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Boa is a Neotropical genus of snakes historically recognized as monotypic despite its expansive distri-
bution. The distinct morphological traits and color patterns exhibited by these snakes, together with
the wide diversity of ecosystems they inhabit, collectively suggest that the genus may represent mul-
tiple species. Morphological variation within Boa also includes instances of dwarfism observed in mul-
tiple offshore island populations. Despite this substantial diversity, the systematics of the genus Boa
has received little attention until very recently. In this study we examined the genetic structure and
phylogenetic relationships of Boa populations using mitochondrial sequences and genome-wide SNP
data obtained from RADseq. We analyzed these data at multiple geographic scales using a combination
of phylogenetic inference (including coalescent-based species delimitation) and population genetic
analyses. We identified extensive population structure across the range of the genus Boa and multiple
lines of evidence for three widely-distributed clades roughly corresponding with the three primary
land masses of the Western Hemisphere. We also find both mitochondrial and nuclear support for
independent origins and parallel evolution of dwarfism on offshore island clusters in Belize and
Cayos Cochinos Menor, Honduras.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Widespread, generalist species are powerful model systems for
understanding how diverse ecological factors may drive regional
patterns of species divergence and diversification (e.g., Brouat
et al., 2004; Fields et al., 2015; Hull et al., 2008). The snake family
Boidae includes several examples of such systems, with species
occupying wide distributions and encompassing a broad range of
latitudes, altitudes, and ecosystems (Henderson et al., 1995). Mod-
ern Boid snake distributions are the result of numerous vicariance
events associated with the fragmentation of Gondwana, and thus
these snakes have been cited as a classic example of the role that
plate tectonics plays in shaping species distributions (Bauer,
1993; Laurent, 1979; Noonan and Chippindale, 2006a,b; Rage,
1988, 2001). Recent studies have also examined the phylogenetic
relationships among certain Boid lineages, and collectively have
identified evidence for previously unrecognized diversity (Colston
et al., 2013; Hynková et al., 2009; Reynolds et al., 2014; Suárez-
Atilano et al., 2014).

Boa constrictor, the sole species historically comprising the
monotypic genus Boa, occurs almost continuously from southern
South America through northern Mexico. Multiple studies have
placed Boa constrictor as sister to the Neotropical clade containing
Corallus, Eunectes, and Epicrates (Burbrink, 2005; Noonan and
Chippindale, 2006a). Numerous subspecies have been described,
yet there have been substantial differences in taxonomic recogni-
tion among studies. Mainland subspecies include B. c. amarali
(Bolivia, Paraguay, and southern Brazil; Stull, 1932), B. c. constrictor
(South America; Linnaeus, 1758), B. c. eques (Piura, Peru; Eydoux
and Souleyet, 1842), B. c. imperator (Central and North America;
Daudin and Sonnini, 1803), B. c. longicauda (Tombes, Peru; Price
and Russo, 1991), B. c. melanogaster (Ecuador; Langhammer,
1985), B. c. occidentalis (Argentina and Bolivia; Philippi, 1873),
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and B. c. ortonii (northwest Peru; Cope, 1877). In addition to main-
land taxa, multiple island populations have been identified as dis-
tinct subspecies, including B. c. nebulosa (Lazell, 1964) from
Dominica, B. c. orophias (Linnaeus, 1758) from St. Lucia, B. c.
sabogae (Barbour, 1906) from the Pearl Islands of Panama, and
B. c. sigma (Smith, 1943) from the Tres Marías islands of Mexico.
These subspecies are mostly recognized based on approximate
geographic range and morphological traits (O’Shea, 2007). The
Argentine boa (B. c. occidentalis), for instance, tends to be dark-
colored or black, with white patterning; this color combination is
quite distinct from other subspecies. Striking color morphs are also
found among island subspecies (e.g., hypomelanism in B. c. sabo-
gae) and populations. Much of the diversity in B. constrictor color
and pattern morphs is known, mostly anecdotally, from the pet
trade, where these snakes are popular. Moreover, while mainland
B. c. imperator in Central and Northern America are long and
large-bodied, several Central American islands consist of popula-
tions composed entirely of dwarfed individuals (e.g., Cayos
Cochinos and Crawl Cay). Limited work with these populations
(i.e., common garden experiments) and knowledge from the pet
trade indicates that the dwarfed phenotype is heritable and appar-
ently coincides with a shift towards arboreality likely driven by
selection imposed by the availability of migratory birds, a primary
food source for the snakes on these small islands (Boback and
Carpenter, 2007; Boback, 2005, 2006).

Despite examples of morphologically and geographically dis-
tinct B. constrictor populations, population-level analyses of the
species have been entirely lacking until recently. Hynková et al.
(2009) used data from the mitochondrial cytochrome B locus
and found evidence of two major clades, one restricted to South
America and one comprising populations in Central and North
America. Reynolds et al. (2014) used multiple mitochondrial
and nuclear genes from two invasive Puerto Rican samples (also
examined in the context of mainland populations by Reynolds
et al. (2013)) to further examine the genus Boa. This resulted in
the splitting of B. constrictor (sensu lato) into two species: B. con-
strictor from South America and B. imperator from Central and
North America. Suárez-Atilano et al. (2014) identified two addi-
tional distinct clades in Northern-Central America using dense
sampling and data from two genes (mitochondrial cytochrome
b and nuclear ornithine decarboxylase) and 10 microsatellites.
Given these suggestions of unrecognized species within the
genus, and the recently variable taxonomy of the group, we refer
to all populations in the genus Boa (B. constrictor, sensu lato) as
the Boa complex hereafter. Despite this recent progress, major
gaps in our knowledge of the diversification of the Boa complex
remain, as previous studies have lacked robust population-level
sampling across the entire distribution, and from Central Ameri-
can island populations in particular. Furthermore, conclusions
from previous studies were also limited to relatively small sets
of molecular markers and were based largely on mitochondrial
gene sequences.

