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We compare patterns of lineage divergence in mitochondrial DNA (mtDNA) sequences of two protein-
encoding mitochondrial genes (cyt b and ND2) in two ecologically similar, co-distributed, and closely
related ranid frogs (Rana clamitans and Rana catesbeiana), that are geographically widespread, and fre-
quently syntopic. We identified three lineages in R. clamitans, separated by 0.5% to 2.1% net corrected
sequence divergence, comparable to two R. catesbeiana lineages separated by 0.6%. The geographic pat-
tern of lineage distribution differed notably between the two species. In R. clamitans, we found a Coastal
Plain-Appalachian (CPA) lineage restricted to south and east of the Appalachian Mountains and a wide-
spread lineage that encompassing nearly all the sampled range. A third distinct and divergent lineage was
detected in one location in the southwest portion of the range (Louisiana). This pattern contrasts with the
east-west pattern in R. catesbeiana, and reflects possible differences in refugial dynamics and patterns of
range expansion. Although both species have undergone range expansion and population growth, coales-
cent reconstruction of Ne reflects larger lineages but more recent divergence in R. clamitans relative to R.
catesbeiana, reflecting significant differences in population history or divergent patterns of molecular
evolution at mtDNA.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Because of their distribution in a topographically complex and
climatically variable environment, widespread temperate species
have been the focus of numerous phylogeographic and population
genetic studies (reviewed in Taberlet et al., 1998; Brunsfeld et al.,
2001; Soltis et al., 2006). It is generally accepted that the current
distribution of mtDNA genetic variation among widespread tem-
perate populations is largely attributable to response to climate
change during the Pleistocene through range reductions, popula-
tion extinctions, and isolation in southern refugia, followed by
postglacial range expansions (e.g., Bernatchez and Wilson, 1998;
Hewitt, 1999; Zamudio and Savage, 2003). The role of the Pleisto-
cene in the process of speciation has been contentiously debated
(Avise et al., 1998; Johnson and Cicero, 2004; Klicka and Zink,
1999). Further, whether co-distributed species responded indepen-
dently to events in the Pleistocene (Steele and Storfer, 2007), or
whether current community structure reflects concordant pro-
cesses underlying phylogeographic patterns (Lapointe and Rissler,
ll rights reserved.
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2005) is a question of interest given the potential role of Pleisto-
cene forces in speciation and the current rate of climatic change.

Comparisons of genealogical histories inferred from mtDNA
across a suite of animal species is a prominent field of research
(Carstens et al., 2005) despite the problems associated with differ-
ences in generation time, rates of divergence, and patterns of se-
quence evolution potentially confounding interpretation. Because
of high mutation rates and matrilineal inheritance in animals,
mtDNA has been used extensively for exploring and testing demo-
graphic and biogeographic hypotheses (Avise, 2000). However, be-
cause the mitochondrion lacks recombination and is inherited as a
single unit in most animals, it functions effectively as a single lo-
cus. Thus, interpretations based on mtDNA genes are susceptible
to error due to lineage sorting and limited precision in estimating
population parameters like Ne or divergence times. These short-
comings can be addressed by comparing patterns from multiple
independent loci. Although an increasingly common approach, this
method is still limited by marker availability and cost (although
decreasingly so) for many researchers working on non-model
organisms. Further, nuclear sequence markers are often insuffi-
ciently variable to resolve recent demographic patterns (e.g., in-
trons that evolve more slowly than mtDNA), or mutate rapidly
causing the imprint of historical events such as range fragmenta-
tion to be overwritten by homoplasy (e.g., microsatellites). To
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partially circumvent this issue one can examine mtDNA genealog-
ical histories across co-distributed species (e.g., Lapointe and
Rissler, 2005; Moritz and Faith, 1998; Rowe et al., 2006). These
multi-taxa studies can provide insight into how ecological, geolog-
ical, and historical processes have shaped regional communities.
However, because differences in mutation rate and effective popu-
lation sizes will affect the shape of gene genealogies (but see
Gillespie, 2001), using closely related species with similar genera-
tion time, vagility, and population ecologies can provide greater in-
sight into the processes that have structured these populations
than would comparisons among highly ecologically and evolution-
arily divergent species.

In addition to historical demographics, selection can shape DNA
polymorphism. Selection potentially impacts population and phy-
logeographic inference by altering divergence rates and interfering
with our understanding of the mode of molecular evolution (Rand
and Kahn, 1996; Ho et al., 2005). If undetected, selection can bias
the interpretation of population history (Ballard and Whitlock,
2004; Zink, 2005) and potentially confound attempts to examine
congruence among species. Given the widespread use of compara-
tive analyses and our efforts to understand how specific habitat,
climate, or geographic events shaped genetic variation of species
and communities, it is important to understand whether critical
assumptions such as neutrality (particularly at protein coding re-
gions, Yang and Bielawski, 2000) are being met, and to further
our understanding of what processes (demography and/or selec-
tion) are shaping the genetic variation we observe.

