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Ideally, existing taxonomy would be consistent with phylogenetic estimates derived from rigorously ana-
lyzed data using appropriate methods. We present a multi-locus molecular analysis of the relationships
among nine genera in the North American snake tribe Thamnophiini in order to test the monophyly of the
crayfish snakes (genus Regina) and the earth snakes (genus Virginia). Sequence data from seven genes
were analyzed to assess relationships among representatives of the nine genera by performing multi-
locus phylogeny and species tree estimations, and we performed constraint-based tests of monophyly
of classic taxonomic designations on a gene-by-gene basis. Estimates of concatenated phylogenies dem-
onstrate that neither genera are monophyletic, and this inference is supported by a species tree estimate,
though the latter is less robust. These taxonomic findings were supported using gene tree constraint tests
and Bayes Factors, where we rejected the monophyly of both the crayfish snakes (genus Regina) and the
earth snakes (genus Virginia); this method represents a potentially useful tool for taxonomists and phy-
logeneticists when available data is less than ideal.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Accurate estimates of phylogeny from molecular data offer vital
information for understanding the evolution of any clade of organ-
isms. One such group is the Natricine snakes; these snakes occur
on all continents but Antarctica and South America, and are repre-
sented in the New World by approximately 60 species (the entire
tribe Thamnophiini). Natricine snakes are a particularly compelling
focus for phylogenetic analysis because representatives of this
group occupy broad ecological niche space, from complete terres-
trial to almost exclusive aquatic habitat, and from broad general-
ists to stenophagic diets (Gibbons and Dorcas, 2004; Rossman
et al., 1996). Data from molecular phylogenies enable us to under-
stand the evolutionary lability of traits related to habitat and diet,
and to estimate how quickly these traits evolve (Alfaro, 2003; King
et al., 2009; Rossman et al., 1996; Schaeffel and de Queiroz, 1990;
Wusterbarth et al., 2010).

Members of the tribe Thamnophiini are particularly flexible in
diet, with members feeding on fish, amphibians, reptiles, mam-
mals, annelids, insects, mollusks, and crustaceans (Gibbons and
Dorcas, 2004; Rossman et al., 1996). One feeding specialty high-
lights the important role played by molecular phylogenies: the four
crayfish specialists in the genus Regina. There is debate among
scholars as to whether these snakes represent a single or two
monophyletic groups. While ecology and feeding behavior suggest
a shared ancestry, other characters such as dental morphology
(Rossman, 1963), and scale microtexture (Price, 1983) have led
some scholars to place two of these species, the Glossy (R. rigida)
and Striped Crayfish Snakes (R. alleni) into their own previously de-
scribed genus, Liodytes (Cope, 1885); but see Rossman (1963,
1985). Most recently, Alfaro and Arnold (2001) suggested that Re-
gina is not monophyletic, based on phylogenetic analysis of mito-
chondrial sequence data. Interestingly, one well-supported clade
from this study contained the two ‘‘Liodytes’’ species, and nested
within, the Swamp Snake (Seminatrix pygaea), which lacks many
of the derived morphological characteristics present in the other
two species (Dowling, 1950; Price, 1982). If this phylogeny is accu-
rate, the feeding specializations associated with crayfish eating are
either convergent or have been lost in some members. However,
our ability to make this inference depends on our ability to esti-
mate the phylogeny from the data; in this case the most recent
estimate was produced from three mitochondrial genes (ND2,
CYTB, 12S) for 27 ingroup species representing eight genera (Alfaro
and Arnold, 2001).

The Thamnophiini also contain the earth snakes (genus Vir-
ginia), represented by two species (V. striatula and V. valeriae), an-
other problematic group. Originally placed in the novel genera
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(Haldea striatula and V. valeriae) by Baird and Girard (1853), the
former was submerged within the Virginia by Garman (1883).
There have since been a number of studies supporting or rejecting
this move (for a review, see Rossman and Wallach (1991)), includ-
ing allozyme data that lends support to original designation (Law-
son, 1985), however no taxonomic changes have been formally
accepted. To date DNA sequence data has only been published
for one species, leaving this taxonomic change untested in a mod-
ern phylogenetic framework.

Here we use novelly-collected molecular sequence data to ad-
dress the taxonomic status of the two natricine snake genera Regi-
na and Virginia, the latter of which contains two (or three) species,
but to date has only been represented by one species in molecular
genetic studies. Specifically, we ask ‘‘Is Regina a monophyletic
genus, or does it represent two or more independently evolving
lineages?’’ and ‘‘Are the earth snakes (genus Virginia) sister taxa?’’
We will address these questions with a multi-locus, mitochondrial
and nuclear dataset containing one or more representatives of all
putative genera in Thamnophiini.
2. Materials and methods

2.1. Sample preparation and sequencing

Tissue samples of specimens were obtained from the Louisiana
State University Museum of Natural Science (Supplemental
Table S1). We extracted total DNA from tissues following a modi-
fied version of the protocol described by Aljanabi and Martinez
(1997), where tissues were initially digested overnight in 300 lL
of Puregene� Cell Lysis Solution (QIAGEN catalog no. 158906)
and 2.5 lL Proteinase K (New England Biolabs no. P8102S) prior
to following the standard protocol. DNA samples were then quan-
tified via Nanodrop (Thermo Scientific, Waltham, MA) and diluted
to a final concentration of 10–25 ng/lL.