Here we explore population genetic boundaries, population
structure, and phylogenetic relationships across the Boa complex,
with a focus on Northern-Central American populations that
remain taxonomically unresolved, including expanded sampling
from multiple dwarfed island populations. We used both mito-
chondrial and nuclear SNP datasets to address four major aims:
(1) to characterize the degree of congruence between genetic
markers (mitochondrial versus nuclear) in defining lineages of
Boa; (2) to determine the number of species that should be recog-
nized within the genus Boa; (3) to understand the fine-scale popu-
lation structure and genetic diversity existing among Boa lineages
and quantify levels of gene flow that may exists between major Boa
clades; and (4) to investigate the potential for independent origins
of dwarfism in a number of Boa island lineages.
2. Materials and methods

2.1. Population sampling and DNA extraction

We extracted DNA from seventy-seven Boa samples that were
obtained from one of three sources: (1) preserved tissues from
vouchered specimens at the University of Texas at Arlington
Amphibian and Reptile Diversity Research Center; (2) blood or
scale samples obtained from wild-caught individuals (and pro-
geny) from Belize that are maintained in a colony at Dickinson Col-
lege; and (3) shed skin samples from commercial breeders with
confident provenance (see Supplementary Tables S1 and S2 for
details). DNA was extracted from blood or tissue using either a
Zymo Research Quick-gDNA Miniprep kit (Zymo Research, Irvine,
CA, USA) according to the manufacturer’s protocol or a standard
phenol-chloroform-isoamyl alcohol extraction.
2.2. Mitochondrial locus amplification and sequencing

Primers L14910 and H16064 (Burbrink et al., 2000) were used
to amplify the mitochondrial cytochrome b gene (cyt-b;
1112 bp). Cycling conditions included 40 cycles with a 45 �C
annealing temperature and standard Taq polymerase (New Eng-
land BioLabs Inc., Ipswitch, MA, USA). PCR products were visual-
ized using gel electrophoresis and purified using Agencourt
AMPure XP beads (Beckman Coulter, Inc., Irving, TX, USA) accord-
ing to manufacturer’s protocols. Sanger sequencing reactions were
conducted using ABI BigDye, and visualized on an ABI 3730 capil-
lary sequencer (Life Technologies, Grand Island, NY, USA) using the
amplification primers.

Forward and reverse sequence chromatographs for individual
samples were aligned and quality trimmed using Geneious 6.1.6
(Biomatters Ltd., Auckland, NZ). New sequences were combined
with previously published cyt-b sequences for Boa (Hynková
et al., 2009; Suárez-Atilano et al., 2014; see Supplementary
Table S2 for full details on sampling) and outgroup species
obtained from GenBank (see Supplementary Table S3). Mitochon-
drial nucleotide sequences for all samples were aligned using Mus-
cle v. 3.8.31 (Edgar, 2004), with manual adjustments and trimming
to exclude samples with sequence lengths shorter than 500 bp. We
also excluded samples with uncertain localities from GenBank
based upon descriptions in Hynková et al. (2009). The samples
included in individual analyses described below are indicated in
Supplementary Table S4.
2.3. RADseq library preparation and sequencing

Forty-nine samples from North and Central American and two
samples from South American populations were sequenced using
double digest Restriction-site Associated DNA sequencing (RADseq
hereafter), using the protocol of Peterson et al. (2012). SbfI and
Sau3AI restriction enzymes were used to digest genomic DNA,
and double-stranded adapters containing unique barcodes and
unique molecular identifiers (UMIs; eight consecutive random
nucleotides prior to the ligation site) were ligated to digested
DNA per sample. Following adapter ligation, samples were pooled
into groups of eight and were size selected for fragments ranging
from 590 to 640 bp using the Blue Pippin (Sage Science, Beverly,
MA, USA); this size range was chosen to target roughly 20,000 loci,
based on preliminary estimates from an in silico digestion of the
Boa constrictor reference genome (Bradnam et al., 2013). Sub-
pools were pooled again based on quantification of samples on a
Bioanalyzer (Agilent, Santa Clara, CA, USA) using a DNA 7500 chip.
Final pools were sequenced using 100 bp paired-end reads on an
Illumina HiSeq 2500 (Illumina Inc., San Diego, CA, USA).
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2.4. RADseq data analysis and variant calling

Raw Illumina reads from RADseq library sequencing were first
filtered using the clone_filter program from the Stacks pipeline
(Catchen et al., 2011, 2013), which excludes PCR replicates using
the UMIs, which were subsequently trimmed away using the
FASTX Toolkit trimmer v. 0.0.13 (Hannon, 2015). Trimmed reads
were processed using the process_radtags function with the ‘‘res-
cue” feature activated in Stacks, which parses reads by barcode,
confirms the presence of restriction digest cut sites, and discards
reads lacking these features. Parsed reads were quality trimmed
using Trimmomatic v. 0.32 (Bolger et al., 2014) and were aligned
to the reference B. constrictor genome (Assemblethon2 team SGA
assembly; Bradnam et al., 2013) using BWA v. 0.7.9 (Li and
Durbin, 2009) with default settings (see Supplementary Table S5
for information on the number of quality-filtered and mapped
reads). We identified single nucleotide polymorphisms (SNPs)
using SAMtools and BCFtools v. 1.2 (Li, 2011; Li et al., 2009). We
used default parameters for SNP calling (ignoring indels) and used
VCFtools v. 0.1.14 (Danecek et al., 2011) to construct a stringently
filtered dataset where sites were excluded that did not have a min-
imum Phred score of 20, that had >2 alleles per individual, that
possessed a minor allele frequency <5%, or that contained >25%
missing data across individuals after low confidence genotypes
(Phred score < 20) were coded as missing data. This dataset was
further filtered such that only the first SNP within a 50 kb window
was used, to adhere to model assumptions in downstream analyses
regarding independence of SNPs. This stringently filtered SNP data-
set contained 1686 SNPs and we used custom Python and R scripts
to format datasets for several downstream analyses.

