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Gaps in recent studies of hognosed pit vipers in the genus Porthidium have left researchers with an incomplete

estimate of the evolutionary history of this group. Mitochondrial DNA sequence data from the poorly known P.

hespere and additional Porthidium sequences obtained from GenBank were used to re-analyze the phylogenetic

relationships of Porthidium. Using sequence data from the South American Porthidium, we also updated a

previous molecular clock calibration based on the uplift of the Isthmus of Panamá, and utilized this updated

calibration to evaluate the phylogeography of arid-adapted Porthidium. Results from Bayesian Markov chain

Monte Carlo phylogenetic methods underscore the historical pattern of bi-directional dispersal into and out of

South America within Porthidium, and place P. hespere as the sister species to P. dunni. The three species of arid-

adapted Porthidium distributed across the Pacific coast of southern Mexico and northern Central America may

have diverged in the late Miocene after the enlargement of the Rı́o Balsas drainage following the formation of

the Mexican Transvolcanic Belt and the volcanic uplifting across the Chiapan–Guatemalan highlands.

Debido a la ausencia de algunas especies en los estudios recientes de las nauyacas nariz de cerdo del género

Porthidium, los investigadores no tienen una estimación completa de la historia evolutiva de este grupo. Se

utilizaron nuevas secuencias de ADN mitocondrial de la poco conocida P. hespere y otras secuencias obtenidas de

GenBank para reanalizar las relaciones filogenéticas de Porthidium. Usando secuencias de Porthidium

sudamericanas, también se actualizó una calibración previa del reloj molecular basada en la elevación del

Istmo de Panamá, y esta calibración actualizada se utilizó para evaluar la filogeografı́a de las especies de

Porthidium adaptadas a la aridez. Los resultados de los métodos filogenéticos Bayesianos Markov chain Monte

Carlo enfatizan el patrón histórico de dispersión bidireccional hacia y desde Sudamérica en Porthidium, y ubican a

P. hespere como especie hermana de P. dunni. Las tres especies de Porthidium adaptadas a la aridez de la costa

Pacı́fica del sur de México y norte de Centroamérica podrı́an haber divergido en el Mioceno tardı́o después del

ensanchamiento del drenaje del Rı́o Balsas que siguió a la formación del Eje Neovolcánico y la elevación volcánica

de las tierras altas de Chiapas y Guatemala.

T
HE wide-ranging group of Neotropical terrestrial pit
vipers in the Porthidium group have received sub-
stantial taxonomic and phylogenetic attention in

recent years (Gutberlet and Harvey, 2002; Parkinson et al.,
2002; Castoe et al., 2003, 2005; reviewed in Gutberlet and
Harvey, 2004). The nominal Porthidium group (Burger, 1971;
Campbell and Lamar, 1989) was subdivided into three
distinct, closely-related genera (Porthidium, Cerrophidion,
and Atropoides; Campbell and Lamar, 1992; Werman,
1992). The inter- and intraspecific relationships of these
taxa, however, remain largely unresolved (Castoe et al.,
2005; reviewed in Gutberlet and Harvey, 2004). A recent
study by Castoe et al. (2005) inferred a well supported
monophyletic Porthidium group, with Cerrophidion and
Porthidium grouping as a clade sister to Atropoides, but lacked
the poorly known P. hespere and the recently described P.
volcanicum in their sampling. This study seeks to infer the
phylogenetic relationships of P. hespere based on mitochon-
drial DNA.

Porthidium hespere is a relatively small, terrestrial hognosed
viper inhabiting seasonally dry, tropical deciduous forest in
western Mexico (Fig. 1). Previously known from only two
specimens with precise locality data from Colima and
Michoacán (Campbell, 1976; Alvarado-Dı́az et al., 1997;
Campbell and Lamar, 2004), this enigmatic snake has
eluded researchers for over 30 years. Porthidium hespere is
presumably closely related to P. dunni based on perceived
morphological similarities and geographic proximity
(Campbell, 1976; Werman, 2005), although Gutberlet and
Harvey (2002) inferred a close relationship between P.
hespere and P. volcanicum. These putative relationships,
however, have not been tested within a molecular phyloge-
netic framework. We were afforded with the opportunity to
test this hypothesis, and fill in a gap in the Porthidium group
phylogeny of Castoe et al. (2005), when we obtained tissues
from two recently collected P. hespere. Utilizing GenBank
sequences deposited in previous studies on Porthidium
(Kraus et al., 1996; Parkinson et al., 2002; Wüster et al.,
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2002; Castoe et al., 2003, 2005) and new sequences from P.
hespere, we analyzed sequence data used by Castoe et al.
(2005) and assessed the phylogenetic position of P. hespere
based on the results of these analyses. We also used
sequence data from the South American Porthidium to
update the molecular clock calibration of Wüster et al.
(2002), and based on this approximate estimate, evaluated
the phylogeography of arid-adapted Porthidium.

