genetic structure and diversity based on nuclear SNP data. A., B., and C. Estimates of private alleles, heterozygosity, and nucleotide diversity (respectively)
for western and eastern populations inferred from analyses in Stacks. Error bars represent the variance in estimates of heterozygosity and nucleotide diversity. D. Structure
plots for K = 2 (top) and K = 4 (bottom) population cluster models. Individuals are represented by individual bars of the posterior probability of their assignment to various
population clusters. Individuals are ordered longitudinally from west to east. The putative region of lineage fusion (introgression) is highlighted in grey, and the dashed grey
box includes samples that fall within this region. E. Map of samples used in nuclear SNP analyses. Individuals are represented by pie charts with colors corresponding to the
structure plot for the K = 4 model, and the Continental Divide is represented by the bold black line. The grey box highlights a region of dense sampling at the continental
divide, which is shown in more detail in the inset to the right (F). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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types is less steep than the shift observed in the nuclear data
(Fig. 5. There is also an immediate decrease to zero in observed
western mitochondrial haplotypes east of the Inter-Pecos region
(east of the Pecos River), and the same pattern is observed for east-
ern haplotypes west of the Continental Divide. While the greatest
degree of shifting nuclear genome composition is observed within
the discrete region mentioned above, there is evidence of small
amounts of nuclear introgression throughout the entire longitudi-
nal gradient. Thus, while mitochondrial introgression is confined
to within the Inter-Pecos region, nuclear gene flow appears to



Fig. 4. Variable levels of introgression in the admixed C. atrox population as
determined by the genomic cline center parameter a and the genomic cline rate
parameter b estimated in bgc for each nuclear locus. Each individual locus is
represented by a grey box. Fig. 6. Deficiency of individuals with eastern mitochondrial haplotypes and

moderate to high levels of western nuclear alleles. Comparison of mitochondrial
haplotype clade membership with relative proportion of western nuclear alleles
inferred from Structure analysis based on a two population model. The red line
indicates a 50% threshold of western alleles. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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penetrate far beyond the western and eastern geographic barriers
of this region.

To test the hypothesis of unbiased gene flow between eastern
and western populations of C. atrox, we compared mitochondrial
and nuclear estimates of ancestral genetic origins of individuals
for which we had both datasets (Fig. 6). If gene flow is completely
unrestricted between populations we would expect to see mito-
chondrial haplotypes from one lineage existing with a range of dif-
ferent nuclear backgrounds (i.e., individuals belonging to the
western mitochondrial clade may have a range of proportions of
alleles from western and eastern nuclear clusters). We might also
expect to see this range weighted such that nuclear genetic compo-
sition would tend to agree with the mitochondrial clade an individ-
ual belongs to, including, for example, western mitochondrial clade
individuals having a higher proportion of western nuclear cluster
alleles.

We find that there is a lack of high proportion western nuclear
allele individuals with eastern mitochondrial haplotypes (Fig. 6).
We do see evidence of the reverse, however, with several low pro-
portion western nuclear allele individuals belonging to the western
mitochondrial clade. This pattern is particularly interesting given
Fig. 5. Clines of mitochondrial and nuclear genetic composition across a longitudinal gr
bins from west to east. Values of western and eastern nuclear allele proportions per lon
eastern mitochondrial haplotype frequencies per longitudinal bin are represented by dash
of the Inter-Pecos region) are highlighted with black stars, which also highlight notable sh
to colour in this figure legend, the reader is referred to the web version of this article.)
the close geographic proximity of many of our samples, especially
those within the western Inter-Pecos region (Fig. 3F). Eastern mito-
chondria only occur with roughly 50% or less western nuclear gen-
ome proportion, and most often possess a much lower frequency of
western alleles (<20%). Even at the steep cline of gene flow
between eastern and western populations at the Continental
Divide (Fig. 3F), it is notable that eastern nuclear alleles seem to
penetrate this barrier while eastern mitochondrial haplotypes do
not.
4. Discussion

4.1. Evidence of two distinct yet introgressing lineages within C. atrox

We find evidence from both mitochondrial and nuclear datasets
that Crotalus atrox comprises two well-differentiated lineages.
Indeed, phylogenetic and network analyses of our mitochondrial
adient. Estimates of genetic composition are organized in two-longitudinal-degree
gitudinal bin are represented by red and blue solid lines, respectively. Western and
ed red and blue lines. Points of interest (the Continental Divide and eastern extreme
ifts in nuclear or mitochondrial genetic content. (For interpretation of the references
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dataset, and Bayesian clustering analyses of our nuclear SNP data-
set collectively highlight two distinct groups of C. atrox, and our
estimate of nuclear FST (0.15) further argues for the distinction of
these lineages. We also find evidence that these lineages have int-
rogressed following their initial isolation during the Pleistocene.
The mitochondrial zone of introgression occurs across the Inter-
Pecos, a broad region stretching from the Continental Divide and
the Pecos River in Texas. We find explicit evidence of admixture
among individuals in our nuclear SNP data, such that the majority
of individuals have partial assignment to at least two population
clusters under both 2 and 4 population models. Interestingly, evi-
dence for nuclear introgression expands beyond the Inter-Pecos
region on either side of the mitochondrial introgression zone,
though we find the greatest degree of admixture between western
and eastern clusters closest to the Continental Divide, at the wes-
tern edge of the Inter-Pecos (Fig. 5).

