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Abstract

The family Leptotyphlopidae (116 species) includes the smallest and thinnest species of snakes, often called
threadsnakes (or wormsnakes). They are burrowing, have small eyes, and they feed on several life history stages of social
insects. L eptotyphlopids have a West Gondwanan distribution, occurring primarily in Africa and the Neotropics (South
America, Middle America, and the West Indies). The family is one of the most poorly known of all terrestrial vertebrates
from the standpoint of systematics and ecology. No published phylogenetic studies of higher-level relationships exist,
either from morphological or molecular data. Here we present DNA sequence analyses of 91 individuals representing 34
recognized species of leptotyphlopids, from nine mitochondrial and nuclear genes. The results show divergences among
living lineages as early as the mid-Cretaceous, 92 (113-75) million years ago (Ma) and evidence that the breakup of West
Gondwana into South America and Africa, and the separation of West Africa from South and East Africa by high sea
levelsin the Cretaceous, influenced the biogeographic history of the family through isolation. A Late Cretaceous (78 Ma;
98-63 Ma) transatlantic dispersal from West Africato South America may explain the origin of the monophyletic New
World radiation. Mid-Cenozoic divergences among Middle and North American species indicate that |eptotyphlopids
dispersed to those regions from South America, by rafting over water, prior to the emergence of the Isthmus of Panama.
A revised classification recognizes two subfamilies, Epictinae subfam. nov. (New World and Africa) and
L eptotyphlopinae (Africa, Arabia, and Southwest Asia). Within the Epictinae we recognize two tribes (Epictini trib. nov.
and Rhinoleptini trib. nov.), three subtribes (Epictina subtrib. nov., Tetracheilostomina subtrib. nov., and Renina subtrib.
nov.), and eight genera (Epictia, Guinea gen. nov., Mitophis gen. nov., Rena, Rhinoleptus, Siagonodon,
Tetracheilostoma, and Tricheilostoma). Three tribes are recognized within the Leptotyphlopinae (Epacrophini trib. nov.,
Myriopholini trib. nov., and Leptotyphlopini trib. nov.) and four genera (Epacrophis gen. nov., Myriopholis gen. nov.,
Leptotyphlops, and Namibiana gen. nov.). The significant non-monophyly of some species and the estimated long period
of time (tens of millions of years) separating populations of currently recognized species indicate that an unusually large
number of speciesexist that are unrecognized. This combined with small distributions and high levels of deforestationin
these areas argue for increased awareness of |eptotyphlopids and other burrowing reptilesin conservation planning.

Key words: Africa, burrowing, Cretaceous, dispersal, Middle America, South America, transatlantic, vicariance, West
Indies

I ntroduction

L eptotyphlopids (116 species) include the thinnest and smallest species of snakes, all of which are burrowers.
They are known as threadsnakes or wormsnakes, with the former noted as being more appropriate due to their
often extreme thinness (Branch 1998; 2005). Together with two other families of burrowing and worm-like
snakes with small eyes—Typhlopidae and Anomalepididae—they comprise the Scolecophidia, the closest
relative of al other snakes (Alethinophidia).

Leptotyphlopids are distributed almost exclusively in Africa and the Neotropics (Middle and South
Americaand the West Indies), with afew species occurring in southern North America, Arabia, and southwest
Asia(Fig. 1). They occupy awide variety of habitats and elevations, occurring in deserts (e.g. Branch 1998;
Broadley & Wallach 2007), forests (e.g. Broadley & Wallach 1999a), wetlands, savannas (Broadley &
Broadley 1999; Broadley & Wallach 2007), and transformed habitats (Thomas et al. 1985), from below sea
level to 3250 meters (Thomas et al. 1985; Zug 1977). They feed frequently (Cundall & Greene 2000; Greene
1997), primarily on small, social insects, and particularly their eggs and larvae (Webb et al. 2000). Some
leptotyphlopids occur on islands that were never connected to mainland areas (see below), indicating that they
must have arrived by rafting over ocean waters. Nonetheless, the overall distribution of the family is, in
biogeographic terms, West Gondwanan, raising the possibility that the separation of South America and
Africain the mid-Cretaceous (~105 million years ago, Ma) may have influenced the evolutionary history of
the group through vicariance.

Nearly al systematic work on the family Leptotyphlopidae has been the description of new species. All
species have been placed in the Genus Leptotyphlops, except a single species from West Africa with a horn-
like rostral scale that is placed in the Genus Rhinoleptus (Orgjas-Miranda et al. 1970). Twelve species groups
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Here we present analyses of DNA sequence data bearing on the relationships and biogeography of
leptotyphlopid snakes. We sampled Rhinoleptus and representatives from four of the five species groups of
Leptotyphlops in the New World (all except the tesselatus group) and five of seven species groups in the Old
World (all except the parkeri and reticulatus groups). Our analyses suggest that the diversification of living
lineages began as early as the mid-Cretaceous (~100 Ma) and was influenced by continental breakup, and that
amuch greater diversity of species exists than is currently recognized.

FIGURE 2. Head scalation in leptotyphlopid snakes illustrating variation in the number and size of supralabial scales
(blue). (A) Two supralabials, with anterior scale small (Leptotyphlops kafubi). (B) Two supralabials, with anterior scale
large (Epictia tenella). (C) Three supralabials, with anterior scale moderate (Tricheilostoma koppesi). (D) Four
supralabials, with anterior scale moderate (Tetracheilostoma bilineatum).

