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Abstract

The green anole lizard (Anolis carolinensis) is a model organism for behavior and genomics that is
native to the southeastern United States. It is currently thought that the ancestors of modern green
anoles dispersed to peninsular Florida from Cuba. However, the climatic changes and geological
features responsible for the early diversification of A. carolinensis in North America have
remained largely unexplored. This is because previous studies (1) differ in their estimates of the
divergence times of populations, (2) are based on a single genetic locus and (3) did not test
specific hypotheses regarding the geologic and topographic history of Florida. Here we provide a
multi-locus study of green anole genetic diversity and find that the Florida peninsula contains a
larger number of genetically distinct populations that are more diverse than those on the
continental mainland. As a test of the island refugia hypothesis in Pleistocene Florida, we use a
coalescent approach to estimate the divergence times of modern green anole lineages. We find that
all demographic events occurred during or after the Upper Pliocene and suggest that green anole
diversification was driven by population divergence on interglacial island refugia in Florida during
the Lower Pleistocene, while the region was often separated from continental North America.
When Florida reconnected to the mainland, two separate dispersal events led to the expansion of
green anole populations across the Atlantic Seaboard and Gulf Coastal Plain.
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INTRODUCTION

Geographic variation and the historical processes that underlie it are important factors in the
study of any model organism. For example, recent adaptations (Williamson et al. 2007; Peng
et al. 2011; Tishkoff et al. 2007) and certain disease susceptibilities (Tishkoff and Williams
2002) in humans only make sense in light of the geographic distribution and dispersal
abilities of ancient populations. The first reptilian genomic model is the green anole lizard
(Anolis carolinensis) (Squamata; Iguania, Polychrotidae) (Alfoldi et al. 2011), which has
been studied for decades in neuroscience, reproductive biology and behavior (Wade 2012;
Lovern et al. 2004) and more recently for developmental biology (Eckalbar et al. 2012). A.
carolinensis occurs in the southeastern United States and ranges from Florida to Texas and
northwards to North Carolina and Tennessee. Regional differences in life history traits
within this species have been described (Michaud and Echternacht 1995; Bishop and
Echternacht 2004; Goodman et al. 2013), yet it is not fully known to what degree any of
these differences have been constrained by evolutionary history. Although they would
inform any subsequent genetic studies of a genomic model, biogeographic hypotheses
explaining the distribution patterns of green anoles have gone relatively untested.

The evolutionary history of green anoles in North America has recently undergone scrutiny
(Tollis et al. 2012; Campbell-Staton et al. 2012). Analyzing patterns of intraspecific
mitochondrial and nuclear DNA sequence variation, Tollis et al. (2012) described four
populations: (1) one endemic to the northern Gulf coast of Florida (the Suwannee population
hereafter), (2) an Everglades population, (3) a North Carolina population, and (4) a
population ranging from the Atlantic Coast of South Carolina and Georgia and across the
Gulf Coastal Plain to Texas (the Gulf-Atlantic population hereafter). Campbell-Staton et al.
(2012) described a fifth population sampled along the Atlantic coast of central Florida (the
Central Florida population hereafter). Florida harbors four out of these five major green
anole populations while comprising a relatively small proportion of the species’ range. This
complex genetic structure in Florida is in stark contrast to wider-ranging populations such as
the Gulf-Atlantic which, despite ranging from South Carolina to Texas, shows a lack of
isolation-by-distance and is depauperate in terms of genetic diversity (Tollis et al. 2012).

A. carolinensis is phylogenetically nested within a group of Cuban anoles known as A.
porcatus, which suggests an ancient overwater dispersal to Florida from Cuba (Glor et al.
2005). It is established that A. carolinensis existed in Florida at least as long ago as the
Pleistocene Era (Buth et al. 1980, Campbell-Staton et al. 2012 and Tollis et al. 2012), which
began ~2.6 — 0.1 million years ago (Mya). Pleistocene glacial cycles began ~2 Mya, and the
resultant climatic oscillations undoubtedly exposed green anole populations to significant
landscape changes — including the repeated inundation of Florida and the emergence of a
series of archipelagoes (Lane 1994; Petuch 2004). Patterns of genetic discontinuity in
Florida observed in other taxa (Soltis et al. 2006) suggest that these vicariant events had
profound effects on biodiversity, including increased endemism. It is possible that similar
fragmentation occurred between A. carolinensis populations living on the Florida peninsula
during the Pleistocene, and that island refugia drove the early diversification of the species.
However, estimates of the time to most recent common ancestor (Tyrca) fOr modern green
anole populations have ranged greatly, from as long ago as the Miocene between ~13 and 7
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Mya (Campbell-Staton et al. 2012) to as recent as the Upper Pliocene or Lower Pleistocene
between ~3 and 1.5 Mya (Tollis et al. 2012). In addition, the westward expansion of the
Gulf-Atlantic population was estimated to have begun during the Pleistocene ~0.30 Mya
(Tollis et al. 2012), but in another study its divergence from other populations was estimated
to have begun during the Miocene or Pliocene ~6.1 — 2.5 Mya (Campbell-Staton et al.
2012). The older divergence times would suggest that A. carolinensis had already dispersed
to mainland North America by the time of the first Pleistocene glaciation, while the younger
estimates would suggest that most of the species demographic history occurred during or
after it. It is therefore not yet established whether green anole intraspecific diversity was
driven by Pleistocene climate change in Florida or by some more ancient phenomenon.

