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Supermatrix

The superfamily Colubroidea (>2500 species) includes the majority of snake species and is one of the
most conspicuous and well-known radiations of terrestrial vertebrates. However, many aspects of the
phylogeny of the group remain contentious, and dozens of genera have yet to be included in molecular
phylogenetic analyses. We present a new, large-scale, likelihood-based phylogeny for the colubroids,
including 761 species sampled for up to five genes: cytochrome b (93% of 761 species sampled), ND4
(69%), ND2 (28%), c-mos (54%), and RAG-1 (13%), totaling up to 5814 bp per species. We also compare
likelihood bootstrapping and a recently proposed ultra-fast measure of branch support (Shimodaira-
Hasegawa-like [SHL] approximate likelihood ratio), and find that the SHL test shows strong support for
several clades that were weakly-supported by bootstrapping in this or previous analyses (e.g., Dipsadi-
nae, Lamprophiidae). We find that SHL values are positively related to branch lengths, but show stronger
support for shorter branches than bootstrapping. Despite extensive missing data for many taxa
(mean = 67% per species), neither bootstrap nor SHL support values for terminal species are related to
their incompleteness, and that most highly incomplete taxa are placed in the expected families from pre-
vious taxonomy, typically with very strong support. The phylogeny indicates that the Neotropical colu-
brine genus Scaphiodontophis represents an unexpectedly ancient lineage within Colubridae. We
present a revised higher-level classification of Colubroidea, which includes a new subfamily for Scaphiod-
ontophis (Scaphiodontophiinae). Our study provides the most comprehensive phylogeny of Colubroidea
to date, and suggests that SHL values may provide a useful complement to bootstrapping for estimating
support on likelihood-based trees.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

necessary to obtain tissue samples and comparable character sam-
pling for hundreds of species and many genes. Another is the diffi-

Dense taxon sampling is extremely important for phylogenetic
and evolutionary studies. For example, extensive taxon sampling
may greatly increase phylogenetic accuracy under some conditions
(e.g., Rannala et al., 1998; Zwickl and Hillis, 2002) and allow more
accurate estimates of diversification rates (e.g., Heath et al., 2008;
Cusimano and Renner, 2010). However, major challenges to infer-
ring large-scale phylogenies remain. One is the expense and time
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culty of estimating trees and support values using sophisticated
model-based methods (e.g., maximum likelihood) on large-scale
data matrices in a reasonable amount of time.

Some recent advances have made inferring large-scale phyloge-
nies more tractable for many groups. One is the finding that large
matrices with extensive missing data can yield well-supported
trees that are largely congruent with traditional taxonomy (e.g.,
Driskell et al., 2004; Philippe et al., 2004; Wiens et al., 2005; Thom-
son and Shaffer, 2010). The supermatrix approach to phylogenetics
involves gathering all or most available data and analyzing it simul-
taneously (de Queiroz and Gatesy, 2007). This easily permits new
sequence data to be combined with existing information from
databases such as GenBank (e.g., Sanderson et al., 2003) to yield
densely sampled supermatrices. Second, recent computational
innovations have greatly facilitated estimating large-scale,
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likelihood-based phylogenies (e.g., Stamatakis et al., 2008; Guindon
etal., 2010; Price et al., 2010). Third, fast new methods for assessing
clade confidence for likelihood trees have been developed that pro-
vide an alternative to traditional, time-intensive methods such as
non-parametric bootstrapping (e.g., Anisimova and Gascuel, 2006;
Guindon et al., 2010).

For many species-rich groups, supermatrix strategies (e.g.,
Wiens et al., 2005; de Queiroz and Gatesy, 2007; Thomson and
Shaffer, 2010) offer a useful approach for inferring large-scale phy-
logenies when different amounts of character data are available
across taxa. Other potential methods for large-scale phylogenetic
inference include supertree construction (e.g., Bininda-Emonds,
2004) and mega-phylogeny approaches (e.g., Smith et al., 2009).
The supertree method involves grafting trees inferred from differ-
ent datasets into a single phylogeny, but it suffers from the need
for a priori assumptions about which species belong to which taxa,
limiting the potential for new discoveries about the phylogeny. The
mega-phylogeny approach is similar to the supermatrix strategy,
but uses an automated pipeline to identify gene regions and
homologous sequence clusters of interest. We prefer the superma-
trix strategy, as it most directly incorporates the largest amount of
sequence data into the phylogenetic analysis, without assuming
placement of species within groups a priori.

Here, we produce a new, large-scale phylogeny for the superfam-
ily Colubroidea, the advanced snakes (sensu Lawson et al., 2005).
Colubroids are among the most diverse groups of extant terrestrial
vertebrates (>2500 species; Lawson et al., 2005) despite their rela-
tively recent origin in the Cenozoic (Burbrink and Pyron, 2008; Vidal
et al., 2009). They occur on every continent except Antarctica (Vitt
and Caldwell, 2009) and include many common and familiar groups
(e.g., racers, garter, rat, king, and milk snakes), and all known danger-
ously venomous snake species, such as elapids (cobras, sea snakes,
and mambas) and viperids (e.g., rattlesnakes, adders, and vipers).
These venomous colubroids are responsible for ~20,000-94,000 hu-
man fatalities every year (Kasturiratne et al., 2008). Given their
diversity and broad distribution, colubroids have been the focus of
many phylogeny-based studies in historical biogeography (e.g.,
Keogh, 1998; Pinou et al., 2004; Alfaro et al., 2008; Pyron and
Burbrink, 2009a; Daza et al., 2010) and evolutionary biology (e.g.,
Fry and Wiister, 2004; Lynch, 2009; Pyron and Burbrink, 2009b,c;
Burbrink and Pyron, 2010). However, despite the great biological
and medical significance of this group, no study has offered a com-
prehensive assessment of the higher-level phylogeny of Colubroi-
dea. For example, none has included representatives of all
currently recognized subfamilies in a single analysis.