Here, we examine intraspecific patterns of divergence in mito-
chondrial DNA (mtDNA) sequence of two protein-encoding genes
in two ecologically similar, co-distributed, and closely related ranid
frogs (Rana clamitans and Rana catesbeiana), that are geographically
widespread, and frequently syntopic. The group of seven extant
species to which R. clamitans and R. catesbeiana belong (Dubois,
1992; Hillis and Davis, 1986; Hillis and Wilcoz, 2005) ranges from
the Gulf of Mexico to sub-arctic Canada, and species’ ranges vary
from highly endemic (R. okaloosae) to nearly continental distribu-
tions (R. clamitans and R. catesbeiana). Rana okaloosae is frequently
syntopic with R. clamitans in the extreme southern part of the lat-
ter’s distribution and Austin et al. (2003) found that R. clamitans is
paraphyletic with respect to R. okaloosae mtDNA, suggesting recent
divergence of R. okaloosae with incomplete lineage sorting, or sec-
ondary introgression.

In contrast, the similarity in natural history and ecological pref-
erences of the larger bodied R. catesbeiana (SVL 90–150 mm) and R.
clamitans (SVL 54–100, Conant and Collins, 1998) overlap exten-
sively but differ in frequency across microhabitats (Hecnar and
M’Closkey, 1997). For example, R. clamitans is found across a range
of habitats, from temporary to permanent ponds, whereas R. cates-
beiana is generally more abundant in permanent water (Werner
and McPeek, 1994). The two species have overlapping breeding
seasons, similar territorial habits (Ryan, 1980; Wells, 1977) and
predatory behaviors (Brooks, 1964; Hamilton, 1948). However,
bullfrogs may be important predators of R. clamitans (Hecnar and
M’Closkey, 1997). Of interest is whether closely related amphibian
species sharing similar ecologies will display analogous patterns of
divergence and lineage distributions, reflecting similar phylogeo-
graphic histories. To address these issues, we examined patterns
of mtDNA evolution within the two widespread species, R. clami-
tans and R. catesbeiana and ask whether congruent geographic var-
iation exist between the phylogenetically and ecological similar
R. clamitans and R. catesbeiana. We also ask whether similarities
in timing of divergence and past demographics have shaped the
two species. Given the possibility of shared mtDNA polymorphism
between R. clamitans and the endemic R. okaloosae, we test specific
phylogenetic hypotheses about the relationship of the two species.
Finally, because an important assumption behind interpreting
demographic histories based on gene phylogenies is selective neu-
trality, we explore whether departures from neutrality can attri-
bute to observed patterns.

2. Materials and methods

2.1. Evolutionary units, marker choice, and sequencing procedures

A total of 134 individuals of Rana clamitans from 59 localities
across its range were included in the initial screen for range-wide
mtDNA variation in cytochrome b (cyt b). We also included in the
range-wide R. clamitans data set, 11 individuals of R. okaloosae
from seven localities. This was done as further confirmation of
shared polymorphism between R. clamitans and R. okaloosae (Aus-
tin et al., 2003). A cyt b analysis of range-wide phylogeographic
structure has already been published for R. catesbeiana (Austin
et al., 2004a). For the purposes of this manuscript we sub-sampled
42 unique cyt b haplotypes from Austin et al. (2004a); extending
these sequences and added NADH dehydrogenase subunit 2
(ND2) to attempt to improve phylogenetic inference.

Toe clips or tadpole fin clips were collected and stored in 95%
ethanol or tissue buffer, or were obtained from tissue collections.
Genomic DNA was isolated using DNeasy Tissue Kits (Qiagen).
Polymerase chain reaction (PCR) amplification and cycle sequenc-
ing was performed on a 1047 bp segment of cyt b following meth-
ods described in Austin et al. (2003). All 134 R. clamitans and 11 R.
okaloosae were amplified and sequenced for cyt b using primers
MVZ15-L (Moritz et al., 1992) and MVZar-H (Goebel et al., 1999)
to determine range-wide patterns of mtDNA diversity. For both
species, we further sequenced a 963 bp segment of ND2 and the
flanking tDNA Tryptophan (tDNATrp) in individuals representing
unique cyt b haplotypes using primers designed specifically for
the R. catesbeiana species group (ND2 L4646—50-ATTGAAGCCTCCA
CAAAATA and ND2 H5616—50-TAAAGGGCCTGAGTTGCATT). PCR
methods followed that in Austin et al. (2003), with an annealing
temperature of 54 �C.