Polymerase chain reactions were performed for each individual
for five nuclear and two mitochondrial genes (Table 1). Reactions
were performed in 25 lL with the following reagent concentra-
tions: 0.4–1 ng/lL tDNA, 0.4 lM each primer, 0.2 lM dNTPs, 1�
Standard Taq reaction buffer (New England Biolabs) and 0.5 units
of Taq DNA polymerase (New England Biolabs no. M0267). For all
but ND4 (55 �C annealing temperature), thermocycling was per-
formed with an initial melting step of 2 min at 95 �C 30 cycles
of: 30 s at 95 �C, 15 s at 50 �C and 30 s at 72 �C, followed by
10 min at 72 �C. Sequence analysis was performed on an ABI
3130XL (Applied Biosystems, Foster City, CA) after sequencing
was performed using BigDye v 3.1, following manufacturers
Table 1
Primers and sources of gene fragments used in this study. Shown for each gene are the
primer sequence (in 50 to 30 orientation) and the source of each primer.

Gene Oligo (50–30) Reference

BDNF F
GACCATCCTTTTCCTKACTATGGTTATTTCATACTT

Leache and McGuire
(2006)

R CTATCTTCCCCTTTTAATGGTCAGTGTACAAAC
FSHR F CCDGATGCCTTCAACCCVTGTGA Wiens et al. (2008)

R CCRAAYTTRCTYAGYARRATGA
CYTB F TGATCTGAAAAACCACCGTTGTA Alfaro and Arnold

(2001)
R AATGGGATTTTGTCAATGTCTGA

MC1R F TCAGCAACGTGGTGGA Austin et al. (2010)
R ATGAGGTAGAGGCTGAAGTA

ND4 F TGACTACCAAAAGCTCATGTAGAAGC Forstner et al. (1995)
R TTTTACTTGGATTTGCACCA Skinner et al. (2005)

NT3 F ATGTCCATCTTGTTTTATGTGATATTT Wiens et al. (2008)
R ACRAGTTTRTTGTTYTCTGAAGTC

R35 F TCTAAGTGTGGATGATYTGAT Fry et al. (2006)
R CATCATTGGRAGCCAAAGAA
instructions. Both PCR and cycle sequencing products were puri-
fied following an ethanol precipitation procedure. Sequences were
edited using Sequencher 4.8 (Genecodes, Ann Arbor, MI) and
aligned using Muscle (Edgar, 2004) and manually verified. Phasing
of ambiguous alleles was performed using PHASE 1.4 (Stephens
et al., 2001); data was formatted using SEQPHASE (Flot, 2010).
See below for treatment of sites that could not be resolved with
greater than 90% confidence using PHASE.

2.2. Gene tree estimation

Phylogenetic estimates were produced for each nuclear gene
fragment and the combined mitochondrial fragments using MrBa-
yes 3.2.1 (Ronquist et al., 2012). We chose models of sequence evo-
lution following results from DT-ModSel (Minin et al., 2003). For
each gene, a four-chain (three cold, one hot) Markov Chain Monte
Carlo (mcmc) was run for 5,000,000 generations, sampling every
500, or until standard deviations of split frequencies fell below
0.01, ensuring proper mixing of chains. A burn-in of 25% of sam-
pled steps (program default) was used for all genes; support for
nodes was assessed using Bayesian posterior probability (BPP)
values.

An important assumption of the coalescent model is that genes
are evolving in a neutral fashion. Violation of this assumption may
lead to branch length heterogeneity among gene trees (Edwards,
2009) and instances of strong directional selection may lead to
topological bias in the estimated gene tree. After determining read-
ing direction and frame for each gene, we tested for evidence of
purifying selection (dS > dN) by using the codon-based z-test of
selection in Mega5 (Tamura et al., 2011), implementing the ‘‘over-
all average’’ function.

2.3. Phylogeny estimation

Because any recombinant unit of DNA (such as the mitochon-
drial genome) is subject to the stochastic process of gene coales-
cence, its genealogy may not reflect the actual pattern of species
divergence (Degnan and Rosenberg, 2009). Thus, any phylogenetic
estimate based on sequence from a single recombining unit may be
biased in both branch length and topology, and assuming a single
underlying genealogy for multiple, unlinked genes (as is the case
when data are concatenated) may lead to biased or even positively
misleading estimates (Degnan and Rosenberg, 2006) of the con-
taining phylogeny.

