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ABSTRACT

Aim We used inferences of phylogeographical structure and estimates of

divergence times for three species of gophersnakes (Colubridae: Pituophis)

distributed across the Mexican Transition Zone (MTZ) to evaluate the postulated

association of three Neogene geological events (marine seaway inundation of the

Isthmus of Tehuantepec, formation of the Transvolcanic Belt across central

Mexico, and secondary uplifting of the Sierra Madre Occidental) and of

Pleistocene climate change with inter- and intraspecific diversification.

Location Mexico, Guatemala, and the western United States.

Methods We combined range-wide sampling (67 individuals representing three

putative species distributed across northern Middle America and western North

America) and phylogenetic analyses of 1637 base pairs of mitochondrial DNA to

estimate genealogical relationships and divergence times. The hypothesized

concordance of inferred gene trees with geological histories was assessed using

topology tests.

Results We identified three major lineages of Middle American gophersnakes,

and strong phylogeographical structure within each lineage. Gene trees were

statistically congruent with hypothesized geological histories for two of the three

postulated geological events. Estimated divergence dates and the geographical

distribution of genetic variation further support mixed responses to these

geological events. Considerable phylogeographical structure appears to have been

generated during the Pleistocene.

Main conclusions Phylogenetic and phylogeographical structure in

gophersnakes distributed across northern Middle America and western North

America highlights the influence of both Neogene vicariance events and

Pleistocene climate change in shaping genetic diversity in this region. Despite

the presence of two major geographical barriers in southern Mexico, extreme

geological and environmental heterogeneity in this area may have differentially

structured genetic diversity in highland taxa. To the north, co-distributed taxa

may display a more predictable pattern of diversification across the warm desert

regions. Future studies should incorporate nuclear data to disentangle inferred

lineage boundaries and further elucidate patterns of mitochondrial introgression.
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INTRODUCTION

The power of comparative phylogeography lies in its ability to

test for common geographical and evolutionary patterns

among distantly related taxa with a suite of different life

histories, demographic strategies, and ecological adaptations

(Avise, 1998; Zink, 2002). Multiple phylogeographical studies

of species with broad distributions in Middle America provide

an illustrative case. Middle America, the area extending from

Mexico south through Panama, bounds the transition zone

between Neotropical and Nearctic biotas and encompasses a

complex assemblage of diverse biotas, making it one of Earth’s

biodiversity hotspots (Mittermeier et al., 2005). Nested within

this broad north–south transect lies a region spanning the

deserts of the south-western United States and northern

Mexico to the dry and humid forests of the Nicaraguan

lowlands, identified by Halffter (1987) and further character-

ized by Morrone and colleagues (see summary in Morrone,

2010) as the Mexican Transition Zone (MTZ). A growing

number of comparative phylogeographical studies (see below)

continue to characterize biotic transition patterns across the

MTZ, particularly as they relate to several major historical (late

Neogene) events in Middle America that appear to have had

broad impacts on lineage diversification among co-distributed

species.

Across the MTZ, postulated drivers of Neogene diversifica-

tion include faulting and marine seaway development across

the Isthmus of Tehuantepec in southern Mexico around 3

million years ago (Ma) (Castoe et al., 2009), primary forma-

tion of the Transvolcanic Belt across central Mexico

c. 7–10 Ma (Marshall & Liebherr, 2000; Rosas-Elguera et al.,

2003), and the secondary uplifting of the Sierra Madre

Occidental in western Mexico c. 5 Ma (Riddle & Hafner,

2006). An impressive array of both lowland and highland taxa

exhibit marked phylogeographical structure across these bar-

riers (Fig. 1 and see Appendix S1 in the Supporting Informa-

tion), including insects, fish, amphibians, reptiles, birds and

mammals. From several of these studies, an emerging pattern

posits a vicariant history within many ancestrally widespread

Middle American taxa.

In addition to Neogene events, the potential effects of

Pleistocene glacial–interglacial cycles on biotic diversification

across the MTZ have long been acknowledged (dating back to

Dunn, 1931). Several early broad-scale studies suggested that

species diversification was primarily the result of habitat

shifting in response to Late Pliocene and Pleistocene climatic

fluctuations (e.g. Dunn, 1931; Duellman, 1966; Ball, 1968).

New evidence, however, suggests that climatic cycles may have

had less of an effect on species-level diversification in Middle

America and more of an effect on intraspecific genetic

structuring (Castoe et al., 2009; Daza et al., 2009, 2010). These

opposing views echo similar debates on the role of Pleistocene

climatic change on biotic diversification in the Neotropics of

South America, where recent studies have increasingly impli-

cated Neogene vicariance events as key drivers in speciation,

downplaying the importance of Pleistocene climatic shifts

(Moritz et al., 2000; but see Rull, 2006, and Peterson & Nyári,

2007). A potentially more realistic view, however, posits that

present-day Neotropical biodiversity represents a mixture of

species and intraspecific lineages originating at different times

in response to both palaeogeographical and climatic change

(Rull, 2008).