M aterials and methods

Morphology. Variation in widely used morphological characters for the Family L eptotyphlopidae was
assembled from the primary literature (mostly species descriptions). Some earlier summaries of these data
(Broadley & Broadley 1999; Broadley & Wallach 2007; Wallach 1998) were especially useful. Characters of
scalation included midbody (counted around body at half the body length) and midtail scale rows (counted
around the tail at half its length), middorsal scale rows (counted from between the rostral scale and terminal
spine), subcaudals, supralabials, and the relative height of the anterior supralabial (small if less than one-half
of the orbit-lip distance, moderate if 50-90% of orbit-lip distance, and large if reaching lower edge of orbit or
above; Fig. 2) (Wallach 1998). Some other characters of scalation (e.g., shape of the cloacal shield) are
mentioned where diagnostic for particular clades. Supraocular scales are considered “normal-sized” if they
are the same size or larger than the middorsal scales whereas they are “small” if they are smaller than
middorsal scales (Orejas-Miranda 1967). Characters of body proportion for each species included (i)
maximum total length in mm (the primary length measurement for scol ecophidians, as opposed to snout-vent
length for other snakes), scored for adults—see Hedges (2008) for discussion of body size variation in
leptotyphlopids; (ii) body shape (total length divided by width at midbody); (iii) relative tail length (tail length
divided by total length, expressed as a percent); and (iv) tail shape (tail length divided by tail width at midtail).
Characters of pattern and coloration included dorsal ground color (usually brown, pale brown, or multicolored
(e.q., red, yellow, black, etc.), presence or absence of stripes, and ventral coloration (usually brown, pale
brown, or white). In summarizing something as variable as pattern and coloration, it was necessary to
overlook some subtle differences and assign species to the nearest character state, and therefore these data
should not be interpreted, necessarily, as discrete classes. Also, in nearly all cases information on pattern and
coloration was taken from the literature and was not verified by examination of museum specimens, which
could lead to imprecision in characterization of some aspects of coloration. For example, one author might
consider the absence of pigmentation to be “white” whereas another author might refer to this condition as
“pink” because of the pinkish hue of underlying tissues unobscured by pigments. Despite this possibility of
confusion, we are convinced that broad aspects of coloration have some taxonomic value and thus we include
them in the accounts below. Histograms were constructed for several characters that appeared to be of
diagnostic value, using species ranges as the primary data.
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Distribution maps. Distributions of taxa were constructed from records in the primary literature. These
were supplemented by unpublished museum records (Herpnet 2009). A map of the family (Fig. 1) was
constructed from a synthesis of al available records.

Sequence data collection. Specimens and localities sampled are listed in Appendix 1. DNA extraction
for all tissue samples was carried out using the DNeasy Tissue Kit from Qiagen. Primer sets used in
amplification and sequencing are listed in Appendix 2. Both complementary strands were sequenced using an
ABI 3100 or 3730 Nucleic Acid Analyzer at Pennsylvania State University. All chromatograms were fully
inspected, and all sequences were compared against their reverse complement to detect any call errors.
Embedded primer sequences were deleted from all sequence fragments before assembly or alignment.
Sequenced fragments and their complements were combined in MEGA 4.0 (Tamura 2007), and have been
deposited in GenBank under accession numbers GQ468987-GQ469284 (Appendix 1). Alignments for the
cytochrome b, tRNA-valine, amelogenin, BDNF, C-mos, NT3, and RAG1 were performed using Clusta W
(Thompson et al. 1994), with default parameters, in MEGA 4.0 (Tamura 2007).

Ribosoma RNA genes 12S and 16S were aligned according to secondary structure using an aignment of
squamate sequences from the European ribosomal RNA database (Wuyts & Van de Peer 2004) in Muscle
(Edgar 2004); alignments are available from the corresponding author. To eliminate hypervariable loop
regions, the program GBlocks (Castresana 2000) was used on 12S and 16S alignments with default
parameters under the least stringent settings: (1) allow smaller final blocks, (2) allow positions with gaps
within the final blocks, and (3) allow less strict flanking positions. Approximately 80% of sequence data was
retained using these settings. Two data sets were used in subsequent analyses and tree-building. The first was
a concatenation of mitochondrial gene alignments. 12S (870 sites), tRNAval (72 sites), 16S (1,212 sites), and
cytochrome b (810 sites) for all 91 individuals (total of 2,971 sites), referred to as the "four-gene" data set.
The second was a concatenation of mitochondrial gene alignments: 12S (892 sites), tRNAval (68 sites), 16S
(1,219 sites), cytochrome b (809 sites) and nuclear gene alignments. amelogenin (323 sites), BDNF (670
sites), C-mos (566 sites), NT3 (495 sites), and RAGL1 (513 sites) for 24 taxa representing species groups (total
of 5,563 sites), referred to asthe "nine-gene" data set.

Phylogenetic analysis. Maximum Likelihood (ML) and Bayesian methods were used to construct
phylogenies, and the following taxa were used as outgroups: Ramphotyphlops braminus (Typhlopidae; a
scolecophidian), Boa constrictor (Boidae), Python regius (Pythonidae), and either Naja or Dendroaspis
(Elapidae), depending on the gene. ML and Bayesian analyses were conducted using RAXML-VI-HPC v2
(Stamatakis 2006) and MrBayes 3.1 (Ronquist & Huelsenbeck 2003), respectively. Analyses of both data sets
treated 12S, tRNAval, and 16S as one gene. Because of the different models of sequence change expected for
RNA genes versus protein-coding genes, some partitioning of the data was necessary in the analyses. Protein-
coding data sets are often partitioned by either gene (e.g., Heinicke et al. 2007) or codon position (e.g.,
Hedges et al. 2009). Here, we performed analyses using both types of partitions to compare results. Initially,
the nine-gene data set was partitioned by gene: 12S-tRNAval-16S; cytochrome b; amelogenin; BDNF; C-mos;
NT3; RAGL. The four-gene data set also was partitioned by gene: 12S-tRNAval-16S; cytochrome b. For
alternative analyses, the nine-gene data set was partitioned by codon position (of protein-coding genes): 12S-
tRNAval-16S; codon positions 1, 2, 3 of cytochrome b; and codon positions 1, 2, 3 of nuclear genes and the
four-gene data set was partitioned similarly: 12S5-tRNAval-16S; and by codon positions 1, 2, 3 of cytochrome
b. ML trees were built from 100 alternative runs under the GTR + model. Nodal support for final trees was
obtained using non-parametric bootstrapping (BP) with 1000 replicates. Bayesian analyses for both data sets
were performed using the same partitions, with four Markov chains started at random trees that were run for
one million generations each, and sampled every 100 generations (burnin = 2500). Nodal support for
Bayesian trees was quantified with posterior probabilities (PP). Convergence was assessed by monitoring the
standard deviation of split frequencies (<0.01 in all cases). Appropriate models of sequence evolution, as
selected by Model Test using the AlIC criterion (Posada & Crandall 1998), were used for each gene partition.

