


the southwestern United States and north-central Mexico have become
model systems in this regard, and multiple studies have demonstrated
repeated patterns of diversi� cation associated with historical and cur-



2. Materials and methods

2.1. Taxon sampling and DNA extraction

We obtained tissue samples from 141Crotalus scutulatusspecimens,
including representatives of both recognized subspecies (Fig. 1;
Supplementary Table 1). We sampled specimens from diverse localities
to maximize our ability to estimate population structure and genetic
diversity range-wide. Skin or liver tissue was dissected and snap frozen
in liquid nitrogen, or stored in DNA lysis bu � er or in ethanol. Non-
lethal caudal punctures were used to obtain blood tissue from some
specimens, and blood was snap-frozen in liquid nitrogen. We isolated
genomic DNA from blood and whole tissue using phenol-chloroform-
isoamyl alcohol and NaCl-isopropanol precipitation extractions ( Miller



were processed using Structure Harvester (Earl and Vonholdt, 2012 ),
from which we determined the best- � t model to be K = 3 using the
Evanno method (Evanno et al., 2005). We then performed longer tri-
plicate runs across a smaller range ofK = 2 –



details of each analysis are provided in Fig. 2.
We used � a� i to further estimate the demographic histories of C.

scutulatuslineages, including modes and timing of divergence and mi-
gration rates between populations. We tested eight competing two-po-
pulation divergence models (including a model of no divergence be-
tween populations; Supplementary Table 1) for parallel pairwise
analyses of Mohave-Sonoran + Chihuahuan, Chihuahuan + Central
Mexican Plateau, and Central Mexican Plateau + salvini populations.
These models were also used previously to estimate demographic
parameters for populations of Crotalus atrox(Schield et al., 2017), and
the � a� i pipeline and associated scripts used here are described in detail
in Portik et al. (2017) . We generated input � les using the Stacks output
described above with python scripts available from https://github.
com/dportik/Stacks_pipeline . We then generated the folded 2D allele
frequency spectrum (AFS) for each of the three population pairs listed
above, downsampling a minimum of 10 alleles from each population to
minimize missing data among loci, with the exception of salvini, from
which we could only sample a maximum of 6 alleles. We then � t each of
the eight alternative demographic models to each 2D AFS. We used the
Nelder-Mead method to optimize 20 sets of randomly perturbed para-
meters for a maximum of 50 iterations, followed by two rounds of
optimization using the highest scoring parameter estimates per model
from the previous round. We then simulated the 2D AFS for each
parameter set and performed extrapolation using a grid size of
[40,50,60]. We then estimated log-likelihoods of model � t using the
multinomial approach and assessed model � t using the Akaike In-
formation Criterion (AIC) based on log likelihood of the highest scoring
replicate.

2.5. Inferences of historical biogeography and population expansion

We estimated the distribution of C. scutulatus



Using these inputs, we simulated 1,000,000 randomly drawn hyper-
parameters and summary statistics and estimated the posterior density
for numbers of possible divergence times, � (i.e., 1–2), specifying a
proportion of acceptable draws from the prior ( ‘-t’ option) to 0.005 (i.e.,
500 draws from simulated priors).

3. Results

3.1. Mitochondrial gene phylogeny and genetic diversity

The 50% majority rule consensus phylogeny (Fig. 1A) of 46 unique
C. scutulatushaplotypes revealed strong support (i.e., > 0.95 posterior
probability) for C. scutulatusas monophyletic with respect to outgroup
taxa, and for four distinct clades within C. scutulatus. The � rst major
split within C. scutulatus



matches the mtDNA topology (Fig. 1G). Given the more appropriate
modeling of population-level processes (e.g., gene� ow and incomplete
lineage sorting) by bpp, and the correspondence between the bpp and
mtDNA-based estimates, we conclude that the most compelling evi-
dence points to salvini as a distinct clade (as in the bpp and mtDNA
analyses).