Estimates of phylogeny under both the concatenated and multi-
species coalescent model were produced using BEAST 1.7.1 (Drum-
mond et al., 2012). Substitution models obtained from DT-ModSel
were implemented for each gene, substitution rates and clocks
were unlinked across genes, and clock model for each gene was
set to uncorrelated relaxed – lognormal, with uniform prior with
a range of 0–10. The MCMC was run for 100,000,000 generations,
sampling every 10,000 generations. For the multi-species coales-
cent, topologies were unlinked among genes (mitochondrial topol-
ogies remained linked) and the �BEAST prior was implemented.
Each analysis was performed twice, and posterior distributions of
parameters were compared to ensure consistency across runs
using Tracer 1.5 (Rambaut and Drummond, 2009).

2.4. Phasing

Coalescent-based species tree estimators rely on population ge-
netic parameters and processes to estimate relationships among
populations. Parameters like h = 4Nel can be better estimated gi-
ven more information about the allele frequencies within
populations. When more than one site is ambiguous within an
individual sequence, determining the alleles (experimentally or
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via estimation) representing this sequence is important for esti-
mating coalescent parameters, and can reveal anomalous shared
ancestry of alleles among populations. As the populations being
studied become more distantly related, the probability of shared
alleles becomes lower, leading to the idea that phasing of ambigu-
ous data will be less important to estimation of gene trees and the
containing species tree. Thus, in a case such as ours, where diver-
gence between the species included in the investigation are likely
greater than the expected time to coalescence of all alleles within a
given species, ambiguous sites that cannot be phased may repre-
sent allelic autapomorphies that will not affect the outcome of
the analysis. To test whether this is the case, we used Paup� (Swof-
ford, 2003) to build neighbor-joining trees containing all possible
phases for each gene with ambiguous data, with the null expecta-
tion that all possible alleles should form a monophyletic group.
Depending on the depth of relationships being investigated, viola-
tion of this expectation may be attributed to one or more causes,
including incomplete or anomalous lineage sorting, introgression,
gene duplication and loss, and selection.
2.5. Tests of monophyly

Monophyly of a previously designated or putative taxonomic
group may be rejected when there is statistical support based on
BPP for a branch or branches within trees that contain topologies
incongruent with the taxonomic hypothesis. However, when
monophyly is not supported by the phylogenetic estimate, but
there is not enough statistical support (i.e. BPP > 0.95) to reject
monophyly, a comparison of marginal likelihood estimates be-
tween two models, one topologically constrained to include the
monophyletic clade to be tested, and one topologically uncon-
strained, can be used to evaluate monophyly. Here we test a num-
ber of putative monophyletic groups within Thamnophiini: (1)
Regina (Rossman, 1963), (2) R. septemvittata and R. grahami (to
the exclusion of the Liodytes group; Lawson (1985)), (3) Liodytes
(Price, 1983), (4) Liodytes and Seminatrix (Alfaro and Arnold,
2001), (5) Virginia (Garman, 1883) and (6) Storeria (Baird and Gir-
ard, 1853) as a genus previously supported by both molecular and
morphological data (Trapido, 1944; Alfaro and Arnold, 2001). We
constrained the topology for each of the above groups and per-
formed a stepping stone run of 10,200,000 generations (50 steps
with stationarity being reached in each step) from which we ob-
tained a marginal likelihood estimate; each of these estimates
were compared using Bayes Factors (Kass and Raftery, 1995) to
the marginal likelihood estimate obtained from an unconstrained
MrBayes run of the same length. The stepping stone function
(Xie et al., 2011) implemented in MrBayes 3.2, offers an improved
estimation of marginal likelihood over harmonic mean estimation.
In addition to these tests, we measure support for each of the
above groupings by observing both BPP > 0.95 that support or ex-
clude monophyly; we additionally filtered and counted trees con-
taining these groups for each gene tree and species tree posterior
distributions using the constraint filter commands in PAUP�.
3. Results

3.1. Gene trees

A variation of the two-substitution site model was chosen for
each gene (Supplemental Table S2). Within each gene, topologies
of consensus trees (maximum clade credibility) were consistent
between runs. Support (BPP) was generally low among all nuclear
loci, but high for many nodes within the mitochondrial gene tree
estimate (Fig. S1). Topologies were inconsistent among genes;
however no strongly supported discordance between topologies
was present. The codon-based z-test of selection strongly rejected
(p < 0.01) neutrality in favor of purifying selection across all genes
tested (Supplemental Table S2).

3.2. Phylogeny estimation

Phylogenies were estimated under two evolutionary models:
concatenation and a coalescent-based species tree approach
(Fig. 1). Topologies were incongruent at multiple nodes across
the tree, however posterior probabilities were low for discordant
nodes. Both estimates split the ingroup into a clade consisting of
mostly fossorial snakes (Clonophis, Regina alleni and rigida, Semina-
trix, Storeria and Virginia) and a mostly semiaquatic and terrestrial
group (Adelophis, Nerodia, Regina grahamii and septemvittata, Tham-
nophis, and Tropidoclonion). Neither estimate recovered Regina or
Virginia as monophyletic, and the concatenated estimated rejected
these groupings with greater than or equal to 0.95 Bayesian poster-
ior probability.