Diver gence time estimation. MultiDivTime T3 (Thorne & Kishino 2002; Yang & Yoder 2003) was used
for Bayesian timing analyses. Each gene in both data sets was analyzed in PAML 3.14 (Yang 1997) to
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determine model parameters, and in estbranches (Thorne et al. 1998) to estimate branch lengths. Both
programs were run with default parameters, using the topology from the ML trees. Saturation may be
problematic for timing analyses when fast-evolving genes are used (Halanych & Robinson 1999).
Mitochondrial and nuclear genes were tested for saturation by plotting the ratio of transitions/transversions
against the corresponding pairwise differences. The plot for cytochrome b indicated that this gene had become
saturated, a problem that is especially a concern for time estimation which relies on accurate, quantitative
estimates of sequence change and proportionality among branch lengths. Therefore, cytochrome b was
excluded from final divergence time estimates on both data sets (its inclusion or not in phylogenetic analyses
did not have a significant effect on topology). Two leptotyphlopid fossils known from the Pleistocene-
Holocene boundary (van Devender & Mead 1978; van Devender & Worthington 1977) were too recent to
provide useful calibrations. A lizard outgroup, Heloderma suspectum, was used to root the tree and permit the
use of Cretaceous fossil calibrations within snakes.

The oldest caenophidians are from the Cenomanian (100-94 Ma) (Rage & Werner 1999) and therefore the
divergence of Elapidae (Caenophidia) and Boidae ("Henophidia"') was set at a minimum of 94 Ma. Some
objection has been raised to the identity of the fossils and their use in calibrating dating analyses (Head et al.
2005; Sanders & Lee 2008) and so we also ran separate analyses with that calibration removed. In the absence
of other available fossil calibrations we instead calibrated a different node in the tree, the leptotyphlopid/
typhlopid divergence, using Vidal et al.'s (2009) time estimate (158 Ma) which was obtained by excluding the
94 Ma calibration. We also used the extremes of the 95% credibility interval (163 and 137 Ma) as cdlibrations
for that node in separate analyses.

All other calibrations were maximums corresponding to geologic dates when West Indian islands became
habitable (rose above sea-level). In both data sets, the nodes uniting Leptotyphlops pyrites and L. | eptepileptus
(both restricted to the Hispaniolan South Island) were constrained at a maximum of 10 Mafor the Hispaniolan
south island (Huebeck & Mann 1985), where both species occur. In the four-gene data set, the node joining
the two groups of populations of L. breuili was constrained to a maximum of 3 Ma, when St. Lucia emerged
above sea-level (Maury et al. 1990). Also in the four-gene data set, the node uniting all taxa in the L.
bilineatus Group (those occurring in the Greater and Lesser Antilles) was constrained at a maximum of 37.2
Ma for the West Indies (Iturralde-Vinent & MacPhee 1999). Analyses were run with the ingroup root (rttm)
priors set at the highest, 159.9 Ma (Vidal et al. 2009), and lowest, 102.3 Ma (Sanders & Lee 2008) mean
estimates for the alethinophidian-scolecophidian divergence, among published estimates. Values for rttmsd,
rtrate, rtratesd, brown mean and brownmeansd were set according to the rttm used, following software
recommendations. Both data sets had the Markov chain sampled 10,000 times, with 100 cycles between
samples, and the first sample was taken after 10,000 cycles.

Results

Phylogenetic relationships. There were 1,915 variable sitesin the four-gene data set and 2,767 variable sites
in the nine-gene data set; in the latter, the nuclear genes contributed 925 variable sites. Tree topologies from
NJ, ML, and Bayesian methods, using different partitions of the same data set, were nearly identical.
However, some topological differences were detected between the 4-gene and 9-gene data sets at weakly
supported nodes (those < 95% BP) in the 4-gene analysis (Fig. 3); in general, those nodes were better
supported in the 9-gene data set. Trees shown here (Figs. 3-4) are the results of analyses that were partitioned
by gene. A deep divergence in both trees was seen between a mostly New World clade and an Old World
clade, which are both well supported. Notably, Rhinoleptus koniagui and Leptotyphlops bicolor, two species
found in West Africa, cluster together in the New World clade as the closest relative of all other New World
species (Fig. 4; 94% BP; 1.0 PP).
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FIGURE 3. A phylogeny of leptotyphlopid snakes based on sequences of four mitochondrial genes (12S rRNA, tRNA-
Valine, 16SrRNA, and cytochrome b). Maximum likelihood tree of 91 samples and 2,971 sites. Values are ML bootstrap
values followed by Bayesian posterior probabilities. Outgroups are not shown, but included Typhlopidae
(Ramphotyphlops), Boidae (Boa), Pythonidae (Python), and Elapidae (Dendroaspis and Naja). The generic taxonomy in
this tree reflects usage prior to this study. See Table 1 and Figure 12 for the new classification proposed here.

Although no identical sequences were found, the four-gene tree (Fig. 3) revealed a pattern whereby
sequences of multiple individuals from the same species and population (e.g., within the species L. asholepis,
L. breuili, L. columbi, L. leptepileptus, and L. nigroterminus) were nearly identical whereas those from
different species were considerably more different. However, different populations of the same species
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showed variable levels of sequence divergence, with some (e.g., L. bicolor and L. breuili), showing only small
levels and others (e.g., L. goudoatii, L. macrolepis, and L. scutifrons) showing larger levels of divergence
comparable to that of distinct species.
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FIGURE 4. A phylogeny of leptotyphlopid snakes based on sequences of nine genes: five nuclear genes nine
(amelogenin, BDNF, C-mos, NT3, and RAGL1) and four mitochondrial and nuclear genes (12S rRNA, tRNA-Valine, 16S
rRNA, and cytochrome b). Maximum likelihood tree obtained from the nine-gene data set (24 species; 5,563 sites).
Values are ML bootstrap values followed by Bayesian posterior probabilities. Outgroups are not shown, but included
Typhlopidae (Ramphotyphl ops), Boidae (Boa), Pythonidae (Python), and Elapidae (Dendroaspis and Naja). The generic
taxonomy in this tree reflects usage prior to this study. See Table 1 and Figure 12 for the new classification proposed
here.