To date, estimates of the Tp,rc for A. carolinensis have relied on clock-like phylogenetic
methods using a single locus (Tollis et al. 2012; Campbell-Staton et al. 2012). While relaxed
clock phylogenetics use fossil calibrations or informative substitution rate priors and have
made the estimation of divergence times more accurate (Yang and Rannala 2006; Weir and
Schluter 2008), the use of a single gene or the concatenation of multiple genes for
divergence time estimation can lead to error because gene-tree heterogeneity is the rule
rather than the exception (Knowles and Carstens 2007; Brito and Edwards 2009). In this
study, we use a multi-locus coalescent approach that incorporates topological discord
between sampled gene genealogies and provides a more accurate estimation of divergence
histories in order to date important events in the history of green anoles. By cataloguing the
genomic diversity of green anoles on the Florida peninsula, and incorporating what is known
about the geologic record in Florida, we aim to elucidate key aspects of the early
biogeographic history of a model organism.

MATERIALS AND METHODS

Sampling localities, genetic markers and sequence acquisition

This study used green anole samples that were collected at 49 localities across nine U.S.
states of Florida, Georgia, South Carolina, North Carolina, Tennessee, Alabama, Louisiana,
Arkansas and Texas, reported previously in Tollis et al. (2012) (see Tollis et a. 2012, Figure
1 and Table S1 for locality information). In addition, we collected 35 additional anoles from
six new localities along the Atlantic coast of Florida in September 2012. We were also given
tail tissues of 15 anoles from 11 localities in Florida that were obtained from T. Hsieh of
Temple University. A map of all Florida collecting localities used in this study is given in
Figure 1, and the GPS coordinates of the samples new to this study are available in
Supplementary Material Table 1. Genomic DNA was extracted from tissues using the
Promega Genomic Wizard DNA Extraction kit. We amplified by PCR an 1172bp mtDNA
fragment that includes the NADH-2 gene and two adjacent tRNAs with primers used in
Tollis et al. (2012). We also amplified three nDNA loci using primers that were reported in
Tollis et al. (2012): HMGCS (1288bp), RALGAPA (970bp), and TERT (1087bp). PCR
protocols were repeated as in Tollis et al. (2012), and all products were sequenced in both
forward and reverse directions at the High-Throughput Genomics Unit at the University of
Washington in Seattle, WA. Chromatograms were imported into Geneious v5.5 (Drummond
et al. 2010), where poor-quality regions were trimmed and heterozygous sites were called
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using the Find Heterozygotes plugin. Forward and reverse reads were assembled into contigs
and consensus sequences were extracted and aligned using ClustalW (Larkin et al. 2007) in
BioEdit (Hall 1999), where alignments were further edited by eye. Gametic phases of each
nDNA haplotype were resolved computationally using PHASE 2.1 (Stephens et al. 2001)
with a 90% probability cutoff.

Phylogeographic Inference

Phylogenetics—Using MrBayes3.2 (Ronquist et al. 2012), we reconstructed a phylogeny
of green anoles based on an mtDNA dataset comprised of the following: the NADH-2
sequences from Tollis et al. (2012), 25 additional sequences available from GenBank, (see
Supplementary Material Table 2) and 45 sequences new to this study. The outgroups used
were the same as in Tollis et al. (2012), including A. isoleps, A. altitudinalis, and three A.
porcatus, plus an additional A. porcatus collected in Florida by T. Hsieh. The total sample
size for the mtDNA phylogenetic analysis was n=299. Nucleotide substitution models were
tested using Bayes Factors in MEGA 5.0 (Tamura et al. 2011) and most likely model was
HKY + Gamma + Invariant sites. The phylogenetic analysis was run for 20,000,000
generations, and we sampled 10,000 trees, discarding 10% as burn-in. We also reconstructed
phylogenies for the HMGCS (n=109), RALGAPA (n=104) and TERT (n=100) genes using
Maximum Likelihood (ML) estimation as implemented with PhyML (Guindon et al. 2009).
We used the TN93 model of sequence evolution, which was also determined in MEGA, and
completed 500 bootstrap replicates to assess node support. For the nDNA trees, we used A.
porcatus as an outgroup.

Clustering of nDNA haplotypes—In order to assess the number of populations in our
sample without using a priori information about population structure (i.e. from the gene tree
phylogenies), the entire NDNA dataset for 158 anoles was loaded into the Bayesian
clustering program Structure 2.3.3 (Pritchard et al. 2000), which can estimate the likelihood
of a user-set number of K clusters as well as assign individuals to each cluster. We ran the
admixture model for 60,000 generations, with 10,000 discarded as burn-in. Analyses for a
range of K values from 1 to 10 were repeated three times each, and the results files were
submitted to Structure Harvester (Earl and Vonholdt 2011), which chooses the most likely
number of clusters using the AK method (Evanno et al. 2005). Individual cluster assignments
were then compared to their placement on the mtDNA phylogeny in order to delimit
populations.