Gophersnakes in the colubrid genus Pituophis represent an

ideal model system for investigating historical diversification

across the MTZ. Three species (P. catenifer, and sister taxa

P. deppei and P. lineaticollis; Pyron & Burbrink, 2009a) are

widely distributed in a variety of habitats throughout most of

Mexico and into Guatemala (Fig. 2). In Mexico, P. catenifer

occur in the Sonoran and Chihuahuan Deserts and Tamau-

lipan thornscrub in several types of habitats (Sweet & Parker,

1990), but generally in broad association with xeric grasslands

and shrublands. Pituophis deppei, composed of two subspecies

(P. d. deppei and P. d. jani; Duellman, 1960), is distributed in a

variety of highland habitats above 1500 m a.s.l. across parts

of northern Mexico and most of central Mexico. The

third species, P. lineaticollis (containing two subspecies,

P. l. lineaticollis and P. l. gibsoni; Duellman, 1960), is generally

found in close association with mesic pine–oak forests from

central Mexico south to Guatemala. The distributions of these

three species combined span over two-thirds of the total land

area of Mexico and extend across most major biogeographical

barriers.

In this study we examined the genetic structuring of

gophersnakes across the MTZ. We evaluated a vicariance

model based on the three aforementioned Neogene geological

events (Fig. 1). If these historical events have been key drivers

in diversification across the MTZ, and assuming a widespread

distribution of each lineage prior to barrier formation, we

would expect evidence of reciprocal monophyly and genetic

divergence in gophersnakes associated with each barrier. On

the other hand, lack of monophyly would suggest connectivity

across the proposed biogeographical barriers, either because

they did not act as barriers for these taxa, or because of

subsequent range expansion or gene flow. We further added

previously published Pituophis DNA sequences from more

northern (western and central United States) specimens to

broaden the scope of our sampling and extend our inferences

to include the south-western United States.

MATERIALS AND METHODS

Taxon sampling and laboratory methods

We obtained tissues from 8 P. catenifer, 36 P. deppei (26

P. d. deppei and 10 P. d. jani), and 13 P. lineaticollis (9

P. l. lineaticollis and 4 P. l. gibsoni) specimens in mainland

Mexico and Guatemala (Fig. 2; Appendix S2). Subspecific

designations follow Duellman (1960). We augmented our

sampling with partial gene sequences from a previous

phylogenetic study of Pituophis (Rodrı́guez-Robles & De

Jesús-Escobar, 2000) from GenBank. After preliminary phylo-

genetic analyses, we retained sequences that nested within a
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(a)

(b)

Figure 1 Phylogeographical structure and barriers in the Mexican Transition Zone. (a) Summary of co-distributed highland and lowland

taxa exhibiting phylogeographical structure across three major biogeographical barriers of the Mexican Transition Zone: the Isthmus of

Tehuantepec in southern Mexico, Transvolcanic Belt across central Mexico, and Sierra Madre Occidental in north-western Mexico. Specific

taxa and additional details are listed in Appendix S1. (b) Simplified phylogenetic trees illustrating expected patterns of divergences among

Middle American gophersnakes (Pituophis spp.) based on Neogene vicariance events predicted to broadly impact co-distributed taxa across

the Mexican Transition Zone.
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geographically cohesive clade of primarily P. catenifer samples

(see Results), as well as five other sequences of Pituophis that

represented the basic phylogenetic tree structure of Rodrı́guez-

Robles & De Jesús-Escobar (2000; Appendix S3). We used

Pantherophis slowinskii (GenBank NC_009769), Oreophis por-

phyraceus (GenBank NC_012770), and Masticophis flagellum

(GenBank JF308288, JF308347, JF308405) as outgroups based

on previous phylogenetic studies (Burbrink & Lawson, 2007;

Pyron & Burbrink, 2009a).

We sequenced two mitochondrial DNA (mtDNA) gene

regions, including NADH dehydrogenase subunit 4 (ND4) and

flanking tRNAs and ATPase subunits 8 and 6 (ATPase 8,

ATPase 6). These gene regions have been previously shown to

be informative at different levels of divergence within snakes

(Rodrı́guez-Robles & De Jesús-Escobar, 2000; Douglas et al.,

2006). Total genomic DNA was extracted from liver, shed skins,

or ventral scale clips using the QIAGEN DNeasy Blood and

Tissue Kit (Qiagen, Valencia, CA, USA) following manufac-

turer’s recommendations. All gene regions were amplified via

polymerase chain reaction (PCR) in a mix containing 6.25 lL

Takara ExTaq Polymerase Premix (Takara Mirus Bio Inc.,

Madison, WI, USA), 4.25 lL double-distilled water, 0.5 lL

each primer (10 lL), and 1.0 lL of template DNA. Primer

sequences for ND4 are given in Arévalo et al. (1994), and for

ATPase were specifically designed for this project (C2SF, 5¢-
TMT GCG GGG CAA ACC ACA G-3¢; C2SF2, 5¢-GTA GAC

GCA GTS CCA GGA CG-3¢; C3SRPit, 5¢-TGA TAT TGG TGT

AGT TGG TG-3¢). DNA was denatured initially at 95 �C for

2.5 min; 35–40 cycles of amplification were then performed

under the following conditions: denaturation at 95 �C for

1 min, annealing at 52 �C (C2SF2/C3SRPit), 56 �C (ND4), or

58 �C (C2SF/C3SRPit) for 1 min, and extension at 72 �C for

1 min; this was followed by a final 10 min elongation at 72 �C.