MATERIALS AND METHODS

Taxon sampling.—Tissues were obtained from two specimens
of P. hespere. One specimen was found dead on the road
(DOR) near El Faro de Bucerias, on Hwy. 200 in Michoacán.
The other was found alive on the road near Maruata, on
Hwy. 200 in Michoacán. The DOR specimen was deposited
in the Museo de Zoologı́a ‘‘Alfonso L. Herrera,’’ Facultad de
Ciencias, Universidad Nacional Autónoma de México
herpetological collection (MZFC 19742). In addition to the
P. hespere sequences generated in this study, aligned
sequence data were obtained from GenBank (Appendix 1).
These include all species of Porthidium except P. volcanicum.
Atropoides nummifer and Cerrophidion petlacalensis were used
as outgroups based on the results of Castoe et al. (2005).

DNA sequencing and alignment.—DNA was extracted from
two P. hespere using the phenol–cloroform protocol of Hillis
et al. (1996). Fragments of two mitochondrial gene regions,
NADH dehydrogenase subunit 4 (ND4) and cytochrome b
(cyt-b), were amplified using the respective primers ND4 and
LEU (Arévalo et al., 1994) and Gludg and AtrCB3 (Parkinson
et al., 2002). PCR amplification conditions consisted of an
initial denaturation at 94uC for 5 min, followed by 35–38
cycles at 94uC for 1 min, 50–55uC for 1 min, and 72uC for 1–
2 min, and a final extension at 72uC for 5 min. PCR

products were purified using the QIAquick Gel Extraction
Kit (Qiagen Inc.) The sequencing reactions were performed
with the amplification primers using Big Dye Terminator v.
3.1 cycle sequencing kit (Applied Biosystems Inc.). The
completed sequencing reactions were cleaned of excess dyes
using Sephadex G-50 columns (Amersham Inc.). The
reactions were electrophoresed and analyzed on an ABI
3100 Genetic Analyzer sequencer (Applied Biosystems Inc.).
Generated sequences were aligned visually using MacClade
(vers. 4.08, D. R. Maddison and W. P. Maddison, Sinauer
Associates, Inc., Sunderland, MA, 2005). The protein-coding
ND4 and cyt-b sequences were conservative across all taxa in
the data set and contained no indels. The final alignment
consisted of 692 base pairs (bp) of ND4 and 712 bp of cyt-b.
The sequence data for P. hespere were deposited in GenBank
under the accession numbers EU016098 and EU016099
(ND4) and EU017534 and EU017535 (cyt-b).

Phylogenetic analyses.—The aligned sequences were analyzed
using maximum parsimony (MP) in PAUP* (vers. 4.0b10, D.
L. Swofford, PAUP*: phylogenetic analysis using parsimony
[*and other methods], Sinauer, Sunderland, MA, 2002) and
Bayesian inference (BI) in MrBayes 3.1 (Huelsenbeck and
Ronquist, 2001; Ronquist and Huelsenbeck, 2003). Maxi-
mum parsimony analyses were conducted on the combined
data set using a heuristic search with starting trees obtained
via stepwise addition with 2,500 random addition-sequence
replicates, accelerated character transformation (ACCTRAN),
and tree-bisection-reconnection (TBR) branch swapping. All
characters were treated as equally weighted. Nodal support
was estimated using 2,500 nonparametric bootstraps (Felsen-
stein, 1985) with heuristic searches involving ten random
addition sequence replicates.