2.5. Estimating phylogenetic relationships and divergence times across
Boa

We used the cyt-b alignment to estimate phylogenetic relation-
ships and infer divergence times among Boa lineages using a fos-
silized birth-death model. This model removes the need for a
priori node constraints and infers divergence times by integrating
fossil dates into the lineage diversification and extinction model
(Heath et al., 2014; Stadler, 2010). This model was implemented
in BEAST v. 2.2.1 (Bouckaert et al., 2014) using the Sampled Ances-
tors add-on package (Gavryushkina et al., 2014). Fossils and asso-
ciated dates (the average of the minimum and maximum dates
in the age range) were acquired from the Paleobiology Database
(http://paleobiodb.org), PaleoDB (http://paleodb.org), and from
previous estimates of Boid divergence dates (Colston et al., 2013;
Noonan and Chippindale, 2006a; Suárez-Atilano et al., 2014; see
Supplementary Table S6 for full details). We specified a strict
molecular clock and an HKY nucleotide substitution model with
no codon partitioning to ensure proper mixing and convergence
after experimenting with more complex models that showed signs
of poor mixing and convergence. We performed the analysis using
a total of 2.5 � 108 MCMC generations, sampling every 5000 gener-
ations, and discarded the first 20% as burn-in, based on likelihood
stationarity visualized using Tracer v. 1.6 (Drummond and
Rambaut, 2007). Phylogenetic trees were visualized and manipu-
lated in R v. 3.2.0 (R Development Core Team, 2015) using the
ape v. 3.3 (Paradis et al., 2004) and strap v. 1.4 (Bell and Lloyd,
2015) packages.

To further characterize the relationships among mitochondrial
haplotypes and their frequencies within our dataset, we con-
structed a median-joining haplotype network using Network v.
4.613 (Bandelt et al., 2015, 1999). For this analysis, the mitochon-
drial alignment was further trimmed to eliminate any missing data
located at the alignment ends (total alignment length was 878 bp).
We used a recommended weighted transition:transversion ratio of
2:1 (per the Network manual) and used the maximum parsimony
network method to minimize the number connections among
haplotypes.

2.6. Mitochondrial estimates of landscape diversity and inter-clade
gene flow among Boa populations

We assessed landscape-level patterns of genetic differentiation
across the collective geographic range covered by our sampling,
and individually on ranges occupied by the three major resolved
population clusters (see Section 3.1 for details). For this analysis
we used only mitochondrial samples associated with precisely
known collection localities (i.e., localities with geographic coordi-
nate data or reliable descriptions for which coordinates could be
well estimated; see Supplementary Table S4 for assignments)
and applied a previously described methodology (Jezkova et al.,
2015; Schield et al., 2015) that interpolates mitochondrial genetic
distances across a geographic landscape and colors geographic
regions based on the interpolated level of interpopulation genetic
distance.

We used IMa2 (Hey and Nielsen, 2007) to estimate parameters
of the isolation-migration model (Hey and Nielsen, 2004) between
multiple island and mainland population pairs, and between pop-
ulations east and west of the Isthmus of Tehuantepec (see Supple-
mentary Table S4 for population assignments). We estimated burn-
into occur prior to 3.75 � 106 generations based on trial runs, and
our full analyses included a total of 1.5 � 107 post burn-in MCMC
generations, with sampling every 100 generations, and four inde-
pendent runs per population comparison. We found these run
times to be sufficient based on chain mixing and convergence,
and parameter effective sample sizes >1000 for all parameters in
each run. We rescaled parameter estimates into demographic
units using generation time of three years (Lindemann, 2009)
and a mitochondrial mutation rate estimate from Castoe et al.
(2007).

2.7. Population genetic analyses of nuclear SNP data

We estimated the phylogenetic relationships among samples by
inferring a maximum likelihood (ML) phylogeny using RAxML v.
8.1.20 (Stamatakis, 2014) with a GTR + C nucleotide substitution
model with estimated base frequencies and 1000 bootstrap repli-
cates (sensu Cariou et al., 2013). We visualized the resulting phy-
logeny and assessed bootstrap support using FigTree v. 1.4.2
(Rambaut, 2015).

We used NGSadmix (Skotte et al., 2013) and Entropy (Gompert
et al., 2014), which are both similar to Structure (Pritchard et al.,
2000), but leverage genotype likelihoods to infer admixture pro-
portions across all samples and to investigate how ancestry may
be partitioned under different numbers of assumed source popula-
tions (i.e., values of K population clusters). We conducted 10 inde-
pendent runs for each value of K ranging from 1 to 11 and used the
DK method (Evanno et al., 2005) to estimate the highest supported
K value (i.e., the most likely number of source populations). Parallel
runs were summarized using CLUMPP v. 1.1.2 (Jakobsson and
Rosenberg, 2007) with the ‘greedy’ algorithm. Based on these
results, we ran Entropy on a more targeted range of K from 1 to
8. We ran two MCMC chains for each value of K with 15,000 itera-
tions per chain, with sampling every 5 iterations. We eliminated
the first 20% of samples as burn-in and confirmed proper mixing
and convergence before using Deviance Information Criteria (DIC)
to determine the best-supported K value.