Genetic Variation and Historical Demography

As a comparison of genetic variation between Florida and the mainland, we computed the
average pair wise Kimura 2-Parameter genetic distance both within Florida and within the
continental mainland in MEGA 5.0. Taking into account where there was agreement
between the phylogenetic and cluster assignments, we computed standard measurements of
sequence diversity within all populations for each gene using DnaSP version 5 (Librado and
Rozas 2009) including the number of haplotypes, hapoltype diversity (Hd), nucleotide
diversity (77), Theta per site (©= 4 Ngu), Tajima’s D (Tajima 1989) and Fu’s Fs (Fu 1997).
We also calculated Fst and Nm (Hudson et al. 1992) for each gene to estimate the extent of
population subdivision and the extent of migration, respectively. We also calculated pair
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wise Fgt between all populations for each gene in DnaSP and for the entire nDNA dataset in
Arlequin v3.5 (Excoffier and Lischer 2010). To examine evidence of past demographic
expansions in a population, we examined the mismatch distribution of nDNA
polymorphisms with a concatenated data set in Arlequin, comparing the observed data to
what is expected under a model of population size expansion (Harpending 1994). We also
constructed an Extended Bayesian Skyline plot (Heled and Drummond 2008), which uses
the coalescent histories of multiple genomic loci to estimate the number and extent of
population size changes in the past. As mismatch distribution analyses and skyline plots
were reported for four populations in Tollis et al. (2012), we did not repeat these analyses
here and only extended them to any newly described populations.

Species Tree Estimation

To account for mito-nuclear discordance as well as stochastic differences in the coalescent
histories of the sampled gene genealogies while making inferences about the evolutionary
history of A. carolinensis, we used *BEAST (Heled and Drummond 2010). *BEAST
implements a probabilistic framework that uses sequence information from different loci and
multiple individuals per taxon (or population). By incorporating prior probabilities on
substitution rates, *BEAST will jointly estimate the species tree as well as the individual
gene trees, taking deeper gene tree coalescence into account and providing better estimates
of divergence times (McCormack et al. 2011). The goals of this analysis were twofold: (1) to
obtain a population phylogeny representing the intraspecific evolutionary history, and (2) to
estimate the divergence times of green anole populations. Partitions included the NADH-2,
HMGCS, RALGAPA and TERT alignments. DNA substitution models used were HKY +
Gamma + Invariant Sites for NADH-2, and TN93 for the nDNA partitions, as determined
previously in MEGA. We used A. porcatus as an outgroup to root the species tree. We
assigned each A. carolinensis individual a discrete trait representing one of the green anole
populations as determined by two criteria: (1) its mtDNA clade and (2) >95% of its genome
belonging to a specific nDNA cluster. Each partition contained eight individuals per
population. For divergence time estimation, we used the NADH-2 mutation rate of 1.3% per
million years (My) for lizards (Macey et al. 1999) and placed normally distributed prior
probabilities around the mutation rate parameters for each nuclear gene with a starting mean
of 1. This analysis used a Yule prior, which assumes an unknown yet constant birth rate of
lineages.

The *BEAST results were obtained by combining the parameter files from two independent
MCMC chains of length 500,000,000 each. To assess convergence between these runs we
monitored the effective sample size (ESS) values and consistency of parameter estimates
using Tracer v1.5, and once confirmed, the separate runs were combined using
LogCombiner. The initial 10% of each run was ignored as burn-in. From the combined
results, we sampled parameters and trees every 100,000 for a total of 10,000. Out of the
10,000 sampled genealogies, we obtained the maximum-clade credibility tree with
divergence time estimates for the species tree using TreeAnnotator, discarding 10% as burn-
in.
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Coalescent-Based Demographic Parameter Estimation

Using a different coalescent framework, we estimated key population genetic parameters
including population sizes (©), population divergence times (t), and migration rates (m)
with G-PHoCS (Gronau et al. 2011). G-PHoCS accepts multiple sequences from
independently evolving neutral loci across the genome and uses a MCMC sampling
algorithm for Bayesian parameter estimation. A particularly useful feature of this package is
its ability to integrate over all possible phases of diploid genotype data, thus removing the
need for a priori computational haplotype inference, which can be a potential source of error
in phylogeographic analyses (Garrick et al. 2010). We used six to ten randomly sampled
individuals from each population and the three nuclear loci. Total sample sizes per gene
were n=37 for HMGCS, n=32 for RALGAPA and n=30 for TERT. The assumed population
history was the species tree from the *BEAST analysis, and we estimated the two-way
migration rates of geographically adjacent populations. We evaluated the effect of different
priors of the gamma distribution G(a,) for the © and < parameters, which were ~G(2,10),
~G(2,1000) and ~G(2,2000). For each set of priors, we ran five replicate analyses with
different seeds for 500,000 generations with a sampling interval of 50 generations, and we
assessed the convergence of separate runs using Tracer v1.5. Demographic parameter
estimates in G-PHoOCS are given as relative values as they are scaled by the mutation rate.
Therefore, the absolute values for population sizes and divergence times were obtained
through a calibration as outlined by Gronau et al. (2011) which relies on an external estimate
of ancestral divergence time, tgj,. For this purpose, we evaluated calibrations using
divergence time estimates for A. porcatus and A. carolinensis from the *BEAST analysis in
the present study as well as from the literature (Buth et al. 1980; Campbell-Staton et al.
2012). We assumed a one-year generation time based on knowledge of the species natural
history, which is well conserved across the Anolis genus (Losos 2009).

RESULTS

Phylogeographic analysis
Phylogenetics—All new sequence data has been deposited in GenBank (accession
numbers KF872494-KF872618). The mtDNA phylogeny recovered four major clades, and
the topology and geographic distribution was highly congruent with the results published in
Tollis et al. (2012) and Campbell-Staton et al. (2012) (Figure 2). The four clades include: (1)
the Suwannee clade endemic to the central and northern Gulf Coast of Florida up to the
eastern side of the Apalachicola River, (2) the Everglades clade centered around the Gulf
and Atlantic coasts at the southern tip of the Florida peninsula and northwards up to Lake
Okeechobee, (3) a clade featuring a paraphyletic Central Florida lineage from the central
Atlantic Florida coast, with a North Carolina lineage nested within it, and (4) the Gulf-
Atlantic clade which includes individuals from localities along the Atlantic coasts of South
Carolina and Georgia, across the Gulf Coastal Plain and the Mississippi River into Texas.
This wide-ranging clade includes some populations from northern Florida (see below). All
of these nodes featured >95% posterior probability support.