Several recent authors have addressed relationships within
Colubroidea using DNA sequence data (e.g., Lawson et al., 2005;
Burbrink and Pyron, 2008; Wiens et al., 2008; Kelly et al., 2009;
Vidal et al., 2009; Zaher et al., 2009), typically sampling either
many genes for relatively few taxa (e.g., seven genes for 24 species
in Vidal et al., 2007; 20 genes for 29 species in Wiens et al., 2008)
or many taxa for fewer genes (e.g., three genes for 131 species in
Zaher et al., 2009). Major changes to colubroid taxonomy have
been proposed based on these studies (e.g., Lawson et al., 2005;
Burbrink et al., 2007; Vidal et al., 2007; Zaher et al., 2009). Yet, rel-
atively few species and genera were included in these phylogenies,
leaving the classification of many genera in question. These gaps in
taxon sampling may hide radical differences between traditional
taxonomies and molecular phylogenies. For example, the genus
Oxyrhabdium was traditionally thought to belong to Xenodermati-
dae (Vitt and Caldwell, 2009), but molecular phylogenetic analyses
showed it to be nested within Lamprophiidae (see Lawson et al.,
2005; Kelly et al., 2009; Zaher et al., 2009).

Many of these recent molecular phylogenies agree regarding
some relationships, such as monophyly of Homalopsidae and Viper-
idae. However, substantive disagreements remain regarding many

parts of the phylogeny. One is the monophyly of the predominantly
African assemblage “Lamprophiidae” (Kelly et al., 2009). Some stud-
ies have supported the monophyly of this group (Vidal et al., 2007;
Burbrink and Pyron, 2008; Wiens et al., 2008; Zaher et al., 2009),
whereas others have found it to be paraphyletic with respect to
Elapidae (Kelly et al., 2009). Another is the placement of the family
Homalopsidae as the sister taxon either to Elapidae + Lamprophii-
dae (Burbrink and Pyron, 2008), or to Elapidae + Lamprophii-
dae + Colubridae (Lawson et al., 2005; Vidal et al., 2007; Wiens
et al., 2008). Yet another is the placement of the colubrid subfamily
Dipsadinae as the sister taxon either to Natricinae (Vidal et al., 2008;
Kelly et al., 2009; Zaher et al., 2009), Colubrinae (Vidal et al., 2007),
or Colubrinae + Natricinae (Lawson et al., 2005; Wiens et al., 2008),
with other colubrid subfamilies, such as Calamariinae and Pseud-
oxenodontinae (if sampled), often found interdigitated among these
clades (Lawson et al., 2005; Zaher et al., 2009). These issues are
important for numerous reasons, including understanding the rela-
tionships among medically significant taxa, and the interpretation
of historical biogeographic scenarios. All of these questions are best
addressed through a large-scale phylogenetic analysis of Colubroi-
dea, using as many taxa as possible to resolve relationships within
the group.

Here, we address colubroid relationships and classification
using a supermatrix approach that combines data for two nuclear
genes, three mitochondrial genes, and 761 colubroid species in
299 genera, totaling 70% of the 426 known genera and 29% of the
2654 identified species (The Reptile Database: Uetz, 2009; http://
www.reptile-database.org/). In previous studies, dozens of
researchers have generated sequences for hundreds of colubroid
species, with five genes being commonly used (mitochondrial
cytochrome b, ND2, and ND4; and nuclear c-mos and RAG-1). We
also present new sequence data for 41 additional species (38 gen-
era) from the two most species-rich colubroid subfamilies (Dips-
adinae and Colubrinae), most of which have never been included
in a molecular phylogenetic analysis. We combine these new se-
quences with existing data from previous studies to produce the
largest analysis of Colubroidea to date, containing nearly six times
as many species as any previous estimate, and including all known
families and subfamilies in the same analysis for the first time.

We also compare two methods for estimating clade support for
large-scale, likelihood-based phylogenies. Specifically, we compare
support values from traditional, non-parametric bootstrapping (BS
hereafter; Felsenstein, 1985, 2004) and the non-parametric Shimo-
daira-Hasegawa-like approximation of the likelihood-ratio test
statistic (SHL hereafter; Anisimova and Gascuel, 2006; Guindon
et al., 2010). Using SHL support values may be desirable, especially
for large trees, as calculating them can be several orders of magni-
tude faster than assessing traditional BS support (Anisimova and
Gascuel, 2006) and both measures seem to give similar values
(Guindon et al., 2010). Although the thorough study by Guindon
et al. (2010) addressed many aspects of the relative performance
of these methods using empirical and simulated datasets, some
key questions remain. Here, we assess the relationship between
these values and branch lengths and missing data (in terminal
taxa), questions that were not addressed in previous studies. We
hypothesize that SHL values will be positively related to branch
lengths (as shown for likelihood BS values; Wiens et al., 2008),
but will show higher values than BS values on shorter branches
(suggested but not explicitly tested by Guindon et al., 2010). We
also hypothesize that there will be little or no relationship between
SHL support values for clades and the proportion of missing data in
the terminal taxa in those clades, nor for likelihood BS values (as
shown for parsimony BS values and Bayesian posterior probabili-
ties; Wiens et al., 2005). A key assumption of the supermatrix ap-
proach is that extensive missing data in terminal taxa need not
prevent them from being placed in the tree with strong support.
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2. Materials and methods
2.1. Baseline taxonomy