Based on the inferred genetic clustering of populations provided
by NGSadmix and Entropy, we inferred population summary
statistics for Central and North America populations. We used
Stacks v. 1.34 (Catchen et al., 2011, 2013) to estimate nucleotide
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diversity (p), heterozygosity (H), and the inbreeding coefficient
(FIS) at each locus, and determined the total number of private alle-
les per population. We also compared pairwise allelic differentia-
tion (FST) between populations. This analysis was performed on a
single Stacks-derived dataset (distinct from above-described SNP
datasets) that we constructed from mapped RADseq data using
the ref_map.pl tool and a minimum stack depth of 3. This dataset
was filtered to allow for up to 50% missing data and retained loci
with a minimum per-individual stack (i.e., read) depth of 10,
resulting in 44,041 RAD loci.

We also tested for nuclear evidence of gene flow between major
Boa lineages using TreeMix v. 1.12 (Pickrell and Pritchard, 2012).
This analysis was conducted using population delineations
informed from the results of several inferences (see Section 3
and Supplementary Table S4). We allowed from zero to 12 migra-
tion events between lineages and calculated the fraction of the
variance in relatedness between populations that is explained by
each migration model.
2.8. Genome-wide Bayesian species delimitation of Boa

We used a subset of the total RADseq sampling to perform coa-
lescent Bayesian species delimitation analysis (n = 33 samples;
Supplementary Table S7). This subset was chosen to exclude indi-
viduals that contained higher levels of missing data (e.g., from low
numbers of mapped reads), that when excluded did not result in
major geographic/phylogenetic sampling gaps. We perform Bayes
factor species delimitation using the BFD⁄ method (Leaché et al.,
2014) implemented using the SNAPP (Bryant et al., 2012) plugin
for BEAST2. Overall, we tested three competing species models,
including two ‘‘two species” models that lump either Central and
North American populations (Model A) or Central and South Amer-
ican populations (Model B) into a single monophyletic species, and
a third three species model that designates North, Central, and
South American populations each as distinct species (Model C;
Fig. 6 and Supplementary Table S7). These three models were
informed by recent work (Hynková et al., 2009; Reynolds et al.,
2014; Suárez-Atilano et al., 2014), and by our mitochondrial and
nuclear analyses (see Sections 3.1 and 3.3). For all three species
models, we conducted path sampling for a total of 14 steps
(100,000 MCMC steps, 10,000 burn-in steps each) to estimate mar-
ginal likelihoods for each competing model. Bayes factor support
was compared between models to identify the best-supported spe-
cies model. We visualized the best-supported species tree poste-
rior from the final path sampling step (minus a 10% burn-in)
using DensiTree v. 2.2.1 (Bouckaert, 2010).
3. Results

3.1. Mitochondrial patterns of population structure, relationships, and
divergence timing

The mitochondrial cyt-b alignment contained 305 total in-
group samples and 1059 aligned bases. There were a total of 301
polymorphic sites and 250 total informative sites across the align-
ment. Phylogenetic inference in BEAST 2 resolved deeper relation-
ships among Boa samples with high support (defined as >95%
posterior support hereafter), but recent nodes received far less pos-
terior support (Fig. 1). There was high posterior support for a sister
relationship between a clade comprising Boa samples from Colom-
bia and the remaining populations of Boa. Following this basal
split, the core Boa radiation contains a highly supported split
between South and Northern-Middle America (Figs. 1 and 2).
Within the South American clade, there is also high support for
two Ecuadorian samples being sister to the rest of the clade. A
clade of Argentinian samples is resolved as the sister group to all
other remaining samples, which includes individuals from Peru,
Brazil, Guyana, and Surinam.

Among Northern-Central American sampling, we found strong sup-
port for two mitochondrial clades. One clade includes samples from
nuclear Central America, including localities that extend from northern
South America through the Isthmus of Panama to the Isthmus of
Tehuantepec, and along the Gulf coast of Mexico. The second clade
includes samples west of the Isthmus of Tehuantepec, along the Pacific
coast of Mexico (Figs. 1 and 2). Samples from Oaxaca, Mexico, located
at the boundary between these two clades, fall into both of these two
large clades, indicating a potential zone of introgression between these
lineages in this region. Among island populations sampled, individuals
from the Cay islands of Belize fall within one subclade of the Central
American clade, while samples from Cayos Cochinos Menor in
Honduras clustered with mainland samples from another subclade
within the Central American clade. The split between these two
Central American subclades is highly supported (see inset of Fig. 1).

We estimated the oldest split between the Boa clade containing
Colombian samples and the rest of the Boa complex to have
occurred almost 20 million years ago (Mya; 95% highest posterior
density [HPD] = ca. 16–22.4 Mya) with a subsequent split between
the North American and Northern-Central American clades occur-
ring approximately 16 Mya (95% HPD = ca. 13.0–17.8 Mya). Within
the well-resolved South American clade, we estimated the split
between the Argentinian clade and its sister lineage to have
occurred ca. 8 Mya (95% HPD = ca. 6.2–9.9 Mya). Other well-
resolved divergences (i.e., >95% posterior support) within the
South American clade ranged from ca. 6 to 2 Mya. The split
between the two Northern-Central American clades is estimated
to have occurred 14 Mya (95% HPD = ca. 11.6–15.9 Mya), with sub-
sequent splits in both lineages ranging from 5 to 10 Mya. The well-
supported divergence between the two clades containing dwarfed
island populations are estimated to have occurred 5 Mya (95%
HPD = ca. 3.6–6.1 Mya), and 95% HPD ranges indicate that individ-
ual island divergences occurred within the past 1 My (Fig. 1).