We � nd moderate to high levels of nuclear genome-wide allelic
di � erentiation between the major nuclear clades, and patterns of dif-
ferentiation are predicted by the mtDNA and nuclear phylogenies, with
one exception. The highest FST is found between the Mojave-Sonoran
population and salvini (mean FST= 0.197), followed by the comparison
between the Mojave-Sonoran population and the Central Mexican
Plateau population (FST= 0.158), and a slightly lower FST (0.113) was
observed between the Mojave-Sonoran and Chihuahuan populations.
Interestingly, we observe lower di � erentiation between the
Chihuahuan and Central Mexican Plateau populations than between the
Mojave-Sonoran and Chihuahuan populations (FST= 0.098), which we
did not expect given the nuclear tree topology ( Fig. 1G), but may re� ect
greater gene� ow between populations adjacent to the phylogeographic
break associated with the elevational increase of the Central Mexican
Plateau and the possible� lter barrier formed by the Río Nazas and Río
Mezquital basins and the western reaches of the Sierra Madre Oriental
(i.e., Arteaga anticline; ( Hafner et al., 2008; Morafka, 1977a;
Neiswenter and Riddle, 2010)). Alternatively, this inference may also
be an artifact of the geographic distance between sampled localities on
respective sides of the Continental Divide, resulting in a stronger signal
of isolation-by-distance. Finally, we � nd that allelic di � erentiation be-
tween salvini samples and the Central Mexican Plateau is very low
(FST= 0.026).

Tests of Patterson’s D statistics across both major phylogeographic
breaks within the range of C. scutulatus(i.e., the Continental Divide and
the uplift of the Central Mexican Plateau) revealed signi � cant evidence
of introgression, suggesting that these boundaries are permeable to
gene � ow between adjacent populations (Fig. 2). The Continental Di-
vide analysis resulted in a signi� cantly positive value of D (0.2365,
p = 0.00024), with 149 of 6058 SNPs � tting the ‘ABBA’ pattern, and 92
‘BABA’ sites. Of the 5077 SNPs used in the Central Mexican Plateau
analysis, there are 380 ‘ABBA’ sites and 157 ‘BABA’ sites, also resulting
in a signi� cantly positive D value (0.4153, p < 0.00001).

Results from analyses of the 2D allele frequency spectrum using� a� i
supported best-� t population divergence models of: (i) secondary con-
tact with asymmetric gene � ow between the Mohave-Sonoran and
Chihuahuan populations (Fig. 3







(Bryson et al., 2011a; Marshall and Liebherr, 2000; Morafka, 1977a).
Our results suggest that Pleistocene climatic cycles may not have con-
tributed to C. scutulatusdiversi � cation across this barrier, as we infer
suitable habitat during glacial periods to have broad overlap with both
the Chihuahuan and Central Mexican Plateau regions (Fig. 4B). Thus,
we expect divergence across the uplift of the Central Mexican Plateau
and the potential � lter barrier formed by multiple river basins and the
Arteaga anticline to have been driven by ecological constraints asso-
ciated with the transition from arid Chihuahuan desert habitat to the
semi-arid Central Mexican matorral, rather than changes in suitable
habitat driven by climatic �



STRUCTURE clearly show distinct structure in salvini (Fig. 1D–E).
However, the concatenated RADseq phylogeny and population clus-
tering analyses support only three distinct clades in which C. s. salviniis
nested within the Central Mexican Plateau lineage (Supplementary
Fig. 1). Furthermore, genome-wide
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.ympev.2018.06.013 .

References

Adams, R.H., Schield, D.R., Card, D.C., Corbin, A., Castoe, T.A., 2017. ThetaMater:
Bayesian estimation of population size parameter h from genomic data.
Bioinformatics 34, 1072 –1073.



evaluations and estimating optimal model complexity for Maxent ecological niche
models. Methods Ecol. Evol. 5, 1198–1205.

Myers, E.A., Hickerson, M.J., Burbrink, F.T., 2016. Asynchronous diversi� cation of snakes
in the North American warm deserts. J. Biogeogr. 44, 461–474.


	Cryptic genetic diversity, population structure, and gene flow in the Mojave rattlesnake (Crotalus scutulatus)
	Introduction
	Materials and methods
	Taxon sampling and DNA extraction
	Mitochondrial and nuclear DNA sequence generation
	Estimates of mitochondrial gene phylogeny, diversity, and demography
	Nuclear analyses of population structure, demography, and phylogeny
	Inferences of historical biogeography and population expansion
	Divergence dating and tests of co-divergence

	Results
	Mitochondrial gene phylogeny and genetic diversity
	Nuclear estimates of phylogeny, population structure, and gene flow
	LGM modeling and historical biogeography
	Divergence time estimates and evidence for lineage co-divergence

	Discussion
	Evolutionary history and phylogeography of Crotalus scutulatus
	Species hypotheses and evidence for gene flow between divergent lineages

	Conclusion
	Acknowledgments
	Supplementary material
	References