4.2. Pleistocene isolation, expansion and a broad zone of introgression

It is evident from our sampling that individuals belonging to
both eastern and western clades do co-occur, despite evidence of
historical isolation. While the Continental Divide has previously
been thought to be the major barrier separating eastern and wes-
tern lineages, our data show that the introgression zone between
populations is much larger than previously thought. Our mitochon-
drial data show contrasting patterns of genetic structure in eastern
and western populations, with eastern mitochondrial haplotypes
tending to be more localized than western haplotypes. In contrast,
we found a single western haplotype that extends from California to
West Texas, consistent with recent population expansion inferred
from our demographic analyses (Supplementary Online Figs. 1
and 2). Our landscape diversity estimates show particularly low
genetic diversity in both lineages near the Continental Divide, and
throughout much of the Inter-Pecos region (Fig. 2A and B), consis-
tent with evidence of population expansion in both lineages
(Supplementary Online Fig. 1) following Pleistocene glacial cycles.

Last Glacial Maximum (LGM) Pleistocene models suggest that
eastern and western populations were separated by a wide central
plateau in the Inter-Pecos region. This corroborates our inferences
that the two lineages diverged in isolation for a period during the
Pleistocene, prior to expanding their ranges to meet in the Inter-
Pecos region since the LGM. These data together with our popula-
tion genetic data indicate recent secondary contact after range
expansion of both eastern and western lineages of C. atrox across
the Inter-Pecos region. Interestingly, our LGM model predicts that
the Inter-Pecos region was partially inhabited by the eastern pop-
ulation during the LGM. This suggests that the eastern lineage may
have been present across much of the Inter-Pecos region prior to
expansion of western lineages into this region, which is supported
by high levels of endemic nuclear and mitochondrial diversity in
some eastern portions of this region (Figs. 2B and 3D). Given that
our estimate of time since population splitting greatly predates
the LGM, it is possible that secondary contact between these lin-
eages could have occurred multiple times during recessions in gla-
ciation cycles, though this would not necessarily alter our
inference of isolation followed by secondary (or tertiary) mixing.

Our results reject the hypothesis that population genetic diver-
sity is similar between eastern and western populations of C. atrox.
We find substantially higher levels of local genetic diversity in the
eastern population relative to the western population based on
nuclear SNPs (Fig. 3A–C), and mitochondrial DNA (Fig. 2A and B).
It is likely that multiple factors have influenced the contrasting lev-
els of diversity we observe, including historical demography, past
and present population range size, and the diversity of habitats
that occur within the distribution of each population. The eastern
population is predicted to have a larger and non-linear range
during the LGM, suggesting Pleistocene population sizes may have
been larger in the east. Additionally, the eastern population cur-
rently occupies a region of substantially higher habitat diversity
relative to the west, including forest, grasslands, and Chihuahuan
Desert, in contrast to the western population that occurs primarily
within arid desert habitat (Campbell and Lamar, 2004).

The oldest known fossil of C. atrox dates from between 3.7 and
3.2 MYA (Holman, 2000) and was found in north central Texas,
while fossils found west of the Continental Divide are restricted
to much later dates during the Late Pleistocene (Holman, 1995).
These fossil data suggest that the eastern population may have
existed in its current range for millions of years, and substantially
longer than the western population has. These data may also indi-
cate that the range currently occupied by the eastern population is
the ancestral range for the species prior to isolation of western and
eastern populations due to the waxing and waning of glaciation
during the Pleistocene. These data also suggest that the relative
age and stability of the eastern population may have contributed
to its greater genetic structure and diversity.

4.3. Evidence for incipient yet failed speciation, and sex-biased gene
flow

The study of genetic incompatibilities early in the speciation
continuum is essential to understanding mechanisms that drive
speciation because they provide greater insight into primary caus-
ative mechanisms that lead to reproductive isolation (Orr, 1995).
Given broad evidence for two divergent lineages within C. atrox
that appear to have evolved in isolation until recent secondary con-
tact, we were interested to test for evidence of non-random gene
flow that might indicate the evolution of reproductive isolation
between these lineages. While our mitochondrial and nuclear data
broadly agree that two distinct lineages of C. atrox are currently
exchanging genes across a relatively large region in the center of
the species’ range, patterns of introgression differ between these
two datasets. While the mitochondrial introgression zone appears
to be flanked by two hard boundaries – the Continental Divide to
the west and the Pecos River to the east – our nuclear data indi-
cates mixing of alleles that extends far beyond these boundaries.
Nuclear data also provide evidence for a remarkably steep gradient
of genotypic composition at the Continental Divide.