The initial taxonomy used in this paper follows Lawson et al.
(2005). However, we differ from that paper in following the tradi-
tional, restricted usage of Elapidae (i.e., the clade of dangerously
venomous taxa, including subfamilies Elapinae, Hydrophiinae,
and Laticaudinae), and in referring to the putative sister group of
Elapidae as Lamprophiidae (following Vidal et al., 2007). The lam-
prophiids occur primarily in Africa, Madagascar, and the Middle
East, and include the subfamilies Aparallactinae, Atractaspidinae,
Lamprophiinae, Prosymninae, Psammophiinae, Pseudaspidinae,
and Pseudoxyrhophiinae (following Vidal et al., 2008; Kelly et al.,
2009). We also follow Vidal et al. (2007) and recognize the subfam-
ily Grayiinae (family Colubridae), considered part of Colubrinae by
Lawson et al. (2005). Finally, we follow Zaher et al. (2009) in using
the name Dipsadinae (Bonaparte, 1840) to refer to Xenodontinae
(Bonaparte, 1845) of Lawson et al. (2005) and previous authors,
based on priority.

2.2. Sequence acquisition

We obtained sequences for 761 colubroid species (299 genera)
and six outgroup species from the nuclear protein-coding genes
oocyte maturation factor Mos (c-mos; 572 base pairs [bp]; 414
taxa) and recombination-activating gene 1 (RAG-1; up to
2604 bp; 106 taxa), and the mitochondrial protein-coding genes
cytochrome b (cyt-b; 1000 bp; 716 taxa), NADH subunit 4 (ND4;
684 bp; 530 taxa), and NADH subunit 2 (ND2; 954 bp; 218 taxa).
Sequences for 720 of the colubroid species were obtained from
GenBank. We searched GenBank regularly up to September,
2009, using subfamilies as the search terms, and supplementing
these searches with literature surveys to ensure that all available
sequences were included from existing datasets. Outgroup taxa
were from the families Acrochordidae, Aniliidae, Boidae, Cylindro-
phiidae, Tropidophiidae, and Uropeltidae and were selected to rep-
resent the other major groups of alethinophidian snakes (e.g.,
Wiens et al., 2008). Within these families, species were selected
for which sequences from all five genes were available.

We sequenced c-mos and cyt-b for 41 additional species (38
genera), using standard methods of DNA extraction, amplification,
and sequencing (see Lawson et al., 2005). These species were se-
lected because most of the genera that they represent were not
present in GenBank when we initiated our study, at least for the
standard protein-coding loci analyzed here. Amplification and
sequencing used the following primers: for cyt-b, H14910 and
THRSN2 (Burbrink et al., 2000); for c-mos, G77 and G78 (Lawson
et al., 2005). Voucher and GenBank accession numbers are given
in Appendix A (supplementary material).

Sequences were aligned using the MUSCLE algorithm (Edgar,
2004) with the default parameters in the program Geneious
v5.0.3 (Genematters Corp.). Alignments were checked by eye, and
were unambiguous for all taxa, as all sequences were protein cod-
ing and maintained an open reading frame. Indels consisted of a
single 3 bp indel occurring in c-mos in approximately half of the
taxa. The final matrix comprises 767 terminal taxa and 5814 bp.
We excluded taxa represented only by c-mos because this gene
fragment shows limited sequence variation, and including these
taxa led to poorly resolved relationships in preliminary analyses.
The alignment and trees are available at TreeBase (http://pur-
l.org/phylo/treebase/phylows/study/TB2:510982).

Not all taxa had sequences for all five genes. On average, each
species had 1935 bp present (range 274-5794 bp) and 67% missing
data (range 0.003-95%). Much of the missing data are associated

with the lack of RAG-1 (~60% of the characters) in most taxa.
Although missing data may be a cause for concern (Lemmon
et al., 2009), simulations and empirical studies suggest that even
highly incomplete taxa (e.g., 90-95% missing data) can be accu-
rately placed in parsimony, likelihood, and Bayesian analyses, if
the overall number of informative characters in the analysis is
large (e.g., Wiens, 2003; Driskell et al., 2004; Philippe et al.,
2004; Wiens et al., 2005; Wiens and Moen, 2008). Indeed, our re-
sults here (see below) show that even the most highly incomplete
taxa are consistently placed in the expected higher-level clades
(e.g., incomplete taxa traditionally classified as viperids are nested
inside Viperidae), typically with very strong support.

2.3. Phylogenetic analyses

We performed phylogenetic inference using ML and assessed
support using three separate strategies. First, we performed ML
tree inference and non-parametric bootstrapping using the pro-
gram RAXMLv7.0.4 (Stamatakis, 2006) with the five-gene concate-
nated matrix. We used the GTRGAMMA model for all genes and
partitions because GTR is the only substitution model imple-
mented in RAXML. Previous phylogenetic analyses of snakes sug-
gest that GTR+ I' +1 is the best-fitting model for these genes,
and that these genes should be partitioned by codon positions
(e.g., Lawson et al., 2005; Bryson et al., 2007; Wiens et al., 2008).
Further, the GTRGAMMA model in RAXML is recommended over
the GTR + I' + 1 because the 25 rate categories account for poten-
tially invariant sites (Stamatakis, 2006). We used the rapid-boot-
strapping algorithm (1000 non-parametric bootstrap replicates)
with the thorough ML search option (200 independent searches,
starting from every fifth bootstrap replicate). We performed two
additional ML tree inferences without bootstrapping to ensure that
the analysis was not stuck on local optima, based on qualitative
similarity in topology and likelihood values. Given that BS values
generally appear to be biased but conservative (Felsenstein,
2004), we considered clades with values of 70% or greater to be
well-supported (see Taylor and Piel, 2004).