Amplicons of both gene fragments were used directly for cycle
sequencing. Following a clean up with one unit each of exonucle-
ase I and shrimp alkaline phosphatase, cycle sequencing reactions
were carried out in 5 ll reactions including 1.5 ll of terminator
mix (Applied Biosystems), 0.5 ll 5 � reaction buffer, 0.12 ll pri-
mer, and 1–2 ll DNA template and ddH2O. Sequencing products
were brought to 20 ll with ddH2O and excess dyes and primers
were removed using Sephadex purification (Princeton Separa-
tions). Cleaned products were electrophoresed on an ABI PRISM�

3100 sequencer (Applied Biosystems). Base calls were checked
manually using SequencherTM vers. 4.5 (Gene Codes); contiguous
sequences were created from opposing strands and aligned by eye.

2.2. Intraspecific variation and tests of neutrality

For each gene region, we estimated heterozygosity as the mean
number of pairwise differences between all pairs of haplotypes (p)
(Tajima, 1983). Because our samples encompass full ranges of both
species we estimated p for major haplotype population lineages
(see below) as well as range-wide. Net evolutionary divergence
among lineages was calculated using the Tamura–Nei method as
implemented in Mega vers. 4 (Tamura et al., 2007). This method
takes into account differences in rates of substitution between
nucleotides and distinguishes between transitional and transver-
sional substitution rates.

To test for deviations from neutral mtDNA evolution we calcu-
lated DTaj (Tajima, 1989) using DNasP vers. 4 (Rozas et al., 2003).
Under neutral selection, DTaj is expected to have a mean of zero.
We also compared ratios of synonymous and nonsynonymous var-
iation within genes and between R. clamitans and R. catesbeiana
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using the M–K test (McDonald and Kreitman, 1991) and the Neu-
trality Index (NI) (Rand and Kahn, 1996). The M–K test examines
the neutral expectation that the ratio of synonymous and non-syn-
onymous changes should be similar within and between species.
Because it is difficult to determine whether one or both species
are deviating from neutrality using pairwise M–K tests, we also ap-
plied a tree-based method of detecting deviations from neutrality
(Creevey and McInerney, 2002). This method was applied to each
gene for each species to specifically examine for positive (i.e., adap-
tive or directional) and negative selection along branches of the
phylogenetic trees. First, a rooted NJ tree was estimated from syn-
onymous sequence changes (Zink et al., 2006) and the resulting
tree was assumed to represent the true intraspecific phylogeny
(Creevey and McInerney, 2002). We implemented the relative rate
ratio test (Creevey and McInerney, 2002) by estimating ancestral
codon sequences at each branch, and all synonymous and nonsyn-
onymous changes across the tree, using Crann vers. 1.04 (Creevey
and McInerney, 2003). The next step involves estimating the num-
ber of changes in a descendant clade leading from each internal
branch, resulting in four types of substitutions: replacement
invariable (RI, new character state is preserved along subsequent
lineages); replacement variable (RV, substitutions not preserved
in all subsequent lineages); silent invariable (SI, silent changes
not observed to have changed again); silent variable (SV, silent
changes that have changed at least once). A G-test (or Fisher’s exact
test when samples are small) was used to compare the ratios
SV:RV to SI:RI. As in the M–K test, the ratios are expected to be
similar under strict neutrality. In contrast to the M–K test, the rel-
ative rate ratio method allows comparison of the relative contribu-
tion of RI (indicative of directional selection) to RV (reflecting non-
directional selection) (Creevey and McInerney, 2002). In addition,
Crann also performs a neutral substitution rate test that identifies
instances of negative (purifying) selection. By calculating the total
number of replacement and silent sites (Li, 1993) the expected
number of replacement and silent sites can be estimated for each
clade (Creevey and McInerney, 2002), and excess of deficiency in
either type of substitution is compared to chance using a G- or
Fisher’s exact tests. In the absence of positive selection, significant
substitution rate tests represent negative selection (Creevey and
McInerney, 2002).

2.3. Phylogenetic analysis

We applied statistical parsimony (Templeton et al., 1992) using
TCS 1.21 (Clement et al., 2000) to resolve fine-scale haplotypic
relationships among the R. clamitans and R. okaloosae cyt b haplo-
types. Cyt b haplotypes were chosen because of the larger sample
size and to make direct comparisons to cyt b in R. catesbeiana
(Austin et al., 2004a).