3.3. Phasing

We used PHASE to estimate alleles for each nuclear gene; in all
but two (MC1R, NTF3), alleles could be resolved with high confi-
dence (Supplemental Fig. S2). For NTF3, all possible phases for each
species coalesced prior to the nearest interspecific node (i.e., the
possible alleles were monophyletic). For MC1R, alleles represent-
ing Adelophis foxi were not monophyletic: two possible phase res-
olutions yielded similar results (Supplemental Fig. S2). These
heterozygous sites were excluded from analyses.

3.4. Tests of monophyly

We compared the marginal likelihood estimates of a topologi-
cally constrained and unconstrained run of MrBayes for five possi-
ble monohyletic groups within Thamnophiini (Table 2). Results
strongly suggest that the classic taxonomic groupings of the cray-
fish snakes and the earth snakes are not valid, and there was also
evidence against a monophyletic group containing Regina grahamii
and R. Septemvittata. The only strong positive evidence is shown for
the group containing R. alleni and R. rigida (‘‘Liodytes’’), along with
Seminatrix pygaea, with mixed evidence for grouping the two ‘‘Lio-
dytes’’ as sister. The genus Storeria was supported as monophyletic
by four of six genes, with two others neither supporting nor reject-
ing this relationship.
4. Discussion

Taxonomists have traditionally employed morphological, eco-
logical and distributional measures to diagnose taxa, and infer rela-
tionships among them. In the last several decades, molecular
sequence data has played an increasing role in this field, and ad-
vances in methods of data acquisition and analysis have led to
changes in the way species are discovered and diagnosed (Wiens,
2007). However, methods for estimating phylogenies from these
data have continued to evolve. It has been argued that the field
of molecular systematics has been subject to a paradigm shift (Ed-
wards, 2009) related to how multilocus data are analyzed. Since we
seek to recover the pattern of diversification across species, rather
than to estimate a genealogy of a particular gene with the hopes
that this genealogy reflects the underlying species tree, we favor
species tree approaches that that model the divergence of evolu-
tionary lineages. We agree with Edwards (2009) that concatena-
tion is not appropriate for the data collected here. However, we
have also uncovered evidence that the data collected here are sub-
ject to purifying selection, and these results demonstrate that our



Fig. 1. Multi-locus Bayesian maximum clade credibility estimates. (A) Concatenated phylogeny; (B) multi-species coalescent. Unlabeled nodes were not supported with
greater than 0.9 Bayesian posterior probability.

Table 2
Bayes factors of stepping-stone-based estimates of marginal likelihood for five putative and one well supported monophyletic groupings. Strong favor (�5 to �3), substantial
favor (�1.5 to �3), substantial rejection (1.5–3), strong rejection (3–5), very strong rejection (5–6.6), decisive rejection (>6.6).

Taxonomic constraint Gene

BDNF FSHR MC1R MT NT3 R35

‘‘Regina’’
+ �1082.39 �1057.59 �1013.34 �6399.34 �1441.52 �1454.82
� �1079.03 �1054.5 �1003.93 �6338.73 �1432.61 �1441.88
BF 3.36 3.09 9.41 60.61 8.91 12.94

‘‘Virginia’’
+ �1079.22 �1058.33 �1002.63 �6341.72 �1434.54 �1445.69
� �1079.21 �1054.47 �1003.91 �6338.55 �1432.6 �1441.86
BF 0.01 3.86 �1.28 3.17 1.94 3.83

‘‘Liodytes’’
+ �1078.65 �1053.27 �1009.79 �6347.99 �1430.45 �1440.63
� �1079.09 �1054.6 �1003.91 �6338.76 �1432.84 �1442.23
BF �0.44 �1.33 5.88 9.23 �2.39 �1.6

Liodytes + Seminatrix
+ �1078.53 �1051.81 �1014.88 �6336.13 �1429.03 �1439.02
� �1079.07 �1054.31 �1003.93 �6338.63 �1432.56 �1442.16
BF �0.54 �2.5 10.95 �2.5 �3.53 �3.14

R. grahamii + R. septemvittata
+ �1083.1 �1059.13 �1005.02 �6345.86 �1431.75 �1448.41
� �1078.97 �1054.34 �1003.95 �6338.75 �1432.58 �1441.85
BF 4.13 4.79 1.07 7.11 �0.83 6.56

Storeria
+ �1072.15 �1055.82 �1000.97 �6335.41 �1427.72 �1440.19
� �1073.37 �1054.46 �1005.26 �6343.94 �1429.57 �1442.27
BF �1.22 1.36 �4.29 �8.53 �1.85 �2.08
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data violate one assumption inherent to the species tree model
(i.e., the coalescent model assumes selective neutrality). Given
these two concerns, we recognize that there is more overall nodal
support for the concatenated estimate than for the species tree
estimate (Fig. 1). Additionally, those nodes that are supported in
the former are likely attributable to hidden support among genes
(Gatesy and Baker, 2005), rather than evidence of anomalously
branched gene genealogies, which we do not expect given the nat-
ure of our taxon sub-sampling and the depth of the phylogeny
being estimated. Moreover, other causes of topological bias (intro-
gression, gene duplication/extinction) also seem unlikely candi-
dates to mislead us in this case, as multiple genes would likely
need to share the same aberrant topologies in order for a sufficient
number of substitutions to accrue across the concatenated dataset.
Therefore, we include nodal support from the concatenated esti-
mate as real support (or evidence rejecting) the taxonomic group-
ings in focus.