Florida contains (1) the highest number of mitochondrial clades and (2) a considerable
amount of within-clade diversity. For instance, the Suwannee clade consists of two well-
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supported minor clades (both with 100% posterior probability), the first of which ranges
primarily along the Gulf of Mexico coastline from Tampa Bay to just east of the
Apalachicola River, while the second one is centered along the Central Highlands that run
inland down the northwestern part of the peninsula. There is also considerable structure
within the Everglades clade: a clade from the Gulf Coast of very southern Florida, near
Everglades City (96% posterior support), and a more geographically widespread clade (98%
posterior support) that consists of individuals from the Atlantic Coast in and around Miami
as well as a nested clade from South Bay just south of Lake Okeechobee (100% posterior
support). The third major Floridian clade, Central Florida, was described in Campbell-Staton
et al. (2012), and our phylogenetic results here are very similar. The Central Florida clade is
perhaps the most complex because it consists of two deep mitochondrial lineages (both with
100% posterior support) across its relatively limited geographic range in Florida; one of
which contains a nested clade (100% posterior support) that is endemic to North Carolina.
Interestingly, anoles sampled near Jacksonville, Florida in Nassau County, fall within the
Gulf-Atlantic clade. These anoles are more closely related to conspecifics greater than
1000km away in Texas than they are to conspecifics less than 50km to the south in
neighboring Florida counties. There are also individual mtDNA haplotypes sampled from
near Panama City, west of the Apalachicola River, which were assigned to the Gulf-Atlantic
clade. Figure 3a shows the distribution of mtDNA clades on the Florida peninsula.

Due to random effects of coalescence and the slower mutation rates of nuclear genes, we did
not expect a high degree of congruence between the nDNA phylogenies. There was
significant discordance across the nDNA gene tree topologies and lower statistical support
when compared to the mtDNA phylogeny (see Supplementary Material Figures 1 — 3).
Nonetheless, all of the groups that were recovered by the mitochondrial analysis appeared
on at least one of the NDNA gene trees, and there were several statistically supported clades
that were dominated by individuals from a single geographic region. Across nDNA gene
trees, reciprocally monophyletic groups included individuals from North Carolina, the
Everglades, Central Florida, Suwannee, and the Gulf-Atlantic mitochondrial clades. Samples
from the Gulf-Atlantic mitochondrial clade formed distinct polytomies in each nDNA tree,
similar to the mtDNA phylogeny. Much of the gene tree discordance was due to differential
placement of sequences from individuals across Florida, most notably from South Bay,
which phylogenetically groups with the Everglades mtDNA clade but shows very little
evidence of affinity to the Everglades based on the nDNA.

Statistical Clustering of the nDNA—The AK method from our Structure analysis
indicated that the most likely number of clusters in our nDNA dataset was five (Figure 4).
Although there is more variability in the nDNA, the distribution of genetic clusters in
Florida closely mirrored that of the lineages recovered from the mtDNA phylogenetic
analysis, and different clusters dominate different geographic regions (Figure 3b). This is
especially the case for the Everglades, where only one haplotype cluster is found. Unique
haplotype clusters are found in the regions of the Florida Gulf Coast and Central Florida,
respectively, although both of these regions contain haplotypes from every cluster, adding to
the evidence that Florida has a high degree of genetic variation for this species. Individuals
collected in South Bay were assigned to both the Central Florida and Suwannee nDNA
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clusters, with little evidence of persistent Everglades haplotypes in this area. This differs
from the mtDNA phylogeny, in which all South Bay mtDNA haplotypes group with the
Everglades, but is similar to the nDNA phylogenies. Another point of mito-nuclear
discordance was the detection of significant admixture between the Gulf-Atlantic and North
Carolina nDNA clusters that extends into southeastern Georgia, which is notably absent in
the mtDNA phylogeny. Individuals sampled near Nassau, Florida cluster with individuals
across the Gulf Coastal Plain, rather than with other Florida clusters, as in the mtDNA
phylogeny. The slight differences in geographic pattern between the mtDNA phylogeny and
the nDNA Structure analysis do not discount the fact that mtDNA phylogenetic placement,
patterns in the NDNA gene trees, and nDNA cluster assignment can be used in concert to
assign individuals to five populations: Everglades, Suwannee, Central Florida, North
Carolina, and Gulf-Atlantic.

Genetic Differentiation and Historical Demography in Florida

The average genetic distances between individuals within Florida are much greater than
those of the continental mainland (0.0538 versus 0.0113 mitochondrial and 0.0029 versus
0.0014 nuclear). Table 1 shows the genetic diversity overview for each gene. In general,
genetic diversity (measured by Hd, 7or ©) is greatest in the Central Florida population, with
some exceptions where diversity estimates in the Everglades and Suwannee are greater.
Non-significant negative values of Tajima’s D and high negative values of Fu’s Fs across all
genes suggest a lack of departures from neutrality due to population bottlenecks or
expansions in Florida. The fact that Central Florida harbors a relatively large amount of
genetic diversity is consistent with the mismatch distributions (not shown), which reject a
model of expansion, and the EBSP (see Supplementary Material Figure 4), which places
most of posterior probability under a model of zero past population size changes. Across all
five green anole populations, Fst calculations are significant and Nm is consistently small
(k1) (Table 2), suggesting strong population subdivisions with relatively low amounts of
gene flow and few migrants. The pair wise calculations Fst for each gene show highly
significant values for every population comparison (Table 3).