The relationships of the species in both analyses (four-gene and nine-gene) corresponded closely to
morphological species groups already recognized. For example, all of Greater Antillean and Lesser Antillean
species formed awell-supported group, which corresponds to the bilineatus Group, defined by the presence of
a supralabial scale separating the ocular from the lip (Thomas 1965; Thomas et al. 1985). In Africa, species
placed in the longicaudus Group (Broadley & Broadley 1999; Broadley & Wallach 2007) aso formed awell-
supported group (Figs. 3—4). However, our inferred relationships of many other African species complexes
did not support those proposed by Wallach (1998); L. nigricans (nigricans Group) appeared nested within an
otherwise cohesive L. scutifrons Group; the taxa merkeri and pitmani, both treated as northern races of L.
scutifrons, exhibit high genetic divergence and did not group with southern African populations assigned to
that species (Broadley & Broadley 1999; Broadley & Wallach 2007); L. kafubi, previously considered a
northern population of L. nigricans (Broadley & Watson 1976) was validated as a full species (Broadley &
Broadley 1999), but did not associate with L. nigricans despite the presence of a discrete prefrontal; and the
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taxon conjunctus, previoudly treated as a full species (Broadley & Watson 1976) or as arace of L. scutifrons
(Broadley & Broadley 1999) was paraphyletic and showed considerable genetic divergence among
populations.

Taxonomic implications. The results have implications for the recognition of taxa. Because our analysis
included representatives of all but three species groups (of 12), and because the resulting groups, in most
cases, can be diagnosed morphologically, we have proposed a new classification for the family (Table 1). It
includes two subfamilies, five tribes, three subtribes, and 12 genera. The genera correspond, in most cases, to
previously recognized species groups. Seven of those generic names are resurrected whereas five others are
newly named. Several of the genera are large and still encompass considerable diversity, both morphological
and genetic. Some morphological characters used to define species groups, e.g. the absence of a prefrontal in
the L. scutifrons complex and its presence in the L. nigricans complex (Broadley & Broadley 1999), do not
define clades. Our assignment of species for which we do not have molecular data to the revived and newly-
described generais thus provisional. For this reason, and because of the likelihood of many additional species
of leptotyphlopids being discovered and described, this classification will almost certainly continue to evolve.

Systematic accounts
Family L eptotyphlopidae Sejneger, 1892

Stenosomata Ritgen, 1828: 255. Type genus: Senosoma Wagler, 1824. [Preoccupied by Senosoma Latreille, 1810:
Coleoptera and Senosoma Lamarck, 1817: Mollusca.]

Stenostomi Wiegmann and Ruthe, 1832: 160.

Stenosomina Bonaparte, 1845: 377.

Stenosomatidae Gunther, 1885: 85.

Stenostomidae Cope, 1886: 481.

Glauconiidae Boulenger, 1890: 242. Type genus: Glauconia Gray, 1845.

L eptotyphl opidae Stejneger, 1892 [dated 1891]: 501.

Type genus. Leptotyphlops Fitzinger, 1843:24.

Diagnosis. Small and thin snakes sharing with other members of Scolecophidia cylindrical bodies, ventral
scales not enlarged, reduced eyes with a single visual cell type in the retina, and the absence of neural spines.
They have solidly constructed skulls with toothless premaxillary, maxillary, and pal atine bones sutured to the
braincase along with the nasals and prefrontals. They lack aleft lung, a tracheal lung, and a left oviduct
(Dowling & Duellman 1978; Underwood 1967; Vitt & Caldwell 2009). Except for two species having 16
midbody scale rows and two others having 14 or 16 rows, al of the other members of the family usually have
14 midbody scale rows. The maximum adult size of each species ranges from 104 mm (Leptotyphlops carlae)
to 460 mm (Rhinoleptus koniagui) in total length; see discussion of body size in leptotyphlopid snakes
(Hedges 2008).

Content. Two subfamilies, five tribes, three subtribes, 12 genera, and 116 species (Table 1).

Distribution. The family is distributed in the New World and Old World. In the New World it is
distributed from North America (California, Utah, and Kansas) south through the Atlantic drainage of Middle
and South America (exclusive of the high Andes) to Uruguay and Argentina. It also occurs on San Salvador
Island (Bahamas), Hispaniola, the Lesser Antilles, Cozumel 1sland (Mexico), Islas de Bahia and Swan Islands
(Honduras), San Andres and Providencia ldands (Colombia), Bonaire, Margarita lslands, and Trinidad. In the
Old World it is distributed throughout Africa (north and south of the Sahara Desert), the Arabian Peninsula,
and in southwest Asia (Turkey, Iran, Pakistan, and northwest India); and on islands off the coast of Africaand
Arabia (Bazaruto archipelago, Pemba, Manda, Lamu, Bioko, and Socotra) (Fig. 1).
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TABLE 1. Classification of snakes of the Family Leptotyphlopidae. The arrangement used in this study is compared
with that in previous classifications (e.g., McDiarmid et al. 1999; Uetz et al. 2009). Abbreviations for geographic regions
are: AR (Arabia), CAF (Central Africa), EAF (East Africa), MAM (Middle America), NAM (North America), SAF
(South Africa), SAM (South America), SOC (Socotra Island), SWA (Southwest Asia), WAF (West Africa), and WI
(West Indies). Speciesin bold were sampled in the molecular analyses. Undescribed species used in this study are not

listed.