4.1. Tests of monophyly

Since neither concatenation nor species tree analyses are com-
pletely appropriate for our data, we quantified the support in the
data for the taxonomic hypotheses on a gene by gene basis. We
employed two techniques: filtering posterior topologies for trees
containing groups in focus, and comparing the marginal likelihood
estimates of positively and negatively constrained topologies using
Bayes Factors. While we drew no strong conclusions from filtering
the gene tree topology posteriors (Table 3), the Bayes Factor-based
tests of monophyly provide results that are relatively clear in their
interpretation. The relative power of the Bayes Factors is correlated
with the number of segregating sites. On a locus-by-locus basis, we
find little support for the taxonomic groupings of the earth snakes
or the crayfish snakes. Rather, our data follow that of Alfaro and Ar-
nold (2001) in suggesting that these groups are unnatural paraphy-
letic (in the case of Virginia) or polyphyletic (in Regina)
assemblages. In addition, there was a strong conflict in the measur-
able support for the Liodytes and Seminatrix clade, with four of six
genes supporting the relationship and one (MC1R) rejecting it.
Incorporating the stepping stone sampling marginal likelihood
estimates into Bayes Factor analyses provides a useful, straightfor-
ward technique to test phylogenetic hypotheses when sampled
loci have less-than-ideal variability, leading to sub-optimally esti-
mated gene trees.

4.2. Gene sampling

Results of Bayes Factor-based tests of monophyly were gener-
ally consistent across genes, except for the MC1R gene. For 3 of 6
tests, results from MC1R were opposite of that (i.e., rejected where
others favored, and vice versa) of most other genes. This gene also
exhibited an anomalous pattern when phase resolution was esti-
mated; a pattern inconsistent with coalescent-based anomalous
lineage sorting, given the depth of phylogeny being investigated.
This result is also inconsistent with the findings of de Queiroz
Table 3
Lines of evidence supporting or rejecting the six monophyletic groupings. Proportions of p
trees estimated.

Taxonomic grouping Species tree Concatenation G

‘‘Earth snakes’’ No support Reject 2
‘‘Crayfish snakes’’ Reject Reject 3
Liodytes Reject Reject 1
Liodytes + Seminatrix No support Support 0
R. grahamii + R. septemvittata No support No support 0
Storeria Support Support 0
et al. (2002), which placed Adelophis deep within Thamnophis,
rather than related to either Nerodia or Storeria, which is exhibited
by the MC1R phase resolution estimation in this study. Therefore,
as a qualitative measure of its contribution to the multi-locus anal-
yses, we re-estimated the concatenated phylogeny and species
tree, excluding the MC1R data. Interestingly, topologies changed
and overall support (average BPP across all nodes) improved in
both analyses, and Virginia changed from a well-supported para-
phyletic pair (where V. striatula is sister to V. valeriae, Clonophis
and ‘‘Liodytes’’) to a well-supported polyphyletic pair, where each
is sister to a different clade of semi-fossorial snakes (Fig. 2). Though
relatively easy to amplify and sequence, we would recommend
that this gene be used with caution in phylogenetic and phylogeo-
graphic studies without incorporation of a more robust under-
standing of its evolution.
4.3. Evolutionary and taxonomic implications

Rossman (1963) described the crayfish snakes as sharing many
morphological characteristics but displaying two distinct types:
the pair with more standard dentition, Regina grahamii and R. sep-
temvittata, which feed on recently molted crayfish, and the more
extremely derived type (R. alleni and R. rigida) with chisel-like, ki-
netic teeth and specialized feeding behavior (Franz, 1977; Godley,
1980; Myer, 1987). Our data lend no support to the former type as
a valid taxonomic group; however there was no outright rejection
based on posterior probability. With morphological and allozyme-
based evidence (Lawson, 1985) supporting this group, we are hes-
itant to suggest that they have independently evolved along eco-
logical and morphological pathways without further study.
Further, if the relationship in the concatenated estimate including
MC1R is accurate (Fig. 1a), their similarities may represent shared
ancestral characters. The latter group is supported, but with the
inclusion of the black swamp snake (Seminatrix pygaea) as sister
to R. rigida by both concatenated phylogenetic estimates. Interest-
ingly, this relationship indicates a shift away from a specialized
feeding ecology, and accompanying morphology, to a generalized
diet in the swamp snake, which include amphibians, fish, and a
variety of invertebrates (Gibbons and Dorcas, 2004). Interestingly,
Manjarrez (2005) noted that a population of Thamnophis melano-
gaster specialized in preying upon soft-bodied crayfish, suggesting
that there are as many a four independent origins of this behavior
among thamnophiine snakes.