3.2. Landscape patterns of mitochondrial diversity and admixture
across populations

Pairwise mitochondrial genetic distance interpolations highlight
several regions across the distribution of the genus Boa that contain
particularly high genetic diversity. In South America, there is a region
of high genetic diversity in Colombia, which coincides with the distri-
bution of a deeply divergent lineage of Colombian Boa mitochondrial
haplotypes that are sister to all Boa lineages in our mitochondrial tree
(Fig. 3A). In Central America, regions of northern Honduras contain
high average pairwise genetic distances (>0.02). In North America,
areas along the Pacific coast of Mexico also show average pairwise
genetic distances higher than 0.02 (Fig. 3A). These results are corrob-
orated by our haplotype network analysis, which indicated high
levels of haplotype diversity in the North American and Central
American clades overall, including these populations specifically
(Fig. 3B). We also found high haplotype diversity within the South
American clade. North American populations along the Pacific coast
of Mexico show haplotype diversity patterns similar to South Amer-
ican populations, which coincide with the high levels of landscape
genetic distances observed in the region (Fig. 3B).

Estimates of gene flow inferred using mitochondrial data and
the Isolation-Migration model show evidence of gene flow from
mainland populations to islands (approximately 1–20 migrants
per generation; Supplementary Fig. S1A–C). In contrast, all three
mainland-island comparisons provided no evidence of migration
from any island to its respective mainland population. We also
found no evidence of migrants shared between populations east
and west of the Isthmus of Tehuantepec (Supplementary
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Fig. S1D), which contrasts with the phylogenetic findings that indi-
cate admixture across the isthmus.

3.3. Patterns of population structure and relationships from nuclear
SNP data

We recovered an average of 1.96 million quality-filtered (1.74
million mapped) Illumina reads per sample (Supplemental
Table S5). Overall, three separate analyses – phylogenetic recon-
struction using RAxML, admixture analyses from NGSadmix and
Entropy, and inferences of population splits and mixtures using
TreeMix – provide strong nuclear support for three distinct clades
of Boa. The maximum likelihood analysis of concatenated SNPs
inferred strong support for three major continental clades, mirror-
ing the results from mitochondrial analyses (Fig. 4A), but also
revealed considerable intra-clade lineage diversity, including two
well-supported clades in Central America that each include island
populations. In the Northern-Central American clade, analyses lar-
gely confirmed observations from the mitochondrial data. Popula-
tions along the Pacific coast of Mexico and Guatemala are distinct
from those in the rest of Central America based on phylogenetic
results (Fig. 4A). One major discordance between our mitochon-
drial and nuclear phylogenies, however, was that samples from
the Pacific coast of Guatemala phylogenetically clustered with
North American samples in Mexico (Fig. 4A), which conflicts with
the Central American assignment evident in the mitochondrial
phylogeny (Fig. 1).

The DK test of NGSadmix results supported an optimal model
with two source populations, which divides the two Northern-
Central American clades, with samples from South America clus-
tering more closely with North America samples (Supplementary
Fig. S2; Supplementary Table S8). Similar patterns of population
assignment and ancestry proportions were obtained from the
results of population clustering using the Bayesian framework
implemented in Entropy, though these analyses favor an optimal
model of K = 8 source populations based on comparisons of DIC
values (Fig. 4B; Supplementary Fig. S3; Supplementary Table S8).
Results from our population clustering analyses largely agree with
phylogenetic results, even as additional source populations are
allowed, and assignments to additional population clusters are
intuitive given sampling geography (Supplementary Figs. S2 and
S3).

Population allelic differentiation inferred from nuclear SNPs is
high between both the South America to Central America, and
North America to Central America pairwise population compar-
isons (mean FST = 0.179 ± 0.300 standard deviation [SD] and
FST = 0.133 ± 0.197 SD, respectively; Fig. 3C). We examined
broad intra-clade genetic diversity in Central America using



Fig. 2. Geographic delimitation of major clades within the genus Boa. The three major of Boa snakes are localized roughly to the three major New World landmasses: South
America, Central America (including parts of Colombia and the Gulf Coast of Mexico), and North America (the Pacific Coast of Mexico to the west of the Isthmus of
Tehuantepec). Geographic ranges are colored to correspond to major clades outlined in Figs. 1 and 3.

D.C. Card et al. /Molecular Phylogenetics and Evolution 102 (2016) 104–116 109
genome-wide SNP data and found modest levels of nucleotide
diversity (mean = 0.136 ± 0.155 SD) and heterozygosity (mean =
0.100 ± 0.143 SD; Fig. 3C). Similar measures were observed in the
North American Boa clade, as mean (±SD) nuclear nucleotide diver-
sity and heterozygosity were 0.131 (±0.174) and 0.104 (±0.173),
respectively (Fig. 3C). We found greater levels of nucleotide
diversity and heterozygosity in the South American clade
(mean = 0.316 ± 0.430 SD and 0.281 ± 0.428, respectively; Fig. 3C)
than in either of the northern clades. Inbreeding coefficients were
relatively high in Central America (mean = 0.163 ± 0.331 SD) com-
pared to both South America (mean = 0.053 ± 0.229 SD) and North
America (mean = 0.077 ± 0.228 SD). We observed 2059 private
alleles in the South American clade, 7210 private alleles in the Cen-
tral American clade, and 1683 private alleles in the North American
clade.