Second, to provide an alternative to bootstrapping, we assessed
branch support using the SHL test (Anisimova and Gascuel, 2006;
Guindon et al., 2010), implemented in RAXMLv7.2.6. For a given
branch, this approach compares the estimated ML branch to the
next two most likely nearest-neighbor interchange (NNI) rear-
rangements of that branch. Support is measured as 1 — P, where
P is equal to the probability of the null hypothesis (i.e., that the
reconstructed branch is not significantly more likely than alterna-
tive rearrangements); thus, SHL values have a relatively straight-
forward statistical interpretation (Guindon et al., 2010). The
support values provided by BS and the SHL method have been
shown to be highly congruent for both simulated and empirical
data when strong “phylogenetic signal” is present in a dataset,
where phylogenetic signal is measured based on the number of
sites with non-missing data and the internal branch lengths (Guin-
don et al., 2010). Selection thresholds of 0.8-0.9 have been shown
by simulation to yield sufficient power (1 — g [type II error
rate] = ~0.85) for both simulated and empirical data (Guindon
et al.,, 2010); therefore, we use 0.85 as a cutoff for “strong” support.
We estimated SHL support values for 200 independent replicates in
RAXMLv7.2.6, using the fast ML search algorithm implemented
using the ‘-f E’ option. We used RAxMLv7.0.4 for the rapid-boot-
strapping ML analysis, as it is the most recent, stable release ver-
sion that is implemented in parallel for supercomputing clusters
(Stamatakis et al., 2008), while the SHL algorithm is available only
in alpha versions of RAXMLv7.2.x.

Third, we compared SHLvalues implemented in RAXMLv7.2.6 to
those in both PHYML v3.0 (Guindon et al., 2010) and FastTree v2.0
(Price et al., 2010) to ensure that SHL values were not an artifact of
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the implementation of this approach in a particular package. Re-
sults were quantitatively similar (in terms of significance) for all
analyses described below, and we prefer RAXML for estimating
SHL values because the other two packages do not support model
partitioning for multi-gene alignments, so only RAXML results are
reported. Correlation with the RAXML SHL values was high for both
FastTreev2.0 (rs=0.81, P<0.001) and PHYMLv3.0 (rs=0.83,
P<0.001). Note that this and all other correlations involving BS
and SHL support values were assessed using Spearman’s rank cor-
relation in R 2.11.0 (R Core Development Team, 2010).

The analyses estimating SHL values required generating a new
ML phylogeny, which was mostly congruent with the tree esti-
mated using the rapid-bootstrapping, intensive ML search algo-
rithm. We plotted the SHL values for congruent nodes on the
tree from the more intensive ML BS search. We assessed concor-
dance between the BS and SHL support values by testing the corre-
lation between them across congruent nodes (using Spearman’s
rank correlation), which would be positive if they are highly con-
cordant. We determined which measure was larger (on average)
by calculating the mean of the two sets of values. Finally, we calcu-
lated the SHL/BS ratio, equal to the number of branches with both
strong SHL and BS support divided by the number of branches
strongly supported by either method (Guindon et al., 2010). The
SHL/BS ratio is equal to one when both methods strongly support
all the same branches throughout the tree, and 0 when they
strongly support completely different sets of branches. However,
this may be misleading if congruence is low between the two trees
(i.e., if only two branches are well-supported and congruent, then
the ratio is high but uninformative).

We place high confidence in clades that are strongly supported
by both high BS and SHL values. Clades with strong support from
one measure and weak support from the other are more difficult
to interpret. In general, we expect that shorter branches will have
lower support from both measures, due to the decreased probabil-
ity that informative mutations will accumulate along those
branches and the increased frequency of conflicts between gene
trees on shorter branches (see Wiens et al., 2008). This is likely
to be particularly true for BS, which relies on the frequency of
informative sites and congruence among characters (Guindon
et al,, 2010), but may be less important for SHL values, which are
based on the likelihoods of alternative topologies. We tested for
a relationship between the branch lengths of the primary ML tree
and the BS and SHL values for branches congruent between both
searches.

In addition, Guindon et al. (2010) suggested that SHL values are
likely to be more accurate than BS values for shorter branches, sim-
ply because a short branch may be correct but supported by rela-
tively few sites (which may yield a high SHL value but low BS).
They suggested that the opposite may also occur, such that SHL
values are correctly low, but BS proportions erroneously give
strong support, possibly due to the “star-tree paradox” (the ten-
dency for some branches to be strongly resolved even in the ab-
sence of signal, or other sources of hidden determinism in the
algorithm; Guindon et al., 2010). Finally, it is also possible that
SHL values will be inappropriately high in some cases due to the
limited consideration of alternate topologies, though this may be
less problematic if the data contain clear signal and a good approx-
imation of the ML topology has been found (Guindon et al., 2010).
Thus, we tested for a relationship between the difference (SHL-BS)
between the support values for each congruent branch, and the
length of that branch. We expect a negative relationship if SHL > BS
for shorter branches.