Species Tree Estimation

Parameter estimates between the separate *BEAST runs were highly concordant, suggesting
convergence, and the ESS values were very high for all parameters (mostly over 4000),
suggesting proper mixing of the MCMC chain. The estimated mutation rates for the nDNA
loci (0.025% per My for HMGCS, 0.016% per My for RALGAPA, and 0.030% per My for
TERT) were an order of magnitude slower than that of the mitochondrial rate and fall within
expectations for nuclear genes. The species tree topology (Figure 5) differs significantly
from that of the mtDNA phylogeny. Most notably, in the species tree there is the early
divergence of the Everglades population (100% posterior support), followed by a split into
two lineages (53% posterior support): one lineage includes the Central Florida and North
Carolina populations (61% posterior support), and then includes the Suwannee and Gulf-
Atlantic populations (82% posterior support). The divergence time estimates are more
similar to the calibrated mtDNA-based results published in Tollis et al (2012) than to those
of the relaxed clock analysis Campbell-Staton et al (2012), providing more support for the
hypothesis that the major evolutionary events in this species’ history occurred during the
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Pleistocene. Our *BEAST analysis placed the T4 for A. carolinensis and the branching
off of the Everglades population at ~2.2 Mya (1.3 — 3.1 95% highest posterior density or
HPD). The next divergence was between populations that live along either the Atlantic
Coast, or the Gulf Coast and more inland across the Gulf Coastal Plain, and occurred ~1.4
Mya (0.83 — 2.3 95% HPD). Along the Atlantic Coast, the split between the Central Florida
and North Carolina populations occurred ~1.3 Mya (0.74 — 1.8 95% HPD). Meanwhile, the
Gulf-Atlantic population split off from the Suwannee 0.75 Mya (0.45- 1.1 95% HPD).

Coalescent-Based Demographic Parameter Estimation

When we evaluated the three sets of G-PHoCS analyses, we found that a prior distribution
of ~G(2,10) produced inconsistent results that failed to converge between runs, while prior
distributions of ~G(2,1000) and ~G(2,2000) produced highly similar results and did
converge. The parameter estimates and their 95% HPD, calibrated with the A. porcatus — A.
carolinensis Tprcq €Stimate of 9.3 Mya, are shown in Table 4. The parameter o, OF the
divergence time of all A. carolinensis populations, was estimated to be ~1.8 Mya. The split
between the Atlantic Coast (Central Florida and North Carolina) and Gulf Coast (Suwannee
and Gulf-Atlantic) populations was ~1.4 Mya. The split between Central Florida and North
Carolina was estimated to be ~0.79 Mya and the split between the Suwannee and Gulf-
Atlantic was estimated to be ~0.73 Mya. These estimates for all green anole demographic
events overlap closely with those from *BEAST, and are well within the Pleistocene. Using
this calibration, the mean estimated mutation rate for the three nuclear genes was 0.021%
per My, which was also very similar to *BEAST. The timing of the split between A.
porcatus and A. carolinensis has differed across the literature, ranging from ~5 Mya (Buth et
al. 1980) to ~6.8 — 17.8 Mya (Campbell-Staton et al. 2012). If we use the central value of the
distribution estimated in Campbell-Staton et al. (2012) (12.3 Mya), then the mean estimate
of Trot IS ~2.4 Mya (~1.3 — 3.5 95% HPD). Thus, using an older A. porcatus — A.
carolinensis Tprca places the ancestor of all A. carolinensis as possibly pre-Pleistocene, but
all within-species divergences still remain within the Pleistocene. The © estimates for
ancestral populations suggest an ancient population size expansion in Florida, as Oyt is less
than ©,)pha. The © estimates also suggest that the extant Florida populations are much larger
than those on the continental mainland. In fact, all of the Florida © estimates from G-PHoCS
are at least double the mean © estimates for both the Gulf-Atlantic and North Carolina.
Patterns of gene flow inferred from this analysis suggest that between adjacent populations
migration is more likely to be occurring from geographically wide-ranging populations to
more geographically restricted populations (i.e., from the Gulf-Atlantic to North Carolina).

DISCUSSION

Here we use phylogenetic and clustering methods to delimit five distinct populations of
green anoles. We also use multi-locus coalescent approaches in order to understand the
historical biogeography of these populations. We provide evidence that the green anole
populations of southern Florida split from the rest of the species very early in its history,
which contrasts with previous reports suggesting the most phylogenetically ancient
populations live today along the northern Gulf coast of Florida (Tollis et al. 2012; Campbell-
Staton et al. 2012). We also demonstrate that most of the genetic variation within A.
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carolinensis, including a relatively high number of genetic populations, resides in peninsular
Florida, and most of the divergence time estimates for the major lineages of green anoles fall
within the Pleistocene. Taken as a whole, these observations are consistent with the
hypothesis that climatic changes brought by rising sea levels during periods of Pleistocene
warming created island refugia, and facilitated the early diversification of green anoles. Our
findings provide a framework for future studies of intraspecific genomic variation in this
genomic model species.