To infer trees and assess tree support using models
incorporating evolutionary information specific to each

Fig. 1. Distribution of arid-adapted Porthidium (Porthidium hespere, P. dunni, and P. ophryomegas) in Mexico and northwestern Central America
(modified from Campbell and Lamar, 2004). Known localities of P. hespere are depicted by dots: 1) 19.2 km NE Tecomán, Colima (type-locality;
Campell, 1976); 2) Playa Colola, Michoacán (Alvarado-D�́az et al., 1997); 3) near El Faro de Bucerias, on Hwy. 200, Michoacán; 4) near Maruata, on
Hwy. 200, Michoacán; and 5) near Arteaga, Michoacán (Mendoza-Cardenas et al., in press). Arrows point to the positions of geographical barriers
isolating P. hespere from P. dunni (A: the R�́o Balsas drainage that forms the Michoacán–Guerrero border), and P. dunni from P. ophryomegas (B: the
Chiapan–Guatemalan highlands along the Pacific coast).
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gene, we performed single and mixed-model analysis using
Metropolis–Hastings coupled Markov chain Monte-Carlo
(MC3) analyses in MrBayes. Prior to tree inference, four basic
evolutionary models (Table 1) were evaluated for the data
set using Bayes factors on the harmonic mean of the
posterior probability distribution of these models, following
Nylander et al. (2004). For each model, MrModeltest 2.1 (v2,
J. A. A. Nylander, Evolutionary Biology Centre, Uppsala
University, 2004) was used to select a best-fit model of
evolution, based on Akaike Information Criteria (AIC), for
each partition (Table 1). To compare models, Bayes factors
followed the form 2logeB10, where B10 is the ratio of model
likelihoods. Interpretation of Bayes factor values favoring M1

over M0 follow the guidelines presented by Kass and Raftery
(1995).

For each model, four independent MC3 analyses were
conducted with three heated and one cold Markov chain
estimated for 4 3 106 generations, with every 100th sample
being retained, and default priors. Independent partition-
specific models were used for each complex model using the
unlink and prset ratepr5variable commands. The first 1 3 106

generations from each run were conservatively discarded as
burn-in. Once a best-fit model was chosen, model likelihood
and parameter posterior distributions were checked for
evidence of failed convergence and unreliability, suggesting
over-parameterization (Castoe et al., 2004). A 50% majority-
rule consensus phylogram with nodal posterior probability
(PP) support was estimated from the combination of the
four sets of runs per analysis (all 24 3 106 post-burn-in
generations). The most credible inferences of relationship
were confined to nodes where the posterior probability was
greater than 95% (Leaché and Reeder, 2002).

Estimating dates of divergence.—Wüster et al. (2002) estimat-
ed the rate of mtDNA evolution at approximately 1.4% per
million years between lineages based on the first cladogenic
event within South American Porthidium (using three South
American samples) immediately following the uplift of the
Isthmus of Panamá 3.5 million years ago (MYA). We tested
this rate with the addition of more South American samples
of Porthidium obtained from GenBank (see Appendix 1) so
that we could apply an estimate of evolutionary rate to our
data set. Following the methods of Wüster et al. (2002) for
direct comparison, the largest Kimura 2-parameter (K2P)
pairwise sequence divergence across the combined ND4 and
cyt-b sequences among the South American clade of
haplotypes was calculated using MEGA 3.1 (Kumar et al.,
2004), and divided by the time since colonization 3.5 MYA.
Although this molecular clock calibration method is

somewhat crude because it uses a simple model of evolution
to estimate sequence divergences and relies on a single
geological time constraint, it nonetheless allows us to
establish an approximate estimate of divergence times. The
dating of historical events can then be qualified by
examining the congruence of biogeographic data.

To apply this single rate of evolution across a tree, the
assumption of clock-like evolution must be met. To test this,
maximum likelihood heuristic searches were conducted in
PAUP* 4.0b10 (Swofford, 2002) with only the ingroup
sequences to estimate the likelihood with and without the
molecular clock constraint. Modeltest 3.1 (Posada and
Crandall, 1998) selected TrN + I + C as the best-fit model
of evolution for the combined data set based on AIC. The
likelihood scores from these two analyses were then
compared using a likelihood ratio test (LRT; Felsenstein,
1981; Huelsenbeck and Crandall, 1997).

RESULTS

Phylogenetic relationships.—Maximum parsimony analyses
resulted in four equally parsimonious trees (length 5 890
steps, CI 5 0.61, RI 5 0.74, RC 5 0.45). A strict consensus of
these trees (not shown) produced the same basic structure as
the MP tree in Castoe et al. (2005).