The earth snakes are represented by two small, gray, fossorial
species, with largely overlapping ranges and subsisting on earth-
worms (Conant and Collins, 1991). Neither our nor the previous
allozyme study support monophyly of this group, though, similar
to the abovementioned case, the concatenated analysis including
MC1R (Fig. 1a) suggests that they may share ancestral characters
as basal members of the clade containing Clonophis and ‘‘Liodytes.’’
These findings highlight convergent evolution in feeding strategy
similar to that observed in other natricine snakes (e.g., Hibbitts
and Fitzgerald, 2005; Vincent et al., 2009).
osteriors are the ranges of the proportions of distribution of topologies among gene

ene tree support Proportions of posteriors BF constraint tests

Reject, 0 support 0–0.03 4 Reject, 0 support
Reject, 0 support 0 in all genes 5 Reject
Reject, 0 support 0–0.11 2 Reject, 2 support
Reject, 0 support 0.007–0.13 1 Reject, 4 support
Reject, 0 support 0–0.08 4 Reject, 0 support
Reject, 1 support 0.08–0.99 0 Reject, 4 support



Fig. 2. Multi-locus Bayesian maximum clade credibility estimates with MC1R data excluded. (A) Multi-species coalescent; (B) concatenated phylogeny. �Indicates node in
conflict (BPP > 0.95) with analysis including MC1R.
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Our data lend support to the previous argument that crayfish
predation arose more than once among Thamnophiini (Table 2),
and the phylogenetic estimate, where overlapping, was in agree-
ment with the estimates presented by Alfaro and Arnold (2001),
and de Queiroz et al. (2002). Interestingly, Adelophis is only sup-
ported by the mitochondrial and concatenated estimates as being
nested within Thamnophis. However, there no supported topolo-
gies among gene trees that disagree with this relationship, and
the position of Adelophis foxi is deep within Thamnophis shown
by de Queiroz et al. (2002). Here, we conclude that this observation
is a result of poorly estimated gene trees rather than coalescent
stochasticity or introgression, though incorporation of the rare
Adelophis copei may improve our placement of this genus among
the thamnophiine snakes. Some relationships among taxa within
this group remain unresolved; advances in genomic data collection
and analytical methodology will facilitate investigation into rela-
tionships among Thamnophiini, allowing for more robust models
of divergence and diversification within this group. We support
the resurrection of the genus Liodytes for the currently recognized
Regina alleni and rigida, with the reclassification of Seminatrix py-
gaea to Liodytes as well. Both generic names are available for the
clade; Liodytes (Cope, 1885) takes precedence over Seminatrix
(Cope, 1895). In the case of the earth snakes, there was virtually
no support for but ample rejection of their monophyly. Based this
evidence, we suggest the resurrection of the genus Haldea (Baird
and Girard, 1853) for the currently recognized Virginia striatula.
Acknowledgments

Thanks to Sarah Hird, Tara Pelletier, Noah Reid, Jordan Satler,
Erica Tsai and Amanda Zellmer for helpful discussion of methods.
Stepping stone sampling and Bayes Factors were suggested by Jer-
emy Brown. Also thanks to James Maley and Donna Dittmann for
facilitating access to sample tissues. The manuscript was improved
through the efforts of two anonymous reviewers.

Appendix A. Supplementary material

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.ympev.2013.
04.028.

References

Alfaro, M.E., 2003. Sweeping and striking: a kinematic study of the trunk during
preycapture in three Thamnophiine snakes. J. Exp. Biol. 206, 2381–2392.

Alfaro, M.E., Arnold, S.J., 2001. Molecular systematics and evolution of Regina and
the Thamnophiine snakes. Mol. Phylogenet. Evol. 21, 408–423.

Aljanabi, S.M., Martinez, I., 1997. Universal and rapid salt-extraction of high quality
genomic DNA for PCR-based techniques. Nucl. Acids Res. 25, 4692–4693.

Austin, C.C., Spataro, M., Peterson, S., Jordan, J., Mcvay, J.D., 2010. Conservation
genetics of Boelen’s python (Morelia boeleni) from New Guinea: reduced
genetic diversity and divergence of captive and wild animals. Conservation
genetics 11, 889–896.

Baird, S.F., Girard, C., 1853. Catalogue of North American Reptiles in the Smithsonian
Institution. Part 1. Serpents. Smithsonian Institution, Washington.

Conant, R., Collins, J.T., 1991. A Field Guide to Reptiles and Amphibians: Eastern and
Central North America. The Peterson Field Guide Series 12. Houghton Mifflin,
Boston.

Cope, E., 1895. On some new North American snakes. Amer. Nat 29, 676–680.
Cope, E.D., 1885. Twelfth contribution to the herpetology of tropical America. Proc.