Double-stranded PCR amplified products were checked by

Figure 2 Maps depicting collecting sites of Middle American gophersnakes (Pituophis spp.) (left) and their approximate distributions

(right). Symbols indicate sampling localities, and numbers refer to specific sample numbers used in this study (see Appendix S2). Asterisks

denote multiple samples obtained from the same locality. The prefix ‘MX’ was omitted from sample numbers for clarity. Localities in the

United States represent a portion of the GenBank samples used in this study (see Appendix S3). The distribution of P. catenifer includes the

combined ranges of the formerly recognized subspecies P. melanoleucus sayi and P. m. affinis that occur in mainland Mexico (after Sweet &

Parker, 1990).
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electrophoresis on a 1% agarose gel, purified using exonuclease

and shrimp phosphatase, and directly sequenced in both

directions with the amplification primers using a Big Dye

Terminator v. 3.1 cycle sequencing kit (Applied Biosystems,

Foster City, CA, USA). The completed sequencing reactions

were cleaned of excess dyes using CentriSep spin columns

(Princeton Separations, Inc., Adelphia, NJ, USA), and

sequences were visualized on an ABI Prism 3130 capillary

autosequencer. Forward and reverse sequences for each indi-

vidual were edited and manually aligned using Sequencher v.

4.2 (Gene Codes Corporation, Ann Arbor, MI, USA).

Phylogenetic analyses

We analysed our sequence data using Bayesian inference (BI)

and maximum likelihood (ML) phylogenetic methods. Bayes-

ian inference analyses were conducted using MrBayes v. 3.1

(Ronquist & Huelsenbeck, 2003) on the combined mtDNA

dataset, implementing separate models for each gene region

(ATPase 8, ATPase 6, ND4, tRNAs). For GenBank samples

(Appendix S3), only available ND4 and associated tRNAs

sequence data were included in analyses. Missing data have

been shown to affect topology in some situations (Lemmon

et al., 2009), so we performed additional BI and ML analyses

on a reduced mtDNA dataset with no missing data (i.e. with

GenBank samples removed) as a check for these effects.

MrModeltest v. 2.1 (Nylander, 2004) was used to select a

best-fit model of evolution, based on the Akaike information

criterion (AIC), for each partition. Bayesian settings included

random starting trees, a variable rate prior, a mean branch

length exponential prior of 50, and heating temperature of

0.04. Analyses consisted of four runs (nruns = 4) conducted

each with three heated and one cold Markov chain sampling

every 100 generations for 4 million generations. Output

parameters were visualized using the program Tracer v. 1.4

(Rambaut & Drummond, 2007) to ascertain stationarity and

whether the duplicated runs had converged on the same mean

likelihood. Convergence was further assessed by analysing

posterior probability clade support values post burn-in and by

confirming that the standard deviation of split frequencies

between runs approached zero using the application Are We

There Yet (AWTY; Nylander et al., 2008). After determining

chain convergence, which occurred during the first 500,000

generations of each run, we conservatively discarded all

samples obtained during the first one million (25%) genera-

tions as burn-in. A 50% majority-rule consensus phylogram

with nodal posterior probability (PP) support was estimated

from the combination of the four runs post-burn-in. ML

analyses were conducted using RAxML v. 7.0.3 (Stamatakis,

2006) with the same partitioning scheme used for the BI

analyses. The GTRGAMMA model was used, and 1000

nonparametric bootstrap replicates were performed to assess

nodal support. We considered those nodes with ‡ 95%

Bayesian posterior probability (PP) and ‡ 70% bootstrap

support (BS) as strongly supported (Hillis & Bull, 1993;

Felsenstein, 2004).

Topology tests

We used topology tests to test the concordance of inferred

concatenated mtDNA gene trees with hypothesized phylogeo-

graphical histories based on each of the three postulated

Middle American vicariance events (Fig. 1). These hypotheses

predict a sister relationship between P. deppei and P. lineati-

collis, monophyly for P. lineaticollis east and west of the

Isthmus of Tehuantepec, and monophyly for P. catenifer east

and west of the Sierra Madre Occidental. Constraint trees

based on these predictions were constructed using MacClade

v. 4.08 (Maddison & Maddison, 2003). Topological congru-

ence was tested using the Shimodaira–Hasegawa (SH) test

(Shimodaira & Hasegawa, 1999) within a maximum likelihood

(ML) framework. We ran heuristic searches using ML methods

in paup* v. 4.0b10 (Swofford, 2002). Pituophis d. deppei from

north-western Mexico were omitted because of their phyloge-

netic placement within P. catenifer (see Results). Pantherophis

slowinskii was used as the outgroup. The best-fit model of

sequence evolution based on AIC was determined using

Modeltest v. 3.7 (Posada & Crandall, 1998). The best

constrained and unconstrained ML trees were compared using

1000 bootstrap replicates and the RELL re-sampling criteria.