We also tested for a relationship between support for the place-
ment of terminal taxa (using both BS and SHL), and the proportion
of sequence data present in the matrix for those species. A previous
analysis suggested that parsimony BS proportions and Bayesian

posterior probabilities for the placement of terminal taxa are
uncorrelated with the proportion of missing data in these taxa,
and that support values are instead related to the data that are
present in these taxa, not the data that are absent (Wiens et al.,
2005). However, it is not clear if this is also true for SHL values
and likelihood BS values.

To address this topic, we first modified the protocol of Wiens
et al. (2005) for testing the relationship between support for the
placement of terminal taxa and their completeness. For sister spe-
cies, we used the support for that pair and the lowest completeness
of the two, rather than using both and duplicating the support va-
lue as in Wiens et al. (2005). When a single species was the sister
taxon to a clade containing more than one species, we used the
completeness of that taxon and the product of the support values
for (a) the node subtending that taxon and its sister clade and (b)
the node subtending the sister clade (rather than using the mean
of these two values, as used by Wiens et al. (2005)).

This modification reduces some of the pseudoreplication inher-
ent in the protocol of Wiens et al. (2005), but may suffer from
considering only the most highly incomplete taxa (e.g., a pair of
terminal taxa in which both have 95% missing data receives the
same score as a pair in which one has 95% missing data and the
other is 100% complete) and still leaves some pseudoreplication
in the use of support values in non-sister species. We also ran
these analyses using the original protocol of Wiens et al. (2005).
A significant result using either would indicate that missing data
negatively affect branch support. However, a non-significant re-
sult does not mean that all incomplete taxa are placed correctly,
nor does a significant result mean that incomplete taxa are
misplaced.

Like all supermatrix studies to date, ours is based on a concate-
nated (combined) analysis of different genes. Recent studies have
suggested that explicit species-tree analyses may provide more
accurate phylogenetic inferences in cases where there is strong
discordance between gene trees and the underlying species tree
(e.g., Edwards et al., 2007; Degnan and Rosenberg, 2009). However,
these methods currently are not practical for an analysis of 761
taxa, with data from only three independent loci.

3. Results

A summary of the ML tree based on rapid-bootstrapping analysis
from RAXMLv7.0.4 (—In L = —370658.05) is shown in Fig. 1, and the
full tree is shown in Fig. 2. Between the rapid-BS ML (RAXMLv7.0.4)
and NNI-optimized (RAXMLv7.2.6) searches, 89% (679 of 766)
branches were congruent. We show the BS and SHL values for nodes
at the subfamily level and above (Fig. 1). For clarity of presentation,
we show only BS proportions for all nodes (Fig. 2), but the NNI-
optimized topology with SHL support values is provided as
Supplementary material (online Appendix B). The ML analysis
yields strong support (BS and SHL) for Xenodermatidae as the sister
group to all other colubroids and Pareatidae as the sister group to all
Colubroidea excluding xenodermatids (Figs. 1 and 2). Viperids are
strongly placed as the sister group to other colubroids exclusive
of xenodermatids and pareatids. Within Viperidae, Viperinae is
strongly supported as sister group to Azemiopinae and Crotalinae.
In contrast to other recent studies (e.g., Vidal et al., 2007;
Wiens et al., 2008), our results suggest a sister-group relationship
between Homalopsidae and Elapidae + Lamprophiidae (Figs. 1 and
2B; Burbrink and Pyron, 2008). This is the only major disagreement
found between this analysis and the phylogenomic results of Wiens
et al. (2008), and is not strongly supported in our study.

We find strong support for Elapidae + Lamprophiidae, but poor
BS support for the monophyly of Lamprophiidae. However, SHL
values are high for the monophyly of Lamprophiidae (98%)
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Fig. 1. Summary phylogeny of 761 colubroid snake species based on a concatenated maximum likelihood analysis of five genes (5814 bp). Only families and subfamilies are
shown (full topology in Fig. 2). Triangles indicate clades with >1 species sampled, but the size of triangles is arbitrary and constant between clades. Numbers next to branches
or in terminal triangles indicate BS/SHL support values. Only values >50% are shown. Five additional outgroup species are not shown.

compared to the next two most likely arrangements of that node.
We find strong support for the monophyly of five of the seven
subfamilies of Lamprophiidae (Lamprophiinae, Psammophiinae,
Pseudaspidinae, Pseudoxyrhophiinae, and Prosymninae), whereas
Aparallactinae and Atractaspidinae are each only supported by BS
or SHL values, respectively. Relationships among these subfamilies
are only weakly supported by both methods. Further, the place-
ment of several taxa of uncertain subfamilial assignment within
Lamprophiidae (i.e., Buhoma, Oxyrhabdium, and Psammodynastes)
remains poorly resolved (Figs. 1, 2B), as in previous studies (e.g.,
Lawson et al., 2005; Kelly et al., 2009).

Monophyly of Colubridae is strongly supported (BS=96%,
SHL = 100%), but relationships among the five subfamilies are not.
Monophyly is well-supported for each of the subfamilies Calamarii-

nae, Colubrinae, Grayiinae, Natricinae, and Pseudoxenodontinae
(excepting the genera Scaphiodontophis and Thermophis, see below).
We infer a weakly-supported sister-group relationship between
Natricinae and Dipsadinae + Pseudoxenodontinae. Monophyly of
Dipsadinae is weakly-supported (51%) by BS proportion, but
strongly supported (97%) by SHL values (Fig. 1). The enigmatic
genus Thermophis from Tibet is weakly placed as the sister taxon
to Pseudoxenodontinae, contrary to other analyses placing it within
Dipsadinae (e.g., Huang et al., 2009), and we tentatively place it in
Pseudoxenodontinae. This clade (Pseudoxenodontinae) is weakly-
supported as the sister taxon to Dipsadinae (e.g., Lawson et al.,
2005; Vidal et al., 2007).