We found strong additional support for independent island
population establishment (from the mainland) beyond the evi-
dence already presented from phylogenetic and population clus-
tering analyses (see above and Figs. 1 and 3). Moderately high
population allelic differentiation (FST) is evident between pairwise
comparisons of island and mainland populations, and varied from
an average of 0.045 to 0.058 (Supplementary Fig. S4). FST estimates
are lower between islands in Belize than between any pairwise
comparison between islands in Belize and Cayos Cochinos Menor
in Honduras (Supplementary Fig. S4), which is consistent with
the large geographic distance between these two distinct island
systems (ca. 200 km straight-line distance across ocean).
Substantially different levels of heterozygosity, nucleotide diver-
sity, and inbreeding coefficients were observed between island
and mainland populations, but these intra-population statistics
are consistent across island populations (Supplementary Fig. S4).
We found that the mainland populations across Central America
collectively contained the highest number of private alleles
(6403), while Crawl Cay, Belize and Cayos Cochinos Menor, Hon-
duras contained modest numbers of private alleles (1847 and
1248, respectively), and Lagoon andWest Snake Cays in Belize con-
tained relatively few private alleles (489 and 270, respectively).

Overall, TreeMixproduced a phylogenywhichwas similar to that
based on nuclear phylogenetic analysis (Fig. 5). The amount of vari-
ance explained by the model plateaued at M = 2 migration events,
which explained about 99% of the variance in the dataset. The
analysis supported an admixture event from a Central American
population to the Guatemalan population of the North American
clade. The second supportedmigration eventwas from a population
ancestral to the Guatemalan population in North America to the
mainland population of the Belize clade in Central America
(Fig. 5C). These admixture events comprise a high (48%) and low
(6%) portion of the recipient population ancestry, respectively
(Fig. 5C).

3.4. Results of Bayesian species delimitation

Marginal likelihood estimation and Bayes factor comparison of
three competing species models found strong statistical support
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for a three species model that delineated Boa samples into a North
American, Central American, and South American species (Model C,
ln(Marginal Likelihood) = �34,278.01; Fig. 6). These three species
designations largely coincide with our phylogenetic and popula-
tion genetic analyses that show substantial lineage independence
and divergence of these clades.
4. Discussion

4.1. Evidence for extensive lineage diversity and three species of Boa

Our results provide evidence from both mitochondrial and
nuclear data that there are at least three well-differentiated species
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within the genus Boa. These three lineages correspond approxi-
mately to the three major landmasses of the Western Hemisphere
inhabited by boas: North America (the Pacific coast of Mexico),
Central America (including the Gulf coast of Mexico), and South
America (Figs. 1 and 2). Mitochondrial data indicate a sharp divi-
sion between individuals in the South American and Central Amer-
ican clades that appears to occur at the junction of lower Central
America and South America. The transition from the Central Amer-
ican to the North American clade appears to be more diffuse, as
mitochondrial haplotypes near the Isthmus of Tehuantepec in Oax-
aca, Mexico fall in both the Central American and North American
clades, suggesting potential gene flow between clades in this
region. These same general patterns have been observed by
Hynková et al. (2009) and, with much greater resolution, by
Suárez-Atilano et al. (2014), whose mitochondrial datasets have
been included in our own analyses. With our additional sampling
of this region, we observed similar patterns and find additional evi-
dence of mitochondrial admixture localized to areas surrounding
the Isthmus of Tehuantepec.

Our nuclear SNP sampling, although geographically focused on
Central America and Mexico, provides further support for three
distinct species-level lineages of Boa. Our maximum likelihood
analysis of the concatenated SNP alignment yielded a similar topol-
ogy to that obtained from the more geographically well-sampled
mitochondrial data (except for the deep divergence of some
Colombian lineages from the mitochondrial data, discussed below).
Multiple genetic clustering analyses indicate that at least
three major genetic clusters exist within Boa, including a strong
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distinction between central-northern Mexican and Central Ameri-
can populations consistent with our North American and Central
American mitochondrial clades. Based on our nuclear SNP data
and mitochondrial IMa2 results, we found minimal evidence of
admixture between lineages on either side of the Isthmus of
Tehuantepec, which was somewhat surprising given indications
of admixture from the mitochondrial data and previous results
from microsatellites presented by Suárez-Atilano et al. (2014).
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Landscape diversity estimates based on mitochondrial data also
indicate a pattern of high diversity in this region, highlighting
the confluence of two highly distinct lineages there. Additional
investigation with greater sampling from this region would help
to establish the extent to which these populations are introgress-
ing and the precise geographic boundaries of this apparent admix-
ture zone.

A recent formal taxonomic revision of Boa constrictor (sensu
lato) was conducted by Reynolds et al. (2014) in the context of a
broad scale analysis of all Boid and Pythonid snakes. In their study
they used two pet trade individuals from Puerto Rico, which had
previously been examined in a continental context (Reynolds
et al., 2013), to split the genus Boa into B. constrictor and B.
imperator. Our sampling encompassed these two samples, and inter-
estingly, we find that one individual clusters with the enigmatic Boa
mitochondrial lineage containing samples from Colombia, which is
sister to all other populations of Boa in our mitochondrial trees.
The second sample, however, clusters with samples from Mexico.
The fact that these samples, and many from Hynková et al. (2009),
were from the pet trade is problematic because true sample prove-
nance may be unclear or possibly erroneous. Nonetheless, the find-
ing some Colombian samples form a lineage sister to all other boa
in the mitochondrial phylogeny populations requires further investi-
gation to determine if these are indeed mitochondrial sequences
(versus nuclear inserts of mitochondrial genes; NUMTs; see
Hazkani-Covo et al. (2010) for a review), deep coalescence of ancient
mitochondrial haplotypes, or if these populations do indeed repre-
sent a fourth divergent lineage of Boa. These questions, however, fall
outside the scope of the present study due to a lack of high-quality
samples with known locality data from Colombia. Future studies
that incorporate nuclear SNP sampling for Colombian and other
South American samples would be valuable for further investigating
patterns of Boa diversity.