Divergence dating

Divergence dates were estimated using a Bayesian molecular

clock framework implemented in the program beast v. 1.5.2

(Drummond & Rambaut, 2007). Only ND4 sequence data

were used as ATPase 8/6 sequences were lacking for most

outgroups used, and because the rate of sequence divergence

for ND4 in snakes has been previously estimated (Wüster

et al., 2002; Bryson et al., 2008). Two different methods for

estimating divergence times were used. The first method

utilized a relaxed uncorrelated lognormal clock and node

constraints obtained from the fossil record. Because of

potential problems associated with model parameter variance

across heterogeneous datasets (Ho, 2005; Guiher & Burbrink,

2008), divergence estimates were inferred for a reduced dataset,

which included one individual from each phylogeographical

lineage for Pituophis catenifer, P. deppei and P. lineaticollis, and

five other samples of Pituophis, representing the basic tree

structure presented in Rodrı́guez-Robles & De Jesús-Escobar

(2000). To calibrate the tree, we included sequences from

several outgroups obtained from GenBank (Appendix S3). The

dataset was partitioned by gene region (ND4, tRNAs). The

second method employed a strict clock and fixed substitution

rate (8 · 10)3 substitutions/site/million years; Bryson et al.,

2008) for an unpartitioned dataset consisting of only the

Pituophis samples listed above. Prior to using this second

method, the assumption of clock-like evolution was tested and

confirmed using a likelihood ratio test (LRT; Felsenstein, 1981;

Huelsenbeck & Crandall, 1997). For both datasets, best-fit

models of evolution were re-estimated using MrModeltest.

Pituophis lineaticollis and P. deppei were constrained to form a

monophyletic group based on strong support for a sister
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relationship between these species inferred from phylogenetic

analyses of a large multilocus dataset in a previous study

(Pyron & Burbrink, 2009a). Additional analyses were run to

assess the effect of this constraint on dating estimates.

For each method, analyses consisted of two independent

runs each of 50 million generations, with samples retained

every 1000 generations, and with a Yule tree prior. Results were

displayed in Tracer to confirm acceptable mixing and

likelihood stationarity, appropriate burn-in, and adequate

effective sample sizes (> 200 for each estimated parameter).

After discarding the first 5 million generations (10%) as burn-

in, the trees and parameter estimates from the two runs were

combined using LogCombiner v. 1.5.2 (Drummond &

Rambaut, 2007). The parameter values of the samples from

the posterior distribution were summarized on the maximum

clade credibility tree using TreeAnnotator v. 1.5.2 (Drum-

mond & Rambaut, 2007), with the posterior probability limit

set to 0.5 and mean node heights summarized.

For relaxed clock dating analyses, three fossil constraints

taken from the palaeoherpetological literature were used,

following Pyron & Burbrink (2009a): (1) the oldest known

New World ratsnake (Pantherophis kansensis) from the Middle

Miocene (early Barstovian; Holman, 2000), (2) the oldest

known kingsnake (Lampropeltis similis) from the Middle

Miocene (medial Barstovian; Holman, 2000), and (3) the

oldest known fossils of Lampropeltis getula and Stilosoma (=

Lampropeltis) vetustum from the Late Miocene–Early Pliocene

(middle Hemphilian; Holman, 2000). The divergence between

Pituophis and Pantherophis was constrained with a zero offset

of 13 Ma, a lognormal mean of 0.9, and a lognormal standard

deviation of 0.9. This produced a median age of 15.5 Ma

centred in the early Barstovian and a 95% prior credible

interval (PCI) extending to near the beginning of the Miocene

23.8 Ma. The divergence between Lampropeltis and Cemophora

was constrained with a zero offset of 11.5 Ma, a lognormal

mean of 0.7, and a lognormal standard deviation of 1.1,

producing a median age of 13.5 Ma centred in the medial

Barstovian and a 95% PCI extending to near the beginning of

the Miocene 23.8 Ma. Lastly, the divergence between L. getula

and L. extenuata was constrained with a zero offset of 4.5 Ma, a

lognormal mean of 0.6, and a lognormal standard deviation of

0.82. This produced a median age of 6.3 Ma centred in the

middle Hemphilian and a 95% PCI extending to the beginning

of the Clarendonian 11.5 Ma. These lognormal distributions

with hard lower bounds best reflect the prediction, based on

the high likelihood of fossil non-preservation, that any true

divergence date will probably be older than the oldest known

fossil, rather than younger (Ho & Phillips, 2009; Kelly et al.,

2009).

RESULTS

Sequence characteristics and phylogenetic estimate

The final dataset used for phylogenetic inference consisted of

1637 aligned nucleotide positions. Models of sequence evolu-

tion selected for the mtDNA partitions were GTR + I + G

(ND4), GTR + G (tRNAs and ATPase 6), and HKY + I

(ATPase 8). All sequences are deposited in GenBank (GenBank

accession numbers JF308288–JF308462).

Phylogenetic analyses based on BI and ML were largely

congruent (Fig. 3) with two notable exceptions. Support for

the monophyly of a large clade of Pituophis catenifer differed

between 98% PP (BI) and 54% BS (ML). Additionally, support

for one phylogroup within this clade (Fig. 4) differed between

98% PP (BI) and 55% BS (ML). BI and ML analyses on a

reduced mtDNA dataset with no missing data (not shown)

suggest that differences are attributable to missing data.