Due to the discordance across the mtDNA and nDNA gene tree topologies demonstrated
here, elucidating the branching order of green anole populations in time has proven to be
complicated and requires more than a simple interpretation of the mtDNA phylogeny.
However, there are aspects of A. carolinensis evolutionary history that can be inferred from
the gene trees. For instance, there are reciprocally monophyletic lineages across both
mtDNA and nDNA gene trees, including the Everglades and North Carolina, which suggests
the long-term geographic isolation of these populations. Also, in addition to the geographic
patterns in the phylogenies, there is strong structure present across all genes if one examines
their global and pair wise Fgr, suggesting that all of these data sets contain valuable
signatures of population history (Tables 2 and 3). The early divergence of the Everglades
population has 100% posterior support in our *BEAST results, and it is also supported by an
analysis in Tollis et al. (2012), in which a neighbor-joining tree constructed from a pairwise
Fst matrix features a long branch length leading to the Everglades and suggests long-term
isolation (Tollis et al. 2012, Figure 4). It is obvious that the nuclear genes are driving the
topology differences with respect to the mtDNA phylogeny. This may be due to possible
artifacts of mtDNA evolution such as selective sweeps or incomplete lineage sorting
resulting from relatively rapid population fragmentation during the diversification process.

In addition to the order of population splits within A. carolinensis, our estimates of the
timing of the demographic events have differed somewhat from previous studies. Tollis et
al. (2012) used a calibrated phylogenetic approach that centered on previous divergence time
estimates within the carolinensis subgroup in conjunction with the pair wise genetic
distances of the major lineages within A. carolinensis and a strict molecular clock to
estimate a Tprcq that straddles the Plio-Pleistocene boundary at ~1.3 — 2.9 Mya. Campbell-
Staton et al. (2012) used a relaxed molecular clock model with the same mtDNA region and
a fixed mutation rate of 1.3%/My to estimate a Tyrca Of ~6.8 — 12.6 Mya, which is well
before the Pliocene and sometime during the Miocene (which ended ~5.3 Mya). These
widely different estimates require reconciliation if the Anolis genome community is to
converge on a realistic model of the species historical biogeography. We suggest that
previous results are less robust due to problems that stem from the use of a single mtDNA
locus to reconstruct the timing of population divergences within a species. The risk of over-
interpretation when using one gene lies in many factors. First, it is well established that
during lineage diversification, gene histories will diverge before populations. Since gene
trees are embedded within species trees, it is expected that dates estimated from gene trees
will overestimate the true divergence times. Another confounding factor in single-gene
phylogeographic inference is gene tree heterogeneity due to random effects of coalescence
in finite populations (Brito and Edwards 2009). This is obviously the case for A.
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carolinensis and is apparent when one compares the topologies of the mtDNA and nDNA
phylogenies. Other problems, related to using a relaxed clock model explicitly, include the
relatively rapid substitution rates in mitochondrial genomes, which may cause over-
saturation in more ancient lineages and severely bias divergence time estimates at larger
time scales (Zheng et al. 2011). At the other temporal end, applying a relaxed clock within
species may be confounded by ancestral sequence polymorphisms that have not fully sorted
between lineages, leading to an apparent yet false inflation of more recent molecular clocks
(Ho et al. 2005; Peterson and Masel 2009).

While the current study aims to resolve some of the timing of diversification events in the
early history of A. carolinensis, there are a few caveats and potential sources of bias in our
analyses that are worth exploring. For instance, our findings are consistent with a previous
study in birds (jays of the genus Aphelocoma) (McCormack et al. 2011), which compared
*BEAST to BEAST and concluded that the multi-locus coalescent analysis produced
divergence time estimates that were more shifted towards the present. However, the
Aphelocoma study investigated multiple species while the present study is an intra-specific
analysis, and the *BEAST model assumes the sampled taxa represent separate biological
species with little to no gene flow between them (Heled and Drummond 2010). Our
estimates of gene flow based on Fgt and Nm were highly significant between the five green
anole populations, suggesting long-term isolation. Therefore, it was reasonable to treat them
as independently evolving lineages that were suitable for the model used in *BEAST, which
has been used to investigate relationships at the population-species boundary (Salicini et al.
2011). Regardless, recent simulation studies have shown that divergence time estimates in
species tree analyses will be biased towards the present if there is gene flow (Leaché et al.
2013), and for populations below the species level it will remain difficult to determine
whether certain shared genetic variation is the result of either migration or ancestral
polymorphisms. This is why we designed the *BEAST analysis to include individuals that
were unlikely to be introgressed. It is also important to note that the model in G-PHoCS
does allow for migration between populations and accounts for it in demographic parameter
estimation, and produced even more recent divergence time estimates than *BEAST. It is
therefore possible that migration plays less of a confounding role in this system than other
factors such as the mito-nuclear discordances, although further work is needed to fully
resolve this. With or without migration, we believe there is a strong argument to be made for
a within-Pleistocene timing of most green anole demographic events, and that deep
mitochondrial coalescence has probably contributed to an over-estimation of the A.
carolinensis Tprca- INdeed, the earliest instances of A. carolinensis in the North American
fossil record date to the Upper Pleistocene (Holman 1995); our results here suggest that the
reason for this may be that the species history on the continent does not reach much farther
back than the Lower Pleistocene.