Am. Phil. Soc. 22, 167–194.
de Queiroz, A., Lawson, R., Lemos-Espinal, J.A., 2002. Phylogenetic relationships of

North American garter snakes (Thamnophis) based on four mitochondrial
genes: How much DNA sequence is enough? Molecular Phylogenetics and
Evolution 22, 315–329.

Degnan, J.H., Rosenberg, N.A., 2006. Discordance of species trees with their most
likely gene trees. PLoS Genet. 2, 762–768.

http://dx.doi.org/10.1016/j.ympev.2013.04.028
http://dx.doi.org/10.1016/j.ympev.2013.04.028
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0005
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0005
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0010
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0010
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0015
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0015
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0195
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0195
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0195
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0195
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0160
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0160
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0165
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0165
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0165
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0200
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0020
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0020
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0205
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0205
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0205
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0205
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0025
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0025


J.D. McVay, B. Carstens / Molecular Phylogenetics and Evolution 68 (2013) 425–431 431
Degnan, J.H., Rosenberg, N.A., 2009. Gene tree discordance, phylogenetic inference
and the multispecies coalescent. Trends Ecol. Evol. 24, 332–340.

Dowling, H.G., 1950. Studies of the black swamp snake, Seminatrix pygaea (Cope),
with descriptions of two new subspecies. Miscell. Publ. Mus. Zool. Univ.
Michigan 76, 1–38.

Drummond, A.J., Suchard, M.A., Xie, D., Rambaut, A., 2012. Bayesian phylogenetics
with BEAUti and the BEAST 1.7. Mol. Biol. Evol. 29, 1969–1973.

Edgar, R.C., 2004. MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucl. Acids Res. 32, 1792–1797.

Edwards, S.V., 2009. Is a new and general theory of molecular systematics
emerging? Evolution 63, 1–19.

Flot, J.F., 2010. SEQPHASE: a web tool for interconverting phase input/output files
and fasta sequence alignments. Mol. Ecol. Res. 10, 162–166.

Forstner, M.R., Davis, S.K., Arevalo, E., 1995. Support for the hypothesis of
anguimorph ancestry for the suborder Serpentes from phylogenetic analysis
of mitochondrial DNA sequences. Mol Phylogenet Evol 4, 93–102.

Franz, R., 1977. Observations on the food, feeding behavior, and parasites of the
striped swamp snake, Regina alleni. Herpetologica 33, 91–94.

Fry, B.G., Vidal, N., Norman, J.A., Vonk, F.J., Scheib, H., Ramjan, S.F.R., Kuruppu, S.,
Fung, K., Hedges, S.B., Richardson, M.K., Hodgson, W.C., Ignjatovic, V.,
Summerhayes, R., Kochva, E., 2006. Early evolution of the venom system in
lizards and snakes. Nature 439, 584–588.

Garman, S., 1883. The reptiles and batrachians of North America. Memoirs Mus.
Comparat. Zool. 8, 1–185.

Gatesy, J., Baker, R.H., 2005. Hidden likelihood support in genomic data: can forty-
five wrongs make a right? Syst. Biol. 54, 483–492.

Gibbons, J.W., Dorcas, M.E., 2004. North American Watersnakes: A Natural History.
University of Oklahoma, Norman.

Godley, J.S., 1980. Foraging ecology of the striped swamp snake, Regina alleni, in
southern Florida. Ecological Monographs, 411–436.

Hibbitts, T.J., Fitzgerald, L.A., 2005. Morphological and ecological convergence in
two natricine snakes. Biol. J. Linn. Soc. 85, 363–371.

Kass, R.E., Raftery, A.E., 1995. Bayes factors. J. Am. Stat. Assoc. 90, 773–795.
King, R.B., Jadin, R.C., Grue, M., Walley, H.N.D., 2009. Behavioural correlates with

hemipenis morphology in new world natricine snakes. Biol. J. Linn. Soc. 98,
110–120.

Lawson, R., 1985. Molecular Studies of Thamnophiine Snakes. Louisiana State
University.

Leache, A.D., McGuire, J.A., 2006. Phylogenetic relationships of horned lizards
(Phrynosoma) based on nuclear and mitochondrial data: Evidence for a
misleading mitochondrial gene tree. Molecular Phylogenetics and Evolution
39, 628–644.

Manjarrez, J., 2005. Posible invasión de unnicho alimentario nuevo y microevolución
en una especie mexicana de serpiente. Ciencia Ergo Sum 12, 275–281.

Minin, V., Abdo, Z., Joyce, P., Sullivan, J., 2003. Performance-based selection of
likelihood models for phylogeny estimation. Syst. Biol. 52, 674–683.

Myer, P., 1987. Feeding behavior of the glossy crayfish snake. Regina rigida. Bull.
Maryland Herpetol. Soc 23, 168–170.
Price, R.M., 1982. Dorsal snake scale microdermatoglyphics: ecological indicator or
taxonomic tool? J. Herpetol., 294–306.

Price, R.M., 1983. Microdermatoglyphics: the Liodytes–Regina problem. J. Herpetol.
17, 292–294.