Posterior probability support was identical in BI analyses on

the dataset with and without GenBank samples. However,

clade support in ML analyses varied. Bootstrap support for

monophyly of the large P. catenifer clade and the phylogroup

in question was high (100% and 85%) when GenBank samples

missing ATPase data were excluded. We therefore based

phylogenetic inferences on our BI analyses.

Based on our phylogenetic analyses, we inferred three main

lineages of Middle American Pituophis (Fig. 3). Two lineages

correspond to the currently recognized species P. deppei and

P. lineaticollis (Duellman, 1960; Rodrı́guez-Robles & De Jesús-

Escobar, 2000). The third lineage represents a geographically

cohesive group of eastern P. catenifer, P. ruthveni, and north-

western P. d. deppei (for simplicity, now referred to as the

P. catenifer lineage, see below). Relationships among the three

Middle American lineages and the five representative samples

of Pituophis, however, were poorly resolved. Pituophis deppei

and P. lineaticollis were inferred as sister species. Although this

relationship was weakly supported in our analyses (66% PP,

53% BS), a recent study utilizing a large multilocus dataset

(Pyron & Burbrink, 2009a) inferred the same sister relation-

ship between these two montane species with strong (100% PP

and BS) support. Pituophis vertebralis (sensu Pyron & Bur-

brink, 2009a) was weakly supported (60% PP, 65% BS) as the

sister taxon to our P. catenifer lineage. All other Pituophis (our

P. catenifer lineage, P. deppei + P. lineaticollis, and remaining

samples) formed a polytomy, consistent with the hypothesis of

rapid divergences of the major lineages within this genus

(Rodrı́guez-Robles & De Jesús-Escobar, 2000).

Within each Middle American lineage, we identified signif-

icant phylogeographical structure (Fig. 4). Within the

P. catenifer lineage, we inferred three geographically cohesive

phylogroups: ‘Eastern’ (Tamaulipan thornscrub north to the

Great Plains of the US, and the Mississippi River west to the

foothills of the Rocky Mountains), ‘Sonoran’ (Sonoran Des-

ert), and ‘Chihuahuan’ (Chihuahuan Desert north to the

Rocky Mountains). Pituophis ruthveni nested within the

Eastern phylogroup of P. catenifer. Pituophis d. deppei from

north-western Mexico were nested within the Sonoran phylo-

group of P. catenifer. Morphological and nuclear-based genetic

differences between P. ruthveni and P. catenifer (Reichling,

1995; Pyron & Burbrink, 2009a) and morphological differences

between P. d. deppei and P. catenifer (Lemos-Espinal et al.,

2004; Smith et al., 2005) suggest that this relationship may be
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Figure 3 Phylogenetic relationships within

the genus Pituophis based on mixed-model

Bayesian inference (tree shown) and maxi-

mum likelihood analyses of mitochondrial

DNA sequence data. Numbers at nodes

indicate support values (Bayesian posterior

probability followed by maximum likelihood

bootstrap). The clade labelled P. catenifer also

contains samples of P. ruthveni and samples

of P. d. deppei from north-western Mexico

that appear to have P. catenifer mitochondrial

haplotypes.
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Figure 4 Inferred phylogeographical structure within (a) Pituophis catenifer, (b) P. deppei, and (c) P. lineaticollis based on mixed-model

Bayesian inference (tree shown) and maximum likelihood analyses of mitochondrial DNA sequence data. Numbers at nodes indicate

support values (Bayesian posterior probability followed by maximum likelihood bootstrap); white circles represent nodes that received

strong support (‡ 95% posterior probability, 70% bootstrap). Asterisks indicate individuals used for divergence dating.
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due to mitochondrial introgression, as further discussed below.

The remaining samples of P. deppei formed a monophyletic

lineage comprising four phylogroups, designated ‘Northeast-

ern’, ‘Western’, Central Mexican Plateau 1 ‘CMP 1’, and

Central Mexican Plateau 2 ‘CMP 2’. The Northeastern

phylogroup consisted of most samples of P. d. jani from the

northern Sierra Madre Oriental. Pituophis d. deppei from the

Sierra Madre Occidental in Durango and south-western

portion of the Central Mexican Plateau in Jalisco formed the

Western phylogroup. The remaining two phylogroups (CMP 1

and CMP 2) are largely overlapping across the Central

Mexican Plateau. Two samples of P. d. jani from the Sierra

Madre Oriental in San Luis Potosı́ and Veracruz grouped with

several samples of P. d. deppei in the CMP 1 phylogroup.