Across all models for the combined data set (Table 1), Bayes
factors provided strong support for the 3-partition model as
the best-fit to the combined data set. Bayesian phylogenetic
estimates (Fig. 2) using this model are largely consistent with
Castoe et al. (2005), and inferred a strongly supported early
split within Porthidium resulting in two main clades. The
clade composed of P. ophryomegas, P. dunni, and P. hespere
(herein referred to as the ‘‘arid-adapted’’ clade) was sister to
all remaining Porthidium species (‘‘nasutum group;’’ Castoe et
al., 2005). Within this arid-adapted clade, the terminal
branches connecting each lineage are relatively long, sug-
gesting deep divergences. Within the nasutum group, P.
yucatanicum was strongly inferred as being the sister taxon to
all other species. Porthidium lansbergii, P. porrasi, and Central
American P. nasutum were inferred as monophyletic. Central
American P. nasutum were inferred as the sister lineage to a
clade containing the South American Porthidium, including
the single sample of P. nasutum from South America, and P.
porrasi. The relationships between P. arcosae, P. lansbergii, the
South American P. nasutum, and P. porrasi were unresolved.

Molecular dating.—Using the maximum pairwise distance
among South American Porthidium in this study (5.72%), the
estimated rate of sequence divergence was 1.63% per million

Table 1. Description of Partitioned Models Used in the Analyses of the Combined Data Set. Best-fit models of evolution for each partition of the data set

selected by MrModeltest based on Akaike Information Criteria (AIC).

Model (number
of partitions) Description of partitions

Harmonic mean of
marginal likelihood

P1 (1) Single GTR + I + C model for the entire data set 26046.66
P2 (2) Independent HKY + I + C models for each gene fragment 26047.65
P3 (3) Independent model for each codon position: GTR + C for first codon positions, HKY + I for

second codon positions, GTR + I + C for third position codons
25606.39

P4 (6) Independent model for each codon position in each gene fragment: HKY + C for first codon
(cyt-b, ND4) and third codon positions (ND4); HKY + I for second codon positions (cyt-b,
ND4); GTR + I for third codon positions (cyt-b)

25610.09
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years. Results from the likelihood ratio test did not reject the
null hypothesis of clock-like evolution of the ingroup
sequences (likelihood ratio test statistic, 2 (lnL12lnL2) 5

22.97, df 5 20, P . 0.05). Therefore, average between-group
divergences were calculated using MEGA 3.1, and the
evolutionary rate of 1.63% per million years between
lineages was used to estimate divergence times between
species in the arid-adapted clade (Table 2). Mean pairwise
divergences were estimated using K2P corrected distances to
remain consistent with the calibration method used by
Wüster et al. (2002). These estimates suggest P. hespere, P.
dunni, and P. ophryomegas diverged from each other during
the late Miocene approximately 7.2 to 8.2 MYA.

DISCUSSION

The relationships within Porthidium inferred in our BI
analyses (Fig. 2) largely correspond to those in Castoe et
al. (2005) with few notable exceptions. Although Castoe et
al. (2005) inferred a sister relationship between P. porrasi and
South American lineages, our analyses instead strongly
support the inclusion of P. porrasi in a monophyletic clade
with all of the South American lineages. This relationship
underscores the historical pattern of bi-directional dispersal
into and out of South America within Porthidium.

Analyses of our molecular data strongly support the
phylogenetic position of P. hespere as the sister species to
P. dunni (PP 5 100%). This arrangement is in agreement
with previous suggestions (Campbell, 1976; Werman, 2005)
based on the geographic proximity of the two species along
the Pacific coast of southwestern Mexico, habitat similarities
(seasonally dry tropical deciduous forest), and gross mor-
phological similarities (primarily pattern and color). Phylo-
genetic analyses of anatomical characters (Gutberlet and
Harvey, 2002), however, suggested a close relationship
between P. hespere and P. volcanicum, and a distant
relationship to P. dunni.

Our molecular clock calibration following the methods of
Wüster et al. (2002) and with the inclusion of more
sequences of South American Porthidium resulted in esti-
mates of mtDNA evolution of 1.63% per million years
between lineages. This rate is similar to the earlier estimate
of Wüster et al. (2002). Given the general congruence
between estimated dates of divergence between arid-adapted
Porthidium and the known geological history of southern
Mexico and northwestern Central America (see below), this
molecular rate calibration appears acceptable for establish-
ing coarse-scale estimates of divergence times.