Numerous colubrine and dipsadine genera (e.g., Adelphicos,
Chrysopelea, Conopsis, Dendrophidion, Drymobius, Drymoluber,
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Fig. 2. Phylogeny of 761 colubroid snake species (see summary in Fig. 1). The tree was estimated based on a likelihood analysis of five concatenated genes. Five outgroup

species are not shown. BS values greater than 50% are shown. Colors of clades indicate their position in the overall tree, shown at left.
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Geophis, Hydromorphus, Leptophis, Pseudoficimia, Scaphiodontophis,
Stenorrhina, and Sympholis; Appendix A) are included in a molecu-
lar analysis for the first time here. Almost all of these genera are
placed with strong support in the subfamilies expected based on
previous taxonomy (Fig. 2D-E). However, we find that the Neo-
tropical genus Scaphiodontophis is not placed inside of Colubrinae,
where it has traditionally been classified (e.g., Lawson et al., 2005).
This taxon has not been included in any previous molecular phy-
logenies, and it apparently represents an unexpectedly ancient
lineage within Colubridae (Fig. 2E), which we recognize as a dis-
tinct subfamily (see below). This species is included based on data
from cyt-b, c-mos, and RAG-1, and is considerably more complete
than average (55% vs. 33% mean across all species), strongly sug-
gesting that the surprising placement of this taxon is not an artifact
of missing data. Remarkably, the Neotropical genus Scaphiodonto-
phis is weakly placed as the sister taxon to the Asian subfamily
Calamariinae, rather than the other NW colubrid groups.

The SHL and BS support values exhibit a strong positive correla-
tion (rs=0.82, P<0.001) across the nodes of the phylogeny, indi-
cating generally high concordance (Fig. 3A). The relationship is
triangular (constraining); branches well-supported by BS propor-
tion are typically well-supported by SHL, though branches with
lower BS support may have strong SHL support. The mean SHL
values are higher on average (86) than the BS proportions (70).
The SH-like/BS ratio is 0.37, indicating that 37% of branches receiv-
ing strong support from either method receive strong support from
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both. As noted above, most of the higher-level nodes are well-sup-
ported using both measures (Fig. 1).

For both BS and SHL values, we observe a significant positive
relationship between branch support and branch length (SHL in
Fig. 3B, BS not shown; r; = 0.72 for both, P < 0.001), with both mea-
sures of support dropping off sharply for branches with less than
0.05 substitutions per site. On average, we find that SHL values
are higher than BS proportions for these shorter branches, though
they become increasingly congruent as branch lengths increase
(rs=—0.44, P < 0.001; Fig. 3C). However, there is a small subset of
these very short branches (<0.05 subst./site) for which BS > SHL
(43 of 472, 9%).

We do not observe a significant relationship between the sup-
port for the placement of terminal taxa and their completeness
(SHL in Fig. 3D; BS not shown; r;=0.058 and —0.008, P=0.19
and 0.85, respectively). Results are similar using the unmodified
protocol of Wiens et al. (2005) for both SHL (rs=0.035, P=0.33)
and BS (rs=0.037, P=0.31) values. These results suggest that
highly incomplete taxa (mean = 67% missing data across all taxa)
can be placed in the phylogeny with strong BS and SHL support.
Furthermore, we find that all 761 species (regardless of complete-
ness) are placed in the family-level clades predicted by previous,
primarily morphological, taxonomies, suggesting that their overall
phylogenetic placement is accurate despite extensive missing data
in most species. In addition, all families but Lamprophiidae have
very strong BS and SHL support for their monophyly.
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Fig. 3. Behavior of SHL values with regard to a number of variables: (A) relationship between BS proportions and SHL support values for congruent nodes, (B) relationship of
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terminal taxon (1 - proportion missing data) and SHL support for its placement.
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4. Discussion
4.1. Large-scale phylogenetics and branch support

In this paper, we reconstruct a large-scale phylogeny of colu-
broid snakes utilizing a supermatrix approach to taxon and charac-
ter sampling and new, fast methods for estimating likelihood trees
and evaluating their support. We also compare two methods for
assessing support on large-scale likelihood trees (BS and SHL).
Admittedly, our empirical analyses cannot address the crucial rela-
tionship between support values and accuracy, where accuracy is
the probability of clades being correctly reconstructed (see Felsen-
stein, 2004). Nevertheless, we address two critical questions about
the performance of these methods that have not been addressed
before. Previous studies, based on simulated and empirical data-
sets (Anisimova and Gascuel, 2006; Guindon et al., 2010), have
found that BS and SHL values are correlated, suggesting that SHL
values are often likely to be accurate under the same set of condi-
tions as BS proportions. We also find such a correlation between
SHL and BS values here. However, previous studies have not ad-
dressed the relationship between SHL values and branch lengths,
nor how SHL and likelihood BS values may be related to missing
data.