This study

Previous classification

SUBFAMILY EPICTINAE

Tribe Epictini, Subtribe Epictina
Epictia albifrons (Wagler 1824) SAM
Epictia albipuncta (Jan 1861) SAM

Epictia alfredschmidti (Lehr, Wallach, Kéhler & Aguilar 2002) SAM
Epictia australis (Freiberg & Orejas-Miranda 1968) SAM

Epictia borapeliotes (Vanzolini 1996) SAM
Epictia collaris (Hoogmoed 1977) SAM

Epictia columbi (Klauber 1939) WI

Epictia diaplocia (Oregjas-Miranda 1969) SAM
Epictia goudotii (Duméril & Bibron 1844) MAM
Epictia magnamaculata (Taylor 1940) MAM
Epictia melanurus (Schmidt & Walker 1943) SAM
Epictia munoai (Orgjas-Miranda 1961) SAM
Epictia nasalis (Taylor 1940) MAM

Epictia peruviana (Oregjas-Miranda 1969) SAM
Epictia rubrolineata (Werner 1901) SAM

Epictia rufidorsa (Taylor 1940) SAM

Epictia signata (Jan 1861) SAM

Epictia striatula (Smith & Laufe 1945) SAM
Epictia subcratilla (Klauber 1939) SAM

Epictia teaguei (Oregjas-Miranda 1964) SAM
Epictia tenella (Klauber 1939) SAM

Epictia tesselata (Tschudi 1845) SAM

Epictia tricolor (Orejas-Miranda & Zug 1974) SAM
Epictia undecimstriata (Schlegel 1839) SAM
Epictia vellardi (Laurent 1984) SAM

Sagonodon borrichianus (Degerbal 1923) SAM
Sagonodon brasiliensis (Laurent 1949) SAM
Sagonodon cupinensis (Bailey & Carvalho 1946) SAM
Sagonodon septemstriatus (Schneider 1801) SAM
Tribe Epictini, Subtribe Renina

Rena affinis (Boulenger 1884) SAM

Rena boettgeri (Werner 1899) NAM

Leptotyphl ops albifrons
Leptotyphl ops albi punctus
Leptotyphl ops alfredschmidti
Leptotyphlops australis
Leptotyphl ops borapeliotes
Leptotyphlops collaris
Leptotyphl ops columbi
Leptotyphlops diaplocius
Leptotyphl ops goudotii
Leptotyphl ops magnamaculatus
Leptotyphlops melanurus
Leptotyphl ops munoai
Leptotyphlops nasalis
Leptotyphlops peruvianus
Leptotyphlops rubrolineatus
Leptotyphl ops rufidorsus
Leptotyphl ops signatus
Leptotyphlops striatula
Leptotyphlops subcrotillus
Leptotyphl ops teaguei
Leptotyphlops tenellus
Leptotyphl ops tesselatus
Leptotyphlops tricolor
Leptotyphl ops undecimstriatus
Leptotyphlops vellardi
Leptotyphlops borrichianus
Leptotyphlops brasiliensis
Leptotyphlops cupinensis
Leptotyphl ops septemstriatus

Leptotyphlops affinis
Leptotyphlops humilis

continued next page.
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TABLE 1. (continued)

This study

Previous classification

Rena bressoni (Taylor 1939) MAM

Rena dimidiata (Jan 1861) SAM

Rena dissecta (Cope 1896) MAM, NAM

Rena dulcis (Baird & Girard 1853) MAM, NAM
Rena humilis (Baird & Girard 1853) MAM, NAM
Rena maxima (Loveridge 1932) MAM

Rena myopica (Garman 1883) MAM, NAM

Rena nicefori (Dunn 1946) SAM

Rena unguirostris (Boulenger 1902) SAM
Tricheilostoma anthracinum (Bailey 1946) SAM
Tricheilostoma brevissimum (Shreve 1964) SAM
Tricheilostoma dugandi (Dunn 1944) SAM
Tricheilostoma fulginosum (Passos, Caramaschi & Pinto 2006) SAM

Tricheilostoma guayaquilensis (Orgjas-Miranda & Peters 1970) SAM

Tricheilostoma joshuai (Dunn 1944) SAM

Tricheilostoma koppesi (Amaral 1955) SAM

Tricheilostoma macrolepis (Peters 1857) SAM

Tricheilostoma salgueiroi (Amaral 1955) SAM

Tribe Epictini, Subtribe Tetracheilostomina

Mitophis asbolepis (Thomas, McDiarmid & Thompson 1985) WI
Mitophis calypso (Thomas, McDiarmid & Thompson 1985) WI
Mitophis leptepileptus (Thomas, McDiarmid & Thompson 1985) Wi
Mitophis pyrites (Thomas 1965) WI

Tetracheil ostoma bilineatum (Schlegel 1839) WI
Tetracheilostoma breuili (Hedges 2008) WI

Tetracheil ostoma carlae (Hedges 2008) Wi

Tribe Rhinoleptini

Guinea bicolor (Jan 1860) WAF

Guinea broadleyi (Wallach & Hahn 1997) WAF

Guinea greenwelli (Wallach & Boundy 2005) WAF

Guinea sundewalli (Jan 1861) WAF

Rhinoleptus koniagui Villiers 1956 WAF

Rhinoleptus parkeri (Broadley 1999) EAF

SUBFAMILY LEPTOTYPHLOPINAE
Tribe Epacrophini

Epacrophis boulengeri (Boettger 1913) EAF
Epacrophis drewes (Wallach 1996) EAF
Epacrophis reticulatus (Boulenger 1906) EAF

Leptotyphl ops bressoni
Leptotyphlops dimidiatus
Leptotyphl ops dissectus
Leptotyphlops dulcis
Leptotyphlops humilis
Leptotyphl ops maximus
Leptotyphl ops myopicus
Leptotyphl ops nicefori
Leptotyphlops unguirostris
Leptotyphlops anthracinus
Leptotyphl ops brevissimus
Leptotyphl ops dugandi
Leptotyphl ops fulginosus
Leptotyphlops guayaquilensis
Leptotyphl ops joshuai
Leptotyphlops koppesi
Leptotyphl ops macrolepis
Leptotyphl ops salgueir oi

Leptotyphl ops asbolepis
Leptotyphl ops calypso
Leptotyphl ops | eptepileptus
Leptotyphlops pyrites
Leptotyphl ops bilineatus
Leptotyphlops breuili
Leptotyphlops carlae

Leptotyphl ops bicolor
Leptotyphlops broadleyi
Leptotyphl ops greenwelli
Leptotyphl ops sundewalli
Rhinoleptus koniagui
Leptotyphl ops parkeri