Florida currently comprises less than 15% of A. carolinensis total natural range, but it is the
cradle of green anole diversity. The populations found along the Florida peninsula are the
most ancient according to the phylogenetics, and by every measure genetic variation is
greatest in all of these populations when compared to more wide-ranging conspecifics across
the mainland. The evidence supports an ancient population size expansion in Florida, which
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suggests long periods with suitable habitat and refuge for genetic diversity. This is most
apparent in the Central Florida population, which is comprised of two deeply divergent
mitochondrial lineages, contains individuals with haplotypes from three of the nDNA
clusters, and harbors elevated sequence diversity when compared to all other populations.
The Everglades and Suwannee populations also contain multiple mitochondrial lineages and
are genetically diverse when compared to the mainland. While most populations show at
least some evidence of effective size changes at some point in the past, the Central Florida
population in particular seems to have been demographically stable for most if not all of its
history. Population size changes that have been inferred for the Suwannee and Everglades
populations are much more ancient than the ones inferred for the mainland populations
(Tollis et al. 2012). In contrast to this relative stability, continental mainland populations are
either isolated, as in the North Carolina population, or have much more recently undergone
dramatic range expansions, as in the Gulf-Atlantic population (Tollis et al. 2012; Campbell-
Staton et al. 2012), and have reduced estimated effective sizes.

If the “Out of Cuba” hypothesis is correct, then Florida provided the first stepping-stone for
the invasion of Anolis lizards into the mainland southeastern United States (Glor et al.
2005). Florida has a dynamic geologic history (Lane 1994; Petuch 2004) and according to
our estimates A. carolinensis arrived at a time of dramatic physiographic upheaval with
possible vicariant effects. While Florida maintained its form as a peninsula throughout the
Pliocene (~5.3 — 2.6 Mya), the Pleistocene was a period of recurrent glacial epochs. The first
of these began ~2 Mya and caused the receding of the surrounding ocean and the
augmentation of the Florida peninsula, particularly along its western edge. During
interglacials throughout the Quaternary, the sea would rise hundreds of feet above its present
level, effectively reducing Florida to a series of islands. The central Florida region
corresponds to these archipelagoes, primarily along the backbone provided by the Central
Highlands, which run north-to-south through the peninsula. West of the highlands in the
northwestern part of the peninsula are other areas of isolated elevation. These insights into
the geology have been invoked to explain the numerous taxonomic discontinuities that have
observed between Florida and the mainland as well as within the Florida peninsula itself,
both in the historical literature (Neill 1957) and more recently in the field of molecular
phylogeography (Soltis et al. 2006). The geographic distribution of green anole lineages in
Florida tightly coincides with the physiographic history: one needs only to look at the
similar distribution of the divergent lineages and positive and negative geologic elements on
the peninsula (Figure 3c). Our estimates of the timing of demographic events for A.
carolinensis land squarely in one of the most complicated parts of Florida’s past, supporting
the hypothesis that Pleistocene climatic upheaval was a driver of green anole diversity.

Given our divergence time estimates and the order of population splits within A.
carolinensis, as well as the underlying geology of the region in which it lives, we may
attempt to reconstruct the most likely historical biogeographic scenario (Figure 6). Green
anoles dispersed to Florida from Cuba by the Upper Pliocene or Lower Pleistocene, when
the peninsula was fully intact, allowing for dispersal across the peninsula. By ~2 Mya
Florida was in physiographic upheaval due to interglacial seawater inundation. This process
would have driven population fragmentation into island refugia, followed by gradual genetic
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divergence. These multiple green anole lineages persisted in Florida, and their diverse
genetic signatures are observable today. Once the Florida peninsula reconnected to the
mainland, populations living along the Atlantic Coast of Florida would have been able to
disperse northward towards North Carolina; the barrier posed by the Appalachian Mountains
would have prevented westward dispersal at this time. Populations on the Gulf coast of
Florida near the modern-day panhandle would have dispersed along the river drainage
systems of the Gulf Coastal Plain. The lack of mountainous barriers along this landscape
resulted in the dramatic westward expansion of green anoles across the Mississippi River
and into Texas, which began approximately 300,000 years ago (Tollis et al. 2012). More
recently, secondary contact between Gulf-Coastal Plain and Atlantic Coast lineages
produced admixed populations in the region just south of the Appalachian Mountains and
along the coast of South Carolina and Georgia.

CONCLUSION

A. carolinensis is widespread and abundant throughout the southeastern United States today,
and our results suggest that the most recent common ancestor of modern populations did not
live before the Miocene-Pliocene boundary as suggested by some studies. Upon
establishment in Florida in the Upper Pliocene or Lower Pleistocene, the dynamic
topographies and geological histories of the landscape strongly effected the modern
geographic distribution of individuals. We have found evidence suggesting that island
refugia in Florida drove the early diversification of green anole lineages. These Florida
lineages show evidence of being the most ancient and the most stable in terms of population
size over their demographic histories. Two different founding green anole populations most
likely undertook separate migrations along the river drainage systems of the Atlantic Coast
and the Gulf Coastal Plain, respectively. Using a multi-locus coalescent framework, we
conclude that previous analyses based on single mtDNA gene trees and relaxed clock
phylogenetic models may be biased towards older divergence time estimates. This study
adds to the growing body of evidence that methods accounting for deeper gene tree
coalescence are more desirable as they incorporate uncertainty and differences across all
sampled loci.
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Figure 1.
Map of Florida sampling localities. Circles indicate localities from Tollis et al. (2012).