Given both our nuclear and mitochondrial results, as well as
previous work indicating the likelihood of multiple species-level
lineages of Boa (Hynková et al., 2009; Reynolds et al., 2014;
Suárez-Atilano et al., 2014), we were interested in explicitly testing
three alternative models of species recognition for Boa lineages.
Bayes Factor delimitation of the genome-wide SNP dataset rejected
both of the alternative two species hypotheses that lumped either
Central and North American clades (Model A) or Central and South
American clades (Model B) into single species. Instead, Bayes factor
comparisons overwhelmingly supported a three species model for
the genus Boa in which North, Central and South American clades
each represent distinct species (Model C). These results are highly
consistent with our analyses of mitochondrial and nuclear varia-
tion and provide yet another level of support for the recognition
of at least three species within the genus Boa.

Both our mitochondrial and nuclear analyses indicate that tax-
onomic revisions are necessary within the genus Boa. This genus
has previously been recognized as monotypic, Boa constrictor, with
7 recognized subspecies (Uetz and Etzold, 1996; Uetz and Hošek,
Fig. 5. Nuclear patterns of population divergence and gene flow from TreeMix. (A)
Map of Northern-Central American nuclear sampling with samples color coded by
population assignment (inferred from Fig. 4). (B) Fine-scale map of island and
adjacent mainland sampling. (C) TreeMix population tree for the more stringent
nuclear SNP dataset, which mirrors the topology observed in Fig. 3A. The
populations are color coded according to major population assignment in A and
B. The drift parameter is ten times the average standard error of the estimated
entries in the sample covariance matrix. Migration arrows are colored according to
a weight that represents the fraction alleles in the descendent population that
originated in the parental population. A model with two migration edges received
the highest support – one from the Pacific Coast of Mexico and Guatemala to the
Yucatan region and mainland Belize, and one from Central America to the Pacific
Coast of Guatemala.
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2015). Based on mitochondrial data, Reynolds et al. (2014) elevated
the subspecies B. c. imperator, comprising populations in Central
and North America, to B. imperator. This change was previously
suggested by Hynková et al. (2009). Suárez-Atilano et al. (2014)
described greater population diversity and divergence across North
and Central American populations, and concluded that the two
major lineages in this region comprise evolutionary significant
units, though did not make taxonomic recommendations. Our pop-
ulation clustering analyses, phylogenetic inference, and
coalescent-based species delimitation methods spanning both
mitochondrial and nuclear datasets provide multiple lines of evi-
dence for three major lineages within the genus Boa. We recognize
the South American lineage as B. constrictor and the Central Amer-
ican lineage (including South American populations in the Choco of
Colombia and Ecuador [and probably Peru], and North American
populations along the Gulf coast of Mexico [west of the Isthmus
of Tehuantepec]) as B. imperator, in line with previous taxonomic
discussions (Hynková et al., 2009; Reynolds et al., 2014; Suárez-
Atilano et al., 2014). We recognize the North American lineage,
comprising Mexican populations along the Pacific coast west of
the Isthmus of Tehuantepec, as B. sigma (Smith, 1943). The taxon
Constrictor c. sigma was described based on three specimens from
María Madre Island, Tres Marías Islands, Nayarit, Mexico by
Smith (1943); types: CAS 58681, USNM 24672 46484 [holotype].
The description notes that this population has the highest ventral
counts of any other Boa population in Mexico, this character differ-
ence serving as diagnostic for the new taxon. Smith apparently was
unaware that Slevin (1926) had mentioned the presence of the
same taxon for María Magdalena Island. Zweifel (1960) reported
on an American Museum expedition to the Tres Marías Islands
and found seven more individuals, including specimens fromMaría
Madre, María Magdalena, and María Cleofas. In this publication
Zweifel argues for the recognition of B. c. sigma as a junior synonym
of Boa c. imperator based on expanded variation of ventral scale
counts in the Tres Marías populations, which overlaps that found
on the mainland (253–260 vs. 225–253 in the mainland of Mexico
[including Pacific and Atlantic populations]). The Tres Marías pop-
ulation barely overlaps with the mainland in ventral counts, by one
in nine specimens versus 41 from the mainland (given by Smith
(1943)). Although, we lack genetic sampling from the Tres Marías
Islands, given our finding of a distinct species found in Western
Mexico, B. sigma is the only available name we can unambiguously
apply to a population within this North American lineage. Our tax-
onomic recommendation is to recognize B. sigma (Smith, 1943) as
full species, encompassing the Western Mexico lineage. Finally, we
acknowledge that further population-level investigations and anal-
yses of morphology should be conducted to reinforce this
recommendation.



114 D.C. Card et al. /Molecular Phylogenetics and Evolution 102 (2016) 104–116
4.2. Divergence time estimates and historical biogeography