Porthidium hespere and P. dunni are geographically sepa-
rated by a long strip of the Pacific coastal lowlands of
Michoacán, Guerrero, and Oaxaca (Fig. 1), most conspicu-
ously crossed by the Rı́o Balsas. The Rı́o Balsas, present in the
early Miocene (Durham et al., 1981), drains the Mexican
Transvolcanic Belt and forms a narrow, deep gorge along the
western edge of the Guerrero–Michoacán border before
emptying into the Pacific. Porthidium hespere is apparently
isolated along the narrow strip of xeric tropical deciduous
forest to the northwest of the mouth of the Rı́o Balsas in
Michoacán and Colima south of the Mexican Transvolcanic
Belt, whereas P. dunni is distributed to the east of the Rı́o
Balsas and south of the highlands of the Sierra Madre del Sur
in the dry Pacific lowlands of southern Oaxaca and Chiapas.
Our dating estimates using a molecular clock suggest that
the divergence of P. hespere and P. dunni occurred approx-
imately 7.2 MYA during the late Miocene (Table 2). This
deep evolutionary split largely coincides with the end of the
development of the Mexican Transvolcanic Belt during the
mid to late Miocene 14–7 MYA (Verma and Carrasco-Núñez,
2003; Ferrusquı́a-Villafranca and González-Guzmán, 2005)
and the subsequent widening of the Rı́o Balsas drainage.
This widened drainage became a barrier to dispersal and
subdivided the narrow strip of tropical deciduous forest
flanking the southwestern edge of the Sierra Madre del Sur
along the Pacific coast. Previous studies of other arid-
adapted organisms have inferred a similar phylogeographic
break (Amman and Brandley, 2004; Devitt, 2006).

Porthidium ophryomegas is well supported as the sister
species to the P. hespere/P. dunni clade in our analyses. Like
the other two species in the northwestern clade, P.

Fig. 2. Bayesian inference phylogram based on the sequences of part of
the mitochondrial ND4 and cyt- b genes. Numbers at nodes indicate
Bayesian posterior probabilities. Nodal posterior probabilities of 100 %

are indicated by gray-filled circles. Branch lengths are drawn in
proportion to the amount of changes. Letters on nodes correspond to
divergence times listed in Table 2.

Table 2. Mean Kimura 2-Parameter Sequence Divergences and Estimates of Divergence Times in Millions of Years Ago (MYA) within the Arid-adapted
Clade of Porthidium Restricted to Dry Subtropical Habitat.

Node Species
Sequence

divergence (%)
Divergence date

(MYA) Geographical barrier

A P. hespere—P. dunni 11.8 7.2 Rı́o Balsas drainage
B P. hespere/P.dunni—P. ophryomegas 13.4 8.2 Chiapan–Guatemalan highlands
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ophryomegas is largely restricted to seasonally dry tropical
deciduous forest along the Pacific coast, and is distributed
from south-central Guatemala to northwestern Costa Rica
(Fig. 1; Campbell and Lamar, 2004). The divergence of P.
ophryomegas from P. hespere and P. dunni is estimated to have
occurred approximately 8.2 MYA, concordant with the
development of the Chiapan–Guatemalan highlands of
northern Central America during the late Miocene to early
Pliocene (about 10–3.8 MYA; Rogers et al., 2002) and late
Pliocene (Williams, 1960). Devitt (2006) found a geograph-
ically similar genetic break within the codistributed, arid-
adapted western lyresnake (Trimorphodon biscutatus), and
estimated a temporally congruent divergence date of
7.7 MYA. A humid forest corridor caused by late Pliocene
volcanic uplifting runs along the Pacific coast of southeast-
ern Chiapas into southwestern Guatemala, and is unsuitable
habitat to arid-adapted reptiles (Campbell and Vannini,
1988; Campbell, 1999; Devitt, 2006).

The dates of divergences of arid-adapted Porthidium
presented herein suggest that this genus is relatively ancient,
and present in arid habitats in southern Mexico as early as
the late Miocene. This is somewhat surprising given the
center of alpha taxonomic diversity in lower Central
America and South America. Our results also demonstrate
a phylogeographic pattern of clear genetic structure defined
by ancient (Miocene) vicariant events along the Pacific coast
of Mesoamerica.
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