We found that both BS and SHL values are positively correlated
with branch lengths, as might be expected given that longer
branches should have more changes and greater congruence
among genes. Thus, branch lengths seem to explain much of the
variation in support values across nodes, and similar responses to
branch length variation may explain much of the congruence be-
tween BS and SHL values. We also found that SHL values tend to
be higher on shorter branches, which may explain many of the ob-
served cases where SHL values differed from BS support on a given
branch. However, this trend for higher SHL on short branches was
not universal, and these results alone do not necessarily mean that
short branches with high SHL and low BS values are likely to be
accurately reconstructed. We also found a small set of short
branches that receive high BS and low SHL support (see also Guin-
don et al., 2010). Whether this is due to recognized issues such as
the star-tree paradox (e.g., Susko, 2008), or hidden algorithmic
flaws is unclear, and the support for these branches should perhaps
be considered weak (Guindon et al., 2010). Exploration of the rela-
tionship between accuracy and SHL and BS support values under
these short-branch conditions should be a priority for future sim-
ulation studies.

We also found that both SHL and likelihood BS values are unre-
lated to the amount of missing data in terminal taxa. This result
confirms previous findings for parsimony BS and Bayesian analysis
(e.g., Wiens et al., 2005), and suggests that SHL values are not
unusually sensitive to missing data. In addition, we found that
even the most highly incomplete taxa (>90% missing data) were
placed in the higher taxa (family or subfamily) expected based
on previous taxonomy, and that most of these traditionally recog-
nized groups had very strong support for their monophyly, based
on both BS and SHL values. Overall, these results support previous
simulation and empirical results suggesting that highly incomplete
taxa can be accurately placed in supermatrix analyses, provided
that the overall number of characters in the matrix is high (e.g.,
Wiens, 2003; Driskell et al., 2004; Philippe et al., 2004; Wiens
et al., 2005; Wiens and Moen, 2008).

While further simulation studies are necessary to evaluate the
performance and utility of the SHL method, our results suggest that
it may provide a useful complement to BS for assessing branch
support, particularly on very large trees. Importantly, it is much
faster to compute than BS proportions or Bayesian posterior prob-
abilities (Anisimova and Gascuel, 2006; Guindon et al., 2010; Price
et al., 2010). Indeed, the rapid-BS analysis (1000 replicates, 200 ML

searches) took 2.6 days using 16 cores of a 240-core Dell Power-
Edge supercomputing system at the High Performance Computing
Center at the City University of New York. In comparison, the NNI-
optimized SHL analysis (200 searches) took 3 days on a single
3.4Ghz desktop machine belonging to the senior author, and would
presumably take only a small fraction of that time on a
supercomputer.

4.2. Systematics of Colubroidea

The higher-level classification of Colubroidea has been in flux as
new molecular results contradict traditional taxonomy, and new
phylogenies and taxonomies contradict each other (e.g., Lawson
et al,, 2005; Vidal et al., 2007, 2010; Burbrink et al., 2007; Wiens
et al., 2008; Zaher et al., 2009). By using the most comprehensive
colubroid phylogeny so far and a conservative approach to taxo-
nomic changes, we here attempt to stabilize higher-level colubroid
classification, focusing on the subfamily level and above. Our new
classification follows from our phylogenetic results, a few simple
guidelines, and the taxonomic recommendations of Lawson et al.
(2005), Vidal et al. (2007), Wiens et al. (2008), and Zaher et al.
(2009). Most importantly, we strive to retain traditional taxonomy
as much as possible, while still maintaining monophyletic higher
taxa. Our phylogeny also suggests paraphyly of many genera
(e.g., Crotalus, Enhydris, Nerodia, Rhadinophis, Stenophis, Thamno-
phis, Vipera, Zamenis, etc.), though we refrain from addressing gen-
eric-level taxonomy, pending more complete sampling.

First, we define crown-group Colubroidea to consist of the ex-
tant families Colubridae, Elapidae, Homalopsidae, Lamprophiidae,
Pareatidae, Viperidae, and Xenodermatidae, comprising the most
recent common ancestor of Coluber constrictor and Xenodermus
javanicus, and all descendants of that ancestor. Colubroidea is the
sister taxon to Acrochordoidea. The colubroid stem-group thus in-
cludes all species more closely related to C. constrictor than to Acro-
chordus javanicus. This usage of Colubroidea dates back to Romer
(1956), and has been widely used by herpetologists (e.g., Dowling
and Duellman, 1978; Greene, 1997; Zaher, 1999; Lawson et al.,
2005; Wiens et al., 2008; Vitt and Caldwell, 2009). This long-stand-
ing definition differs from recent proposals by Vidal et al. (2007)
and Zaher et al. (2009), who make Colubroidea equivalent to
Colubridae (sensu Lawson et al., 2005). These authors elevated
the subfamilies of Colubridae to the family level (i.e., Calamariidae,
Colubridae, Dipsadidae [or Xenodontidae], Natricidae, and
Pseudoxenodontidae), requiring that the traditional Colubridae
be ranked as a superfamily (Colubroidea). However, there is no
need for recognizing these subfamilies as families, or for changing
the long-standing definition of Colubroidea, as these are merely
changes in the rank of monophyletic groups. Thus, we retain the
traditional meaning of Colubroidea, and recognize these clades as
subfamilies in the family Colubridae.

Traditionally, the clades Homalopsidae, Pareatidae, and
Xenodermatidae were also considered subfamilies within Colubri-
dae (e.g., Greene, 1997; Vitt and Caldwell, 2009). However, recent
phylogenetic analyses and classifications all concur that they are
only distantly related to other Colubridae, and thus must be recog-
nized as separate families (e.g., Lawson et al., 2005; Vidal et al.,
2007; Wiens et al., 2008; Zaher et al., 2009; this study). Viperidae
retains its traditional designation, consisting of subfamilies
Viperinae, Crotalinae, and Azemiopinae. We follow the traditional
usage of Elapidae, including only the medically significant venom-
ous snakes variously placed in the subfamilies Elapinae, Hydrophii-
nae, and Laticaudinae (e.g., Greene, 1997; Vitt and Caldwell, 2009).
However, these subfamilies do not form well-supported monophy-
letic groups in our phylogeny (Fig. 2C), and we do not recognize
any subfamilies in Elapidae at present. This choice contrasts with
Lawson et al. (2005), who favored an expanded Elapidae, but
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agrees with Vidal et al. (2007), Wiens et al. (2008), and Zaher et al.
(2009), among others.