Boxes (collected by Boissinot lab in 2012) and triangles (obtained from the Hsieh lab in
2012) indicate field localities new to this study.
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Figure 2.
Majority consensus tree from a phylogenetic analysis conducted in MrBayes3.2 on the

mitochondrial NADH-2 region (n=299). The four major mitochondrial lineages of Anolis
carolinensis are indicated at right with labeled brackets. Monophyletic groups restricted to
mainland North America (the Gulf-Atlantic and North Carolina lineages) are indicated by
shaded boxes. The posterior probabilities of important nodes are given. A. porcatus is the
only outgroup shown, although A. isolepis and A. altitudinalis were also used in the analysis.
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Figure 3.
(a) and (b): Geographic distribution of genetic populations of A. carolinensis in Florida.

Collecting localities are indicated by black dots. Patterned shapes depict the geographic
distribution of mitochondrial lineages (a) and schematic representation of the nDNA clusters
(b). Open circles the — Gulf-Atlantic lineage is present in Nassau County near Jacksonville;
vertical lines — Suwannee; horizontal lines — Central Florida; black dots — Everglades. (c):
Major geologic structural elements of the Florida peninsula. Positive structures of the Ocala,
St. John’s, and Brevard platforms are indicated in grey. Lower elements of the Osceola Low
and the Okeechobee basin are indicated. Adapted from Lane (1994).
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Figure4.
Visualization of the Bayesian clustering analysis, with the most likely number of nDNA

genetic clusters K=5 in 158 A. carolinensis samples collected across nine U.S. states.
Bottom bar: x-axis represents each individual (arranged by geographic region, labeled
below) and shading along the y-axis represents the proportion each individual’s genome
derived from one of the K clusters. Top bar: horizontal shading in boxes represent the
proportion of each of the five NDNA clusters found in each geographic region. Barplots
were produced using the program DISTRUCT (Rosenberg 2004)
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Maximum clade credibility tree from a *BEAST analysis using 1 mtDNA and 3 nDNA loci
showing the inferred branching order and divergence times for five populations of green
anoles and their outgroup A. porcatus. Within A. carolinensis, percent posterior probabilities
and divergence time estimates (My = million years) are given to the left and right of each

node, respectively.
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Figure6.
Hypothesized biogeographic scenario depicting the major events in the history of A.

carolinensis in the southeastern United States inferred in this chapter. (1) Green anoles
disperse from Cuba to the southern tip of Florida, where the ancestor of modern populations
lived near the Plio-Pleistocene boundary. (2) During the Early Pleistocene, physiographic
upheaval driven by rising sea levels during glacial cycles cause population fragmentation
and divergence. (3) During the late part of the Early Pleistocene, the peninsula connects to
the mainland again, and green anole populations living along the Central Atlantic Coast of
Florida are able to disperse northwards towards the Carolinas. High elevations along the
Appalachian Highlands (lighter shading indicates >750 meters elevation) most likely
provided a dispersal barrier westward as unsuitable habitat. (4) During the Middle
Pleistocene, populations living along the Gulf Coast of Florida began to colonize watersheds
along the Gulf Coastal Plain, resulting in a westward expansion of green anoles across the
Mississippi River and into Texas.
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Estimates of genetic differentiation and gene flow across Florida for four genes.

Table 2

Gene

ND2
HMGCS
RALGAPA
TERT

Fsr
0.65285
0.52482
0.39908
0.36801

Nm
0.13
0.23
0.38
0.43
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Table 4

Coalescent population genetic parameter estimates for A. carolinesnsis from G-PHoCS. Shown are the values
for divergence time (t) in years and population size (©) in individuals, calibrated with an A. porcatus — A.
carolinensis Tprcq Of 9.3 Mya, and the raw relative values for specific one-way migration bands (m) averaged
across five separate analyses which used prior distributions of ~G(2,2000). t,o0; refers to the divergence time
of all five green anole populations and 4 pn, refers to the time of the split between the Everglades and all
other populations. ©yqy refers to the size of the ancestral A. carolinensis population and ©gph, the size of the
ancestral population that gave rise to the Suwannee, Gulf-Atlantic, Central Florida and North Carolina
populations. Parameters labeled Suwannee/Gulf-Atlantic and Central Florida/North Carolina refer to the
respective ancestral population of each pair. Arrows indicate directionality of migration between
geographically adjacent populations.

Parameter Mean 95% HPD Lower  95% HPD Upper
Troot 1,822,441 1,000,776 2,651,589
Talpha 1,408,803 633,669 2,102,097
Tsuwannee/Gulf-Atlantic 730,800 189,399 1,529,223
Tcentral Florida/North Carolina 786,919 229,150 1,384,251
Oroot 1025117 44,427 2,272,791
Oalpha 1,587,212 285,268 3,458,289
Osuwannee/Gulf-Atlantic 1,651,047 137,957 3,308,641
Ocentral Florida/North Carolina 1,385,654 56,118 3,095,859
OGulf-Atlantic 651,066 72,486 1,323,456
Onorth Carolina 514,277 81,839 1,082,615
Ocentral Florida 2,521,815 965,702 4,269,666
Osuwannee 2,859,460 1,096,645 4,889,306
OEverglades 1,612,933 484,020 2,922,827
MGuif-Atlantic — North Carolina 1497 0 3883
MNorth Carolina — Gulf-Atlantic 186 0 1016
MGulf-Atlantic — Suwannee 92 0 465
Msuwannee —» Gulf-Atlantic 605 0 2357
Mcentral Florida — Suwannee 24 0 134
Msuwannee — Central Florida 1533 0 3239
Msuwannee — Everglades 298 0 1137
MEverglades — Suwannee 16 0 86
Mcentral Florida — Everglades 121 0 671
MEverglades>Central Florida 31 0 179
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