Leptotyphl ops boulengeri
Leptotyphl ops drewesi
Leptotyphl ops reticul atus

continued next page.
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TABLE 1. (continued)

This study

Previous classification

Tribe Myriopholini

Myriopholis adleri (Hahn & Wallach 1998) WAF
Myriopholis albiventer (Hallermann & Rddel 1995) WAF
Myriopholis algeriensis (Jacquet 1895) WAF
Myriopholis blanfordii (Boulenger 1890) AR, SWA
Myriopholis boueti (Chabanaud 1917) WAF
Myriopholis braccianii (Scortecci 1929) EAF
Myriopholis burii (Boulenger 1905) AR

Myriopholis cairi (Duméril & Bibron 1844) WAF, EAF
Myriopholis dissimilis (Bocage 1886) EAF

Myriophalis erythraeus (Scortecci 1929) EAF
Myriophalis filiformis (Boulenger 1899) SOC
Myriopholisionidesi (Broadley & Wallach 2007) EAF
Myriopholis longicauda (Peters 1854) SAF, EAF

Myriopholis macrorhyncha (Jan 1860) WAF, EAF, AR, SWA

Myriopholis macrura (Boulenger 1899) SOC
Myriopholis narirostris (Peters 1867) WAF

Myriopholis natatrix (Andersson 1937) WAF
Myriopholis nursii (Anderson 1896) EAF, AR
Myriopholis perreti (Roux-estéve 1979) WAF
Myriopholis phillipsi (Barbour 1914) AR

Myriopholis rouxestevae (Trape & Mane 2004) WAF
Myriopholis tanae (Broadley & Wallach 2007) EAF
Myriopholis wilsoni (Hahn 1978) SOC

Myriopholis yemenica (Scortecci 1933) AR

Tribe Leptotyphlopini

Leptotyphl ops aethiopicus Broadley & Wallach 2007 EAF
Leptotyphlops conjunctus (Jan 1861) SAF

Leptotyphlops distanti (Boulenger 1892) SAF
Leptotyphlops emini (Boulenger 1890) CAF
Leptotyphlops howelli Broadley & Wallach 2007 EAF
Leptotyphlops incognitus Broadley & Broadley 1999 SAF
Leptotyphl ops jacobseni Broadley & Broadley 1999 SAF
Leptotyphlops kafubi (Boulenger 1919) CAF
Leptotyphlops keniensis Broadley & Wallach 2007 EAF
Leptotyphlops latirostris (Sternfield 1912) EAF
Leptotyphlops macrops Broadley & Wallach 1996 EAF
Leptotyphl ops mbanjensis Broadley & Wallach 2007 EAF

Leptotyphlops adleri
Leptotyphl ops albiventer
Leptotyphlops algeriensis
Leptotyphl ops blanfordii
Leptotyphl ops boueti
Leptotyphlops braccianii
Leptotyphlops burii
Leptotyphlops cairi
Leptotyphlops dissimilis
Leptotyphl ops erythraeus
Leptotyphlops filiformis
Leptotyphlops ionidesi
Leptotyphl ops longicaudus
Leptotyphl ops macrorhynchus
Leptotyphlops macrurus
Leptotyphlops narirostris
Leptotyphlops natatrix
Leptotyphlops nursii
Leptotyphlops perreti
Leptotyphlops phillipsi
Leptotyphl ops rouxestevae
Leptotyphlops tanae
Leptotyphl ops wilsoni
Leptotyphl ops yemenicus

Leptotyphl ops aethiopicus
Leptotyphlops conjunctus
Leptotyphl ops distanti
Leptotyphl ops emini
Leptotyphl ops howelli
Leptotyphl ops incognitus
Leptotyphl ops jacobseni
Leptotyphl ops kafubi
Leptotyphlops keniensis
Leptotyphlops latirostris
Leptotyphl ops macrops
Leptotyphlops mbanjensis

continued next page.
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TABLE 1. (continued)

This study

Previous classification

Leptotyphlops merkeri (Werner 1909) EAF

Leptotyphl ops monticolus (Chabanaud 1917) CAF
Leptotyphlops nigricans (Schlegel 1839) SAF, EAF
Leptotyphlops nigroterminus Broadley & Wallach 2007 EAF
Leptotyphl ops pembae Loveridge 1941 EAF
Leptotyphlops pitmani Broadley & Wallach 2007 CAF
Leptotyphlops pungwensis Broadley & Wallach 1997 SAF
Leptotyphlops scutifrons (Peters 1854 SAF), EAF
Leptotyphlops sylvicolus Broadley & Wallach 1997 SAF
Leptotyphlops telloi Broadley & Watson 1976 SAF
Namibiana gracilior (Boulenger 1910) SAF

Namibiana labialis (Sternfeld 1908) SAF

Namibiana latifrons (Sternfeld 1908) SAF

Namibiana occidentalis (Fitzsimons 1962) SAF
Namibiana rostrata (Bocage 1886) SAF

Leptotyphl ops merkeri
Leptotyphl ops monticolus
Leptotyphlops nigricans
Leptotyphlops nigroterminus
Leptotyphl ops pembae
Leptotyphlops pitmani
Leptotyphlops pungwensis
Leptotyphlops scutifrons
Leptotyphlops sylvicolus
Leptotyphlops telloi
Leptotyphlops gracilior
Leptotyphlops labialis
Leptotyphlops latifrons
Leptotyphlops occidentalis
Leptotyphlops rostratus

Remarks. Hahn (1980) and Wallach (1998) reviewed the systematics of the family and McDiarmid et al.
(1999) provided synonymies of the family and species. A more recent list of species, including synonymies, is
provided by Uetz et a. (2009). Severa changesin classification at the species level are discussed below. The
two subfamilies recognized here correspond to the two major divisions within the family based on the
phylogenetic relationships (Figs. 3-4). The first is a mostly New World group, but includes six species from
West Africa, and comprises mostly short-tailed species. The second is an entirely Old World assemblage
comprising mostly long-tailed species.

Subfamily Epictinae Hedges, Adalsteinsson, & Branch, New Subfamily
Type genus. Epictia Gray, 1845: 139.