We consider the most difficult aspect of higher-level colubroid
taxonomy to be Lamprophiidae, the assemblage of mostly African
snakes related to Elapidae (Vidal et al., 2008; Kelly et al., 2009).
The monophyly of Elapidae + Lamprophiidae is strongly supported
in all analyses, but the monophyly of Lamprophiidae is weakly-
supported by BS values, though strongly supported by SHL values
(Figs. 1 and 2). We follow Vidal et al. (2007) in tentatively recogniz-
ing Lamprophiidae as a single family, including Aparallactinae,
Atractaspidinae, Lamprophiinae, Psammophiinae, and Pseudoxyro-
phiinae. Our results agree with Kelly et al. (2009) in recognizing
the subfamily Pseudaspidinae for the genera Pseudaspis and Pyt-
honodipsas, recognizing Prosymninae for the genus Prosymna, and
in including these two subfamilies in Lamprophiidae. The genera
Buhoma, Oxyrhabdium, and Psammodynastes cannot be placed con-
fidently within the existing subfamilies of Lamprophiidae. Addi-
tionally, the genus Montaspis was not included in our study, but
was also classified as Lamprophiidae incertae sedis by Kelly et al.
(2009). Relationships among these groups remain poorly sup-
ported, and should be a priority for future studies.

Our results support monophyly of Colubridae, containing
the traditionally recognized subfamilies Calamariinae, Colubrinae,
Natricinae, Pseudoxenodontinae, and Dipsadinae (Figs. 1 and 2D-
E). The placement of the Old World subfamily Pseudoxenodonti-
nae remains poorly supported, though a sister-group relationship
with Dipsadinae has been suggested by other authors (e.g., Vidal
et al., 2007). The enigmatic Tibetan taxon Thermophis (putatively
a dipsadine; Huang et al., 2009) is placed as the sister taxon to
the pseudoxenodontine genera Plagiopholis and Pseudoxenodon,
and we here consider Thermophis to be part of Pseudoxenodonti-
nae. We also find support for recognizing the African subfamily
Grayiinae (see Vidal et al., 2007), which is placed as the sister
taxon to Colubrinae and strongly supported by BS and SHL sup-
port values (Fig. 2E). Finally, we find that the New World
colubrine genus Scaphiodontophis represents an ancient lineage
with a phylogenetic placement that renders Colubrinae paraphy-
letic (Figs. 1 and 2E). This genus has not been included in previ-
ous molecular phylogenies, but it has traditionally been placed
in Colubrinae (e.g., Lawson et al., 2005; Zaher et al., 2009). To
avoid paraphyly of Colubrinae, we recognize a new subfamily
for Scaphiodontophis.

Scaphiodontophiinae subfam. nov.

Type: Genus Scaphiodontophis (Taylor and Smith, 1943), species
S. annulatus (Duméril et al., 1854).

Etymology: No etymology is given by Taylor and Smith (1943).
Apparently from the Greek for “spade-toothed snake;” from
“skaphe (ox@n),” meaning “spade- “ or “boat-like,” “odonto-
(odovtm),” meaning “teeth,” and “ophis (6¢p1g),” for snake; in
reference to the spatulate (i.e., spade- or boat-shaped) maxillary
teeth found in all species, some of which are also hinged.
Content: The two species of Scaphiodontophis (Taylor and Smith,
1943), S. annulatus (Duméril et al., 1854) and S. venustissimus
(Glinther, 1885). Numerous other species have been recognized
historically (Taylor and Smith, 1943).

Diagnosis and Definition: Monophyly of scaphiodontophiines is
supported by a very unusual synapomorphy: in both species, at
least some maxillary teeth are hinged (Taylor and Smith, 1943;
Savage and Slowinski, 1996). Another synapomorphy is the pres-
ence of fracture planes between the caudal vertebrae, rendering
the snakes capable of non-regenerative inter-vertebral pseudo-
autotomy (i.e., their tails are modified such that they break off
easily, but between the vertebrae, rather than within them as
in lizards; Savage and Slowinski, 1996). Both traits are very rare

in snakes, and are almost certainly derived within Colubroidea
(Savitzky, 1981; Savage and Slowinski, 1996).

Other morphological traits, not necessarily derived, include (all
data from Taylor and Smith, 1943): small body size (<900 mm
from snout to tail tip); dorsal scales smooth, lacking apical pits,
in 17 rows; subcaudals single; anal plate divided; one loreal,
one preocular, usually two postoculars; one or two anterior
temporals; tail long, approaching the body length in some spec-
imens; hemipenis short (10 or 11 subcaudals in length), sulcus
single. The color pattern in life is highly variable, typically con-
sisting of uniform (black or brown) dorsal color with faint dark
stripes, interspersed with or dominated by tricolored bands
(monads or dyads) of black, red, and white or yellow, especially
anteriorly, potentially mimicking venomous coral snakes
(Micrurus).

Distribution: Scaphiodontophiines occur from southern Mexico
to northern South America (The Reptile Database: Uetz, 2009;
http://www.reptile-database.org).
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