Assuming random mating and equal fitness of offspring, we
would expect that mitochondrial genotypes might predict nuclear
genotypes. For example, if an individual possesses an eastern mito-
chondrial haplotype it would be more likely that it contained a
substantial proportion of eastern nuclear alleles, and vice-versa.
However, sex-biased gene flow, as well as selection against certain
combinations of mitochondrial and nuclear genotypes, may alter
the expected relationships between mitochondrial and nuclear
genotypes. We tested this relationship and found it to be notably
asymmetrical, with western mitochondrial haplotypes associated
with a wide range of western nuclear allelic content, yet eastern
mitochondrial haplotypes only associated with 50% or greater
eastern nuclear allelic content (Fig. 6). Thus, we did not observe
individuals with eastern mitochondrial haplotypes with greater
than 50% western nuclear allelic content; in most cases, eastern
mitochondrial haplotypes were paired with much lower levels of
western nuclear alleles. These data are consistent with a low
frequency of successful eastern female �western male mating,
compared to high frequencies of western females mating with
males from either population, which might be explained by
sex-biased dispersal. Sex-biased gene flow is likely in snakes, given
evidence for sex-biased dispersal (Keogh et al., 2007; Dubey et al.,
2008; Lane and Shine, 2011a). In rattlesnakes, males tend to be
more widely dispersing (Duvall et al., 1992), however, a recent
study found higher than expected female dispersal specifically in
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C. atrox (Schuett et al., 2013). Our results show relatively high
frequencies of western haplotypes, yet low frequencies of western
nuclear allelic content throughout much of the introgression zone.
If this pattern were generated by sex-biased gene flow, it would
require that western females have substantially higher dispersal
capabilities than western males, and that dispersal for the eastern
males and females is roughly equal.

A second intriguing possibility is that these results are due to a
post-zygotic mechanism in which mito-nuclear incompatibilities
lower the fitness of offspring that possess eastern mitochondrial
haplotypes and a genetic background with high proportions of
western nuclear alleles. Such an incompatibility might also be
responsible for creating the steep geographic cline of allelic con-
tent at the Continental Divide (Fig. 3F), selecting against higher
proportions of western alleles in populations with higher propor-
tions of eastern mitochondria. Mito-nuclear incompatibilities have
been shown in other species to be early causative drivers of post-
zygotic genetic isolation and speciation (Ulloa et al., 1995;
Bogdanova, 2007; Presgraves, 2010). It would be interesting in
future studies to test competing hypotheses for what mechanisms
might be driving these patterns of mito-nuclear genotypic content
in C. atrox, to determine if there are genetic incompatibilities that
limit gene flow between eastern and western C. atrox populations.
A potential difficulty with this hypothesis is the lack of evidence
for introgression driven by selection in sampled nuclear loci within
the admixed C. atrox population. The likelihood of one of these
neutral loci being physically linked to a putative locus responsible
for mito-nuclear incompatibility, however, is very low and further
investigation is warranted to confirm the presence and nature of
such an incompatibility. The divergence of the two main lineages
of C. atrox, together with evidence for biased gene flow and poten-
tial post-zygotic isolating mechanisms, argue that these two lin-
eages were at some intermediate stages along the speciation
continuum prior to their secondary extensive mixing.

Based on our findings, we conclude that C. atrox represents a
single species, comprised of two divergent populations that are
experiencing ongoing widespread gene flow that extends
essentially to the margins of their entire distribution. Our results
support the hypothesis that, at some time in the past, C. atrox
comprised two well-differentiated lineages that represented incip-
ient species that were each evolving in partial genetic isolation.
While this extended period of mutual isolation placed these two
lineages at an intermediate stage of the speciation continuum, sub-
sequent pervasive gene flow, presumably after substantial geo-
graphic population expansion following the Pleistocene, has
apparently reversed the progression of these two lineages along
this continuum, and broadly mixed genetic variation between
these lineages. The extent of gene flow among lineages we have
observed in this study leads to the consideration of C. atrox as a sin-
gle species based on a number of species concepts, including the
biological (Mayr, 1963), the evolutionary (Simpson, 1951; Wiley,
1978), and the general lineage concept (de Queiroz, 1998).
Recently, species concepts that recognize speciation with gene
flow have been favored in some cases (Feder et al., 2012), and there
is empirical evidence that such processes may be fairly common in
nature (Nosil, 2008; Pinho and Hey, 2010). Speciation with gene
flow has, however, been primarily documented in instances where
gene flow is confined to localized regions of sympatry and peripa-
try (Leache et al., 2013; Martin et al., 2013; Osborne et al., 2013).
The broad extent and penetrance of gene flow across nearly the
entire range of C. atrox, together with evidence that these two lin-
eages appear to be expanding and, if anything, mixing to a greater
extent as time progresses, suggests that C. atrox represents an
example of failed speciation rather than an example of speciation
with gene flow.
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