Diagnosis. Compared with other subfamilies, members of this subfamily tend to have short, thick tails, and
the fewest subcaudal scales: relative tail length is 2.1-11.5% total length versus 4.1-18.9% in the
L eptotyphlopinae; tail shapeis 1.3-6.1 versus 3.2-11.7; and subcaudals number 8-30 versus 12-58 in the
Leptotyphlopinae (Table 2; Fig. 5). All leptotyphlopids with more than two supralabials and more than 14
midbody scale rows are in this subfamily. The support for this group was 44% BP and 0% PP for the four-
genetree (Fig. 3) and 94% BP and 100% PP for the nine-gene tree (Fig. 4).

Content. Two tribes, three subtribes, eight genera, and 62 species (Table 1).

Distribution. The subfamily is distributed in the New World and in equatorial Africa. Inthe New World it
ranges from North America (California, Utah, and Kansas) south through Middle and South America
(exclusive of the high Andes) to Uruguay and Argentina on the Atlantic side. It also occurs on San Salvador
Island (Bahamas), Hispaniola, the Lesser Antilles, Cozumel 1sland (Mexico), Islas de Bahia and Swan Islands
(Honduras), San Andres and Providencialdands (Colombia), Bonaire, Margaritalslands, and Trinidad. It also
occurs in equatorial Africa, from southern Senegal, Guinea, and Bioko Island in the west to Ethiopiain the
east.
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Remarks. The inclusion of six African species (all but one from West Africa) in this otherwise New
World group (Table 1; Figs. 3-4) was surprising, and was not found in morphological analyses of visceral and
other data (Wallach 1998). Nonetheless, the unusually high scale row count (16) of Rhinoleptus has been
recorded in two other New World genera in this subfamily, Mitophis n. gen and Tetracheilostoma (Table 2).
Also, the West African members of Epictinae have relatively short and thick tails, low subcaudal counts, and
high supralabial counts as in New World Epictinae but in contrast to other Old World Ieptotyphlopids
(Subfamily Leptotyphlopinae).

Tribe Epictini Hedges, Adalsteinsson, & Branch, New Tribe
Type genus. Epictia Gray, 1845: 139.

Diagnosis. Members of this tribe have moderate or large anterior supralabial scales, with only two out of 55
species possessing small anterior supralabial scales (Rena unguirostris and Siagonodon cupinensis). This
contrasts with all other |eptotyphlopids (except for six African species) which have small anterior supralabial
scales (Table 2). Because the West African members of the Epictinae (except sundewalli) al have the small
anterior supralabial, the moderate and large scale conditions appear to be derived (see biogeography section
for discussion on hypothesized evolutionary history). Members of two of the three subtribes in this tribe also
have species with striped patterns and multiple colors (including yellow, and in some cases, red) (Fig. 6). In
contrast, other leptotyphlopids lack stripes and usually have a brown dorsum. The support for this group was
70% BP and 100% PP for the four-gene tree (Fig. 3) and 79% BP and 100% PP for the nine-gene tree (Fig. 4).

Content. Three subtribes, six genera, and 56 species (Table 1).

Distribution. The tribe is distributed in the New World from North America (California, Utah, and
Kansas) south through Middle and South America (exclusive of the high Andes) to Uruguay and Argentinaon
the Atlantic side. It also occurs on San Salvador Island (Bahamas), Cozumel Island (Mexico), Islas de Bahia
and Swan Islands (Honduras), San Andres and Providencia Islands (Colombia), Bonaire, Margarita Islands,
and Trinidad.

Remarks. This tribe comprises the New World clade of the Subfamily Epictinae.

Subtribe Epictina Hedges, Adalsteinsson, & Branch, New Subtribe
Type genus. Epictia Gray, 1845: 139.

Diagnosis. Epictinais distinguished from the subtribe Renina (see below) by having absent or normal-sized
supraoculars (small in Renina) and by having a striped pattern and brightly colored dorsum, often with red and
yellow (Table 2). Among other leptotyphlopids, only four West Indian species have stripes, and in three of
those species the stripes are dull yellow. Epictinais distinguished from the subtribe Tetracheilostomina by
having 2 supralabials (3—4 in Tetracheilostomina). The support for this group was 69% BP and 100% PP for
the four-gene tree (Fig. 3) and 87% BP and 100% PP for the nine-gene tree (Fig. 4).

Content. Two genera and 29 species (Table 1).

Distribution. The subtribe is distributed from southern Mexico (Colima, Veracruz) through the lowlands
of Middle America, south to Argentina and Uruguay in South America, but excluding the high Andes. It dso
occurs on San Salvador Island (Bahamas), Cozumel Island (Mexico), Islas de Bahia and Swan Islands
(Honduras), San Andres and Providencia Islands (Colombia), Bonaire, Margarita |slands, and Trinidad.

Remarks. This subtribe comprises the major radiation of |eptotyphlopidsin South America.
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FIGURE 5. Histograms showing differences in scalation and proportions among taxa of leptotyphlopid snakes,
assembled from descriptions of species (cited in Table 1) and earlier summaries (e.g., Broadley & Broadley 1999;
Broadley & Wallach 2007; Wallach 1998). (A) Subcaudal scales in Epictinae (red, left) and Leptotyphlopinae (blue,
right). (B) Relative tail length (tail length/ total length x 100) in Epictinae (red, left) and Leptotyphlopinae (blue, right).
(C) Tail shape (tail length/ tail width at midtail) in Epictinae (red, left) and L eptotyphlopinae (blue, right). (D) Middorsal
scales in two genera of Leptotyphlopinae: Leptotyphlops (blue, left) and Myriopholis (red, right). For each panel,
frequency is on the Y-axis. In panels B and C, continuous numbers were rounded to integers before binning, and
therefore bins are whole numbers as indicated.

GenusEpictia Gray, 1845

Senostoma Wagler, 1824: 68. Type species: Senostoma albifrons Wagler, 1824, by monotypy. [Preoccupied by
Senostoma Latreille, 1810: Coleoptera and Senostoma Lamarck, 1817: Mollusca.]