Within P. lineaticollis, we inferred ‘Northern’ (west and

north-west of Oaxaca), ‘Oaxacan’ (Oaxaca), and ‘Southern’

(Guatemala) phylogroups. Monophyly of the two subspecies

P. l. lineaticollis and P. l. gibsoni was not supported.

Topology tests

The inferred ML gene tree was qualitatively and statistically

congruent with hypothesized phylogeographical histories

based on two (Transvolcanic and Sierra Madre Occidental)

of the three Middle American vicariance hypotheses (D )ln

L = 0.00004, P = 0.502). The hypothesis of vicariance in

P. lineaticollis along the Isthmus of Tehuantepec was not

supported qualitatively (i.e. samples east and west of this break

did not form two separate monophyletic groups). Statistically,

however, the SH test revealed no significant difference between

the optimal ML tree and the constrained tree grouping all

P. lineaticollis east of the Isthmus of Tehuantepec together (D
)ln L = 20.10805, P = 0.051).

Divergence times

The selected models of sequence evolution for the unparti-

tioned and partitioned datasets in the beast analyses was

GTR + I + G (unpartitioned), HKY + I + G (ND4), and

GTR + G (tRNAs). Estimated dates of divergences using our

relaxed clock, fossil calibrated method and our strict clock

method were remarkably similar (Table 1), and comparable to

previously estimated divergence dates within Pituophis (Pyron

& Burbrink, 2009a). Analyses with and without the P. deppei–

P. lineaticollis constraint resulted in nearly identical dating

estimates. Only the position of P. lineaticollis changed.

Unconstrained analyses placed this species on a short branch

next to P. catenifer. Initial diversification within Pituophis

appears to have occurred during the Late Miocene, followed by

the divergence of P. deppei from P. lineaticollis near the

Miocene/Pliocene boundary. Phylogeographical structure

within Middle American species probably developed during

two different time periods. Early divergences between phylo-

groups in P. catenifer and P. deppei occurred during the

Pliocene, followed by subsequent Pleistocene divergences in

both species and P. lineaticollis.

DISCUSSION

Genetic structuring across the Transvolcanic Belt,

Isthmus of Tehuantepec, and Sierra Madre Occidental

Gophersnakes distributed across the MTZ displayed mixed

responses to major Neogene geological events in this region.

The deepest estimated divergence between P. deppei and

P. lineaticollis in the Late Miocene (Table 1) can probably be

attributed to the formation of the Transvolcanic Belt across

central Mexico. This volcanic chain of mountains is one of the

predominant geographical features of Mexico, and its geolog-

ical development has been posited as a primary contributor to

the biogeographical histories of numerous taxa distributed

across Mexico (e.g. Mulcahy et al., 2006; Bryson et al., 2011).

The profound impact of the Transvolcanic Belt as a biogeo-

graphical barrier is further highlighted by several recent studies

marking it as a distinct transition zone between Nearctic and

Neotropical biotas (Marshall & Liebherr, 2000; Morrone,

2010). The Transvolcanic Belt formed progressively in different

parts across Mexico, starting in the west c. 23 Ma and finishing

in the east c. 2.5 Ma (Ferrusquı́a-Villafranca, 1993; Becerra,

2005). The complex geological history of this mountain range

makes accurate dating of vicariance events presumably

responsible for divergences among co-distributed taxa difficult.

However, estimated interspecific divergence dates in two

highland taxa (Mexican jays, 4.4–9.4 Ma, McCormack et al.,

Table 1 Estimated divergence dates for

Middle American gophersnakes (Pituophis

spp.) based on two methods of Bayesian

phylogenetic analyses of ND4 mitochondrial

sequence data. Phylogroup designations fol-

low those in Fig. 4. Posterior mean ages (in

millions of years ago) are followed by 95%

highest posterior density intervals in paren-

theses.

Node

Relaxed clock,

fossil calibrations

(Ma)

Strict clock, fixed

substitution rate

(Ma)

P. lineaticollis/P. deppei 6.7 (5, 8.6) 6.8 (5.3, 8.4)

P. catenifer Sonoran/Chihuahuan + Eastern 3.9 (2.5, 5.5) 3.5 (2.4, 4.6)

P. catenifer Chihuahuan/Eastern 2.1 (1.1, 3.2) 2 (1.2, 2.8)

P. deppei Northeastern/CMP 1 + Western + CMP 2 4.6 (3.1, 6.2) 4.5 (3.2, 5.9)

P. deppei CMP 1/Western + CMP 2 2.2 (1.3, 3.2) 2.2 (1.4, 3)

P. deppei Western/CMP 2 0.8 (0.3, 1.3) 0.7 (0.3, 1.2)

P. lineaticollis Northern/Southern + Oaxacan 1.8 (0.9, 2.8) 1.7 (1, 2.5)

P. lineaticollis Southern/Oaxacan 0.9 (0.4, 1.5) 0.9 (0.4, 1.4)
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2008; montane rattlesnakes, 5–8 Ma, Bryson et al., 2011) and

two lowland taxa (toads, 4.2–7.6 Ma, Mulcahy & Mendelson,

2000; heroine cichlids, 4.7–8.7 Ma, Hulsey et al., 2004) are

remarkably congruent with the estimated divergence between

P. deppei and P. lineaticollis c. 5–8.6 Ma in our study, and

coincide with primary development of the Transvolcanic Belt

in the Late Miocene c. 7–10 Ma (Rosas-Elguera et al., 2003).

Although we constrained P. deppei and P. lineaticollis to form a

monophyletic group based on a previous study (Pyron &

Burbrink, 2009a), unconstrained analyses estimate a mean

divergence between P. lineaticollis and P. catenifer at c. 6.5 Ma.

This split is still spatially and temporally consistent with the

formation of the Transvolcanic Belt driving diversification in

Middle American gophersnakes.