Rambaut, A., Drummond, A.J., 2009. Tracer v 1.5.
Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D., Darling, A., Höhna, S., Larget,

B., Liu, L., Suchard, M.A., Huelsenbeck, J.P., 2012. MrBayes 3.2: efficient Bayesian
phylogenetic inference and model choice across a large model space. Syst. Biol.
61, 539–542.

Rossman, D.A., 1963. Relationships and Taxonomic Status of the North American
Natricine Snake Genera Liodytes, Regina and Clonophis. Louisiana State
University, Baton Rouge.

Rossman, D.A., 1985. Liodytes resurrected, reexamined, and reinterred. J. Herpetol.
19, 169–171.

Rossman, D.A., Wallach, V., 1991. Virginia Baird and Girard. Earth Snakes. Catalogue
of American Amphibians and Reptiles No. 529, pp. 1–4.

Rossman, D.A., Ford, N.B., Seigel, R.A., 1996. The Garter Snakes: Evolution and
Ecology. University of Oklahoma Press, Norman.

Schaeffel, F., de Queiroz, A., 1990. Alternative mechanisms of enhanced underwater
vision in the garter snakes Thamnophis melanogaster and T. couchii. Copeia, 50–
58.

Skinner, A., Donnellan, S.C., Hutchinson, M.N., Hutchinson, R.G., 2005. A
phylogenetic analysis of Pseudonaja (Hydrophiinae, Elapidae, Serpentes)
based on mitochondrial DNA sequences. Mol Phylogenet Evol 37, 558–571.

Stephens, M., Smith, N.J., Donnelly, P., 2001. A new statistical method for haplotype
reconstruction from population data. Am. J. Hum. Genet. 68, 978–989.

Swofford, D.L., 2003. PAUP�. Phylogenetic Analysis Using Parsimony (� and Other
Methods). Sinauer Associates, Sunderland, Massachusetts.

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., Kumar, S., 2011. MEGA5:
molecular evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28,
2731–2739.

Trapido, H., 1944. The snakes of the genus Storeria. Am. Midland Nat. 31, 1–84.
Vincent, S.E., Brandley, M.C., Herrel, A., Alfaro, M.E., 2009. Convergence in trophic

morphology and feeding performance among piscivorous natricine snakes. J.
Evol. Biol. 22, 1203–1211.

Wiens, J.J., 2007. Species delimitation: new approaches for discovering diversity.
Syst. Biol. 56, 875–878.

Wiens, J.J., Kuczynski, C.A., Smith, S.A., Mulcahy, D.G., Sites Jr., J.W., Townsend, T.M.,
Reeder, T.W., 2008. Branch lengths, support, and congruence: testing the
phylogenomic approach with 20 nuclear loci in snakes. Syst Biol 57, 420–431.

Wusterbarth, T., King, R., Duvall, M., Grayburn, W., Burghardt, G., 2010.
Phylogenetically widespread multiple paternity in New World natricine
snakes. Herp. Cons. Biol. 5, 86–93.

Xie, W., Lewis, P.O., Fan, Y., Kuo, L., Chen, M.H., 2011. Improving marginal likelihood
estimation for Bayesian phylogenetic model selection. Syst. Biol. 60, 150–160.

http://refhub.elsevier.com/S1055-7903(13)00186-3/h0030
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0030
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0035
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0035
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0035
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0040
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0040
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0045
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0045
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0050
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0050
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0055
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0055
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0210
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0210
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0210
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0060
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0060
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0215
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0215
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0215
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0215
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0065
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0065
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0070
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0070
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0075
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0075
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0220
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0220
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0080
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0080
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0085
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0090
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0090
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0090
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0095
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0095
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0225
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0225
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0225
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0225
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0100
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0100
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0170
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0170
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0230
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0230
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0175
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0175
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0105
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0105
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0180
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0180
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0180
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0180
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0110
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0110
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0110
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0115
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0115
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0120
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0120
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0185
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0185
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0185
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0235
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0235
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0235
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0125
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0125
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0190
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0190
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0190
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0190
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0130
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0130
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0130
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0130
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0135
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0140
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0140
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0140
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0145
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0145
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0240
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0240
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0240
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0150
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0150
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0150
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0155
http://refhub.elsevier.com/S1055-7903(13)00186-3/h0155

	Testing monophyly without well-supported gene trees: Evidence  from multi-locus nuclear data conflicts with existing taxonomy  in the snake tribe Thamnophiini
	1 Introduction
	2 Materials and methods
	2.1 Sample preparation and sequencing
	2.2 Gene tree estimation
	2.3 Phylogeny estimation
	2.4 Phasing
	2.5 Tests of monophyly

	3 Results
	3.1 Gene trees
	3.2 Phylogeny estimation
	3.3 Phasing
	3.4 Tests of monophyly

	4 Discussion
	4.1 Tests of monophyly
	4.2 Gene sampling
	4.3 Evolutionary and taxonomic implications

	Acknowledgments
	Appendix A Supplementary material
	References