Boid snakes in general, and the genus Boa in particular, are con-
sidered to be South American in origin, based on Gondwanan
vicariance models of boine biogeography (e.g., (Noonan and
Chippindale, 2006a,b), which are also consistent with early boid
fossils from Colombia (Head et al., 2009) and a highly diverse boid
radiation in South America (Burbrink, 2005; Noonan and
Chippindale, 2006a). Using the newly-developed FBD model of
divergence time estimation, we estimated the divergence between
South American and Northern-Central American lineages at
approximately 16 Mya (95% HPD = ca. 13.0–17.8 Mya), well earlier
than findings from Suárez-Atilano et al. (2014), which place the
split at 7.4 Mya (95% HPD = ca. 6.2–9.9 Mya). This divergence time
substantially predates the historically recognized date of the clo-
sure of the Isthmus of Panama (estimated to occur ca. 5 Mya;
Haug and Tiedemann, 1998; Haug et al., 2001; Keigwin, 1982;
Ravelo et al., 2004), but also falls prior to a newly articulated date
for the closure of the Isthmus of Panama (13–15 Mya; Montes
et al., 2015). This suggests that boas may have successfully colo-
nized Central America before the Panamanian land bridge was
formed, an inference that is consistent with a Miocene Boa fossil
known from Panama that was dated at 19.3 Mya (Head et al.,
2012). Similarly, divergence times between other major Boa clades
are also older than in previous estimates, as the split between the
two major Northern-Central American clades is estimated to have
occurred shortly after boas presumably colonized this landmass, at
approximately 14 Mya (95% HPD = ca. 11.6–15.9 Mya). It is notable
that this split may represent two coastal expansion fronts that
moved northward through Central America, which were isolated
by transcontinental mountain ranges. Even within the Central
American clade, we find relatively deep divergences (ca. 5–
10 Mya) among subclades, and thus significant population diver-
sity that may warrant further investigation and taxonomic recogni-
tion, that indicates a long history of in situ Boa evolution in Central
America. Lastly, mito-nuclear discordances in phylogenetic
(including divergence timing) estimates have been recognized
(see Toews and Brelsford (2012) for a review) and divergence esti-
mates from a single gene is known to be difficult (Arbogast et al.,
2002; Graur and Martin, 2004), facts that we acknowledge. How-
ever, given the concordance between our divergence estimates
and limited fossil evidence, we believe our estimates are reason-
able and may be even more realistic than the much younger diver-
gence estimates from previous studies of Boid snakes (Noonan and
Chippindale, 2006a,b; Suárez-Atilano et al., 2014).

4.3. Support for independent insular dwarfism in Central American
Boa

Our results provide evidence that dwarf forms of boas that
occur on multiple islands off the coast of Central America – from
coastal islands in Belize and on Cayos Cochinos Menor in Honduras
– have independent evolutionary origins. With regard to commu-
nity assembly, this is not surprising, as it has been established that
offshore islands are usually populated by the most common main-
land species (Burbrink et al., 2015). However, it is particularly
exciting that the dwarfed phenotype appears to be a product of
convergent evolution, whereby similar insular ecosystems have
independently selected for similar dwarf phenotypes. Mitochon-
drial haplotypes of individuals from these two separate island
groups cluster within distinct highly-supported clades that are
estimated to have diverged from one another approximately
5 Mya. A similar pattern is observed in our nuclear SNP-based phy-
logeny, where we find strong nodal support for the split between
these two larger Central American clades, each of which includes
one of the two groups of islands. Patterns observed from our
SNP-based population cluster analyses also resolve these two pop-
ulation groups into separate distinct clusters, though there is some
evidence of admixture across islands and Central American main-
land source populations under various population models that
we speculate represents standing genetic variation from the adja-
cent mainland populations more than recent gene flow (especially
between islands).

Isolation-Migration analyses indicate that gene flow between
the island and adjacent mainland populations is essentially
unidirectional, frommainland to island in each of the two island sys-
tems. The broad posterior estimate on gene flow indicates a great
deal of uncertainty in the degree of gene flow between island and
mainland populations and is likely a product of small sample sizes,
data from a single mitochondrial gene, and the confounding effects
of multiple historical periods of gene flow and isolated with sea level
change. Patterns of diversity in nuclear SNPs also indicate small effec-
tive population sizes on these islands that have likely allowed drift to
substantially alter allele frequencies to the extent that pairwise allelic
divergence (FST) is quite high between each island andmainland pair.
This pattern is consistent with small empirical estimates of popula-
tion sizes on the Belize islands (Boback, 2005) and on Cayos Cochinos
Menor (Reed et al., 2007). Collectively our results support the
hypothesis that evolutionary processes, including the evolution of
dwarf phenotypes, have occurred in parallel between the two inde-
pendent island population groups.

While drift is likely driving the majority of genetic differentia-
tion in these island populations, it is likely that a subset of genetic
differentiation observed between island and mainland populations
may also be due to selection associated with these unique island
ecosystems, which includes selection driving the evolution of
dwarfism and other specialized phenotypes on these islands
(Boback, 2003; Boback, 2005, 2006). Indeed, common garden
experiments using dwarfed snakes from several Belize islands indi-
cates that selection has favored genetic changes that are appar-
ently causing dwarfism (Boback and Carpenter, 2007), a scenario
also supported by the maintenance and breeding of dwarfed Boa
from Cayos Cochinos and elsewhere in the pet trade. Beyond these
two island systems, Boa populations exist on at least 50 near off-
shore islands (Henderson et al., 1995), and other known (but
unsampled) populations of island dwarf populations exist from
islands that are more widely geographically separated from those
in our study. Collectively, this suggests that there is very likely to
be more than two independent instances where island dwarfism
evolved, though the proportion explained by genetic underpin-
nings versus phenotypic plasticity remains to be explored.
5. Conclusion

Our genome-wide nuclear and single-locus mitochondrial data-
sets both identified extensive population structure across the
range of the genus Boa. Multiple lines of evidence indicate that
there are (at least) three widely distributed clades, and each clade
roughly corresponds to three major landmasses of the Western
Hemisphere – North, Central, and South America. Our data also
confirm results and taxonomic suggestions from previous studies,
and further warranted the recognition of a third species in the
genus Boa, B. sigma, corresponding to the North American clade.
Additional studies using molecular data would be desirable to fur-
ther test the hypothesis that the Mexican island populations from
which the type specimens of B. sigma originate (Tres Marías) repre-
sent the same taxon as adjacent mainland Boa populations.
Expanded sampling for South American Boa populations, especially
those in Colombia where mitochondrial lineage diversity is high,
would also be important for addressing outstanding questions
about lineage diversity in Boa. Lastly, our data suggest two
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apparently independent instances of the evolution of dwarfism in
Boa populations inhabiting offshore islands (in Belize and Cayos
Cochinos Menor, Honduras) implicating substantial morphological
convergence among these populations.
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