Gophersnakes distributed across the Isthmus of Tehuante-

pec exhibited lower than expected phylogeographical diversity

under a Neogene vicariance model. Spatially, monophyly of

P. lineaticollis from east of the isthmus was questionable, and

the estimated Pleistocene divergence of Guatemalan samples

in the Southern clade from P. lineaticollis west of the isthmus

(Table 1) temporally post-dates Pliocene faulting and marine

inundations across this narrow lowland region. Such a finding,

however, is not surprising. As mentioned by Castoe et al.

(2003, 2009), any highland corridor spanning the isthmus was

destroyed after the subduction of the Cocos Plate during the

Pliocene (Barrier et al., 1998; Manea & Manea, 2006). This

event may have pre-dated divergences in P. lineaticollis and

dispersal across the isthmus. Later, major climatic oscillations

during the Pleistocene may have led to the temporary

development of a highland forest across the isthmus during

glaciations (Rzedowski, 1996; Campbell, 1999), and promoted

the establishment and divergence of P. lineaticollis across the

isthmus. Such an inference is consistent with our data and with

temporally shallow phylogeographical patterns observed in

some co-distributed highland species (Appendix S1).

In the north, the wide-ranging P. catenifer displays a deep

phylogeographical break across the Sierra Madre Occidental.

Although generally outside of the geographical realm of most

Middle American studies, the Sierra Madre Occidental is well

within the boundaries of the MTZ, and has long been

recognized as a strong geographical barrier to arid-adapted

taxa in western North America (e.g. Jaeger et al., 2005; Riddle

& Hafner, 2006). Secondary uplifting of this mountain range in

the late Neogene effectively separated Chihuahuan and Son-

oran Desert biotas (Hafner & Riddle, 2005), leaving an ancient

‘east–west split’ genetic footprint in many co-distributed taxa

(Appendix S1). The estimated divergence of c. 4 Ma between

P. catenifer phylogroups distributed on either side of the Sierra

Madre Occidental (Table 1) is consistent with this east–west

split.

Phylogeography of Middle American gophersnakes

Phylogeographical structure in gophersnakes distributed across

northern Middle America and western North America high-

lights the influence of both Neogene vicariance events and

Quaternary climate change in shaping the geographical

distribution of genetic variation in this lineage. Although

two major Neogene vicariance events (formation of the

Transvolcanic Belt and secondary uprising of the Sierra Madre

Occidental) have left predicted genetic signatures in gopher-

snakes, several other pre-Pleistocene events such as the

development of major river drainages (see below) appear to

have driven evolutionary diversification. Further, significant

phylogeographical structure within all lineages appears to have

been generated during the Pleistocene.

Despite the presence of several major geographical barriers

across northern Middle America, the extreme geological and

environmental heterogeneity of this region has the potential to

produce a myriad of intraspecific phylogeographical patterns

in Mexican highland taxa. This potential is seemingly exem-

plified by P. lineaticollis. The geographical distributions of two

of our three inferred phylogroups (Central and Southern;

Fig. 5) are similar to geographical clades of co-distributed

highland taxa (e.g. Sullivan et al., 2000; León-Paniagua et al.,

2007). The Northern phylogroup, however, consists of rela-

tively undifferentiated (0.8% uncorrected pairwise within-

group average) samples from the Sierra Madre del Sur of

Guerrero and Transvolcanic Belt. These two mountain ranges

are separated by the Balsas Basin, an arid lowland depression

that formed in the Pliocene and Pleistocene in response to

uplift of the Transvolcanic Belt (Becerra & Venable, 1999;

Marshall & Liebherr, 2000). Lack of genetic structuring across

this well-known barrier to highland taxa (Halffter, 1987) is

surprising. Further, the clustering of samples from the Sierra

Madre del Sur of Guerrero with Transvolcanic Belt samples to

the exclusion of samples from the Sierra Madre del Sur of

Oaxaca (Fig. 5) appears to be a novel finding compared with

those of previous studies of co-distributed taxa in this region

(Sullivan et al., 2000; Edwards & Bradley, 2002; Arellano et al.,

2005; Cadena et al., 2007; Navarro-Sigüenza et al., 2008).

Divergence of the Northern phylogroup of P. lineaticollis from

phylogroups in the Sierra Madre del Sur of Oaxaca and further

south occurred c. 2 Ma (Table 1), and may have been caused

by the development of several major river drainages such as the

Rio Verde and Rio Papaloapan that act as filter barriers

between the Oaxacan highlands and montane biotas to the

west and north (Bryson et al., 2011).

Historical and biogeographical interpretations of diversifi-

cation within P. deppei present some interesting challenges.

Although there appears to be a clear genetic signal suggesting

the historical existence of four divergent clades, the boundaries

of these phylogroups are unclear, with broad overlap across the

Central Mexican Plateau (Fig. 5). Further, P. deppei from the

north-western part of their range are indistinguishable from

P. catenifer based on our mtDNA sequences (Fig. 4). One

plausible explanation for this pattern invokes initial Neogene

vicariance followed by bouts of gene flow across the Central

Mexican Plateau during Pleistocene glacial–interglacial cycles.