Senostona Cuvier, 1836: 404. [incorrect subsequent spelling.]

Epictia Gray, 1845: 139. Type species. Typhlops undecimstriatus Schlegel, 1839, by subsequent designation by
Loveridge, 1957: 246.

Sabrina Girard, 1857: 181. Type species: Typhlops tesselatum Tschudi, 1845, by monotypy.

Senostomophis Rochebrune, 1884: 141. [Replacement name for Senostoma Wagler, 1824.]

Diagnosis. Species of Epictia have 14 midbody scale rows, 10 (12 rarely) midtail scale rows, 155-396
middorsal scale rows, 10-30 subcaudals, two supralabials, large anterior supralabials, 109-341 mm maximum
adult total length, a body shape of 28-90 (total length/width), relative tail length 3.3-11.5%, atail shape of
2.1-6.1, striped pattern, multiple dorsal colors common (including reds and yellows), and brown ventral color
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(rarely white) (Table 2). Members also have normal-sized supraoculars (supraocular islacking in E. nasalis),
and this trait distinguishes Epictia from the other genus in the subtribe, Siagonodon, which lacks a
supraocular. Other traits distinguishing the two genera show overlap, but species of Epictia tend to have more
midtail scale rows, larger first supralabial (L), and a darker venter (Table 2). The support for this group was
97% BP and 100% PP for the four-gene tree (Fig. 3) and 100% BP and 100% PP for the nine-gene tree (Fig.
4).

Content. Twenty-five species (Table 1; Fig. 6).

Distribution. Epictia is distributed from southern Mexico (Colima, Veracruz) through the lowlands of
Middle America, south to Argentina and Uruguay in South America, but excluding the high Andes. It also
occurs on San Salvador Island (Bahamas), Cozumel Island (Mexico), Islas de Bahia and Swan Islands
(Honduras), San Andres and Providencia Islands (Colombia), Bonaire, Margarita Islands, and Trinidad (Fig.
8).

Etymology. The generic name is feminine and derived from the Latin e (without) and pictus (painted),
apparently in allusion to absence of colors (only a brown dorsum) in the type species, Epictia undecimstriata.
This nameisironic because most speciesin this genus, unknown at that time (Gray 1845), are among the most
colorful in the family.

Remarks. Species placed here in Epictia include members of both the albifrons and tesselata groups of
"Leptotyphlops’ (Orgjas-Miranda 1967; Peters 1970). The distinction between the two groups has been based
on the contact (former tesselata Group) or not (former albifrons Group) of the first supralabial and the
supraocular scale. Given that our molecular phylogenetic analysis did not include any members of the former
tesselata Group, we were unable to test the validity of these two groups. If the tesselata Group is valid, it
could take the generic name Sabrina Girard. However, considering the great genetic divergence between E.
albifrons and other members of Epictia sampled (Fig. 3), al from the former albifrons Group, we are doubtful
that additional sampling will support a simple dichotomy of clades corresponding to the two former species
groups. Nonetheless, representatives of Epictia not sampled here (including all of those in the former tesselata
Group) all have two supralabials combined with a large anterior supralabial, a condition nearly unigue in the
family and supporting their placement in this genus. We follow Kretzschmar (2006) in placing “L.”
melanotermus in the synonymy of Epictia albipunctata.

Because the sample of E. goudotii magnamaculata is closer to E. columbi than to other E. goudotii, we
elevate that subspecies to species status: Epictia magnamaculata. The remaining populations of E. goudotii
sampled are considerably divergent from one another suggesting that multiple species are represented.

Genus Siagonodon Peters, 1881

Typhlina Wagler, 1830: 196. Type species. Acontias lineatus Reinwardt [Nomen nudum] and Typhlops sentemstriatus
Schneider, 1801, by monotypy; suppressed by ICZN, 1982, Opinion 1207.

Catadon A.-M.-C. Dumeril and Bibron, 1844: 318. Type species. Anguis septem-striatus Schneider, 1801, by monotypy.
[Preoccupied by Catadon Linnaeus, 1761: Cetacea.]

Sagonodon Peters, 1881: 71. Type species. Anguis septem-striatus Schneider, 1801, by original description.

Diagnosis. Species of Sagonodon have 14 midbody scale rows, 10-14 midtail scale rows, 206—289 middorsal
scale rows, 8-20 subcaudals, two supralabials, small or moderate or large anterior supralabials, 202-300 mm
maximum adult total length, a body shape of 39-130 (total length/width), arelative tail length of 2.1-6.6%, a
tail shape of 1.3-2.6, striped pattern, multiple dorsal colors, and white venter (Table 2). They also lack a
supraocular scale. The absence of a supraocular scale distinguishes this genus from the other genus in the
subtribe, Epictia (except E. nasalis). Other traits distinguishing the two genera show overlap, but species of
Sagonodon tend to have fewer midtail scale rows and awhite venter (Table 2). Only one species of this genus
was sequenced.
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FIGURE 6. Representatives of the snake Family Leptotyphlopidae from the New World. (A) Epictia albifrons (Brazil,
Tocantins, Parque Estadual de Cantdo); photograph by Laurie J. Vitt. (B) Epictia alfredschmidti (Peru: Ancash; Malvas);
photograph by E. Lehr. (C) Epictia cf. diaplocia (Brazil: Amazonas; Reserva Adolfo Ducke, 30 km N Manaus);
photograph by Laurie J. Vitt. (D) Sagonodon brasiliensis (Brazil: Tocantins; Lalap&o); photograph by Laurie J. Vitt.
(E) Sagonodon septemstriatus (Brazil: Roraima; Fazenda Nova Esperanca); photograph by Laurie J. Vitt. (F) Epictia
columbi (Bahamas. San Salvador); photograph by S. Blair Hedges.

Content. Four species (Table 1; Fig. 6).

Distribution. Siagonodon is distributed east of the Andes in South America, from southeastern
Venezuela, Guyana, and French Guianain the north to Argentina (Fig. 8).

Etymology. The generic name is masculine and derived from the Greek nouns siagon (jaw) and odon
(tooth), probably in allusion to the presence of teeth only on the lower jaw.
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