The earliest estimated divergence in P. deppei splits the

Northeast phylogroup in the northern Sierra Madre Oriental

from other phylogroups at about the Miocene–Pliocene
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boundary (Table 1). This north–south Sierra Madre Oriental

split across San Luis Potosı́ has been observed in several

co-distributed snakes (Bryson et al., 2007, 2011). A subsequent

east–west divergence at the Pliocene–Pleistocene boundary

may have divided P. deppei distributed along the southern

Sierra Madre Oriental from other phylogroups to the east. This

could have been facilitated by the development of the Pánuco

basin filter barrier (Anducho-Reyes et al., 2008; Bryson et al.,

Figure 5 Maps illustrating haplotype dis-

tributions for inferred phylogroups of Middle

American gophersnakes (Pituophis spp.)

based on mixed-model Bayesian inference

and maximum likelihood analyses of mito-

chondrial DNA sequence data. Haplotype

symbols match phylogroup designations.

Circled symbols show approximate locations

of gophersnakes in photographs.
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2011). It is unclear which historical processes drove the

separation of the two remaining phylogroups in the west, but

interestingly, a similar phylogeographical break in the south-

western Central Mexican Plateau has been inferred in canyon

treefrogs (Bryson et al., 2010). Repeated expansions and

contractions of pine–oak forest across the Central Mexican

Plateau during Pleistocene glacial–interglacials (Van Devender,

1990; McDonald, 1993) may have subsequently eroded previ-

ous biogeographical barriers and allowed gene flow among

phylogroups. Although speculative, these views are consistent

with our data and possible patterns of diversification across

this region. The future addition of nuclear data should help

disentangle P. deppei phylogroups and better delineate their

boundaries.

In the north, inferred patterns of spatial and temporal

divergences in P. catenifer are remarkably congruent with

observed patterns in co-distributed taxa. Two phylogroups of

P. catenifer (Sonoran and Chihuahuan) conform broadly to the

Sonoran and Chihuahuan Deserts. Extralimital samples in the

Chihuahuan phylogroup might be attributed to recent range

expansions from the Chihuahuan Desert into the Rocky

Mountains, as seen in two co-distributed amphibians (Barber,

1999; Jaeger et al., 2005). The third phylogroup is distributed

to the east across several biotic provinces from the Tamaulipan

thornscrub north to the Great Plains, and from the Mississippi

River west to the Edwards Plateau and foothills of the Rocky

Mountains. The distribution of this phylogroup is nearly

identical to the estimated range of Lampropeltis holbrooki based

on phylogenetic analyses and ecological niche modelling

(Pyron & Burbrink, 2009b,c). After an estimated initial east–

west split in P. catenifer in the Pliocene associated with the

uplifting of the Sierra Madre Occidental (as discussed above), a

secondary divergence at c. 2 Ma sundered Eastern and Chi-

huahuan phylogroups along an axis from the Sierra Madre

Oriental north to the foothills of the Rocky Mountains. A

similar phylogeographical break has been reported in several

co-distributed ‘grassland’ species (Neiswenter & Riddle, 2010,

and references therein), possibly due to the development of

ecological barriers (Neiswenter & Riddle, 2010). Indeed, Pyron

& Burbrink (2009c) found evidence for strong ecological

niche divergence between two species of common kingsnake

(L. holbrooki and L. splendida; Pyron & Burbrink, 2009b) with

distributions highly similar to our Eastern and Chihuahuan

phylogroups.

Systematic implications

Although beyond the scope of this study, our mtDNA

phylogeography of Middle American gophersnakes viewed in

concert with previous phylogenetic studies (Rodrı́guez-Robles

& De Jesús-Escobar, 2000; Pyron & Burbrink, 2009a) provides

additional insight into the evolutionary history of Pituophis.

Relatively ancient divergences between geographically struc-

tured phylogroups suggest that currently recognized species

such as P. catenifer may actually be a composite of species.

Phylogroup boundaries, however, appear difficult to elucidate

based on mtDNA alone. This may in part be due to gene flow

between phylogroups, as inferred between previously recog-

nized subspecies (Rodrı́guez-Robles & De Jesús-Escobar,

2000), or may reflect stochastic evolutionary processes such

as incomplete lineage sorting and introgression. Although

reliance on mtDNA (a single, maternally inherited marker)

may preclude accurately inferring phylogeographical processes

from phylogeographical pattern (Edwards & Bensch, 2009),

accumulating evidence suggests that mtDNA introgression,

and possibly mtDNA capture, has occurred in at least two

lineages of Pituophis. Pituophis d. deppei from the northern

Sierra Madre Occidental in Sonora and Chihuahua are

phenotypically distinct from P. catenifer (Lemos-Espinal et al.,

2004; Smith et al., 2005), yet in our study share mtDNA

haplotypes with P. catenifer from the Sonoran Desert.

Likewise, P. ruthveni are indistinguishable from geographically

proximate P. catenifer based on mtDNA sequences (Rodrı́-

guez-Robles & De Jesús-Escobar, 2000), yet are morpholog-

ically distinct (Reichling, 1995). Phylogenetic analyses of

nuclear data support this distinction (Pyron & Burbrink,

2009a), and in fact strongly suggest that P. melanoleucus – not

P. catenifer – is the sister species to P. ruthveni. Additional

studies utilizing nuclear data and dense sampling of Pituophis

are clearly needed to unravel the evolutionary history of this

transcontinental genus.
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