Partition homogeneity test, implemented in PAUP, were con-
ducted to confirm homogeneity of signal between cyt b and ND2
partitions prior to phylogenetic inference using maximum parsi-
mony (MP) (Camin and Sokal, 1965) for R. clamitans/R. okaloosae
and R. catesbeiana data sets using Rana virgatipes (Genbank:
AY206490, AY083303), Rana heckscheri (Genbank: AY206493,
AY083299), and either R. catesbeiana or R. clamitans as outgroup
taxa. Heuristic search strategies used stepwise addition with 100
random addition replicates and TBR branch swapping conducted
in PAUP* vers. 4 (Swofford, 2002). We evaluated relative support
for nodes using 1000 non-parametric bootstrap replicates with
10 random additions per replicate. Due to the large number of R.
clamitans/R. okaloosae haplotypes with low divergences, we used
a pruned data set for maximum parsimony analyses, omitting rare
haplotypes that were interiorly located (i.e., non-tip haplotypes)
and that differed by other combined cyt b-ND2 haplotypes only
1–2 bp (only relatively non-informative haplotypes).
We examined various models of DNA evolution for each gene
region separately and combined using Modeltest vers. 3.7 (Posada
and Crandall, 1998). Bayesian analysis was implemented using
MrBayes vers.3.1.2 (Huelsenbeck and Ronquist, 2001) using the
best fit model parameters and default priors. We performed two
concurrent Bayesian searches, each of 5.0 � 106 generations con-
sisting of four chains with a heating parameter of 0.5 and all other
parameters set to default. Standard deviations of split frequencies
were examined to determine run convergence, and the plot of log
likelihoods versus generation was examined to determine sta-
tionarity. Based on these results, we discarded the first 2.5 � 105

generations as burn in. We considered posterior probability values
to be ‘significant’ at 0.95 or greater (Leache and Reeder, 2002).

2.4. Parametric test of lineage divergence

Due to the limited support for basal lineages using traditional
phylogenetic methods we applied parametric bootstrapping to test
the monophyly of diagnosed lineages within species and to explore
the strength of phylogenetic hypotheses derived from MP and
Bayesian algorithms. We compared the parsimony tree score dif-
ferences obtained under a constraint and unconstrained topology,
with the same differences obtained from 100 simulated datasets
(Huelsenbeck et al., 1996). Simulated sequences were subse-
quently constructed using SG Runner vers. 1.5.3 (T.P. Wilcox,
unpublished) and Seqgen vers. 1.3.2 (Rambaut and Grassly,
1997). Sequences were simulated using the same model of DNA
evolution estimated from the observed sequence data, modeled
over the tree topology and branch lengths from the constrained
tree. Each simulated data set was subject to constrained and
unconstrained heuristic searches in PAUP*. For each replicate data
set, tree scores were compared between constrained and uncon-
strained searches, producing a null distribution against which to
test the significance of our original tree score differences. An
empirical difference between constrained and unconstrained tree
scores that falls outside the 95% tail of the null distribution means
we can reject the null hypothesis.

2.5. Lineage divergence model

Divergence among lineages within species was estimated two
ways, both methods were conducted on the entire cyt b gene data-
sets because of their larger sample sizes (number of individuals
and numbers of haplotypes) than combined cyt b-ND2 datasets
(see Austin et al., 2004a for information on R. catesbeiana cyt b).
First, we calculated net TN (Tamura and Nei, 1993) among lineage
divergence ± standard error using MEGA4 (Tamura et al., 2007).
Net among clade divergence produces an unbiased estimate
assuming lineages are reciprocally monophyletic and that the
ancestral population was equal to the average of the descendent
lineages (Arbogast et al., 2002).

To address whether divergence between major mtDNA lineages
of R. clamitans and R. catesbeiana occurred at similar times, and
with similar demographic consequences, we used the isolation
with migration model described by Nielsen and Wakeley (2001)
implemented in the program IMa (Hey and Nielsen, 2007). IMa
estimates posterior probabilities for demographic models parame-
ters; in this case, we estimated the ancestral effective population
size, hA (prior to lineage divergence), and the effective population
sizes of the two daughter lineages, h1 and h2, reflected in our phy-
logeographic analyses. Our interest was in estimating relative h
and t (time since divergence scaled by l) for the two major lin-
eages in each species (see below), assuming that within each spe-
cies these lineages had diverged in allopatry. IMa also can examine
the influence of gene flow; however, we ignored the migration
parameter (i.e., set migration to 0) because we are not dealing with
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discrete geographic populations and because we are only looking at
matrilineal history. Because we are only examining a single locus,
reducing the number of parameters increases the ability of the Mar-
kov chain Monte Carlo (MCMC) to explore parameter space.

We implemented the HKY mutation model and an appropriate
mtDNA inheritance scalar of 0.25 (i.e., the expected effective pop-
ulation size relative to an autosome). To optimize number of
chains, heating model, and parameter bounds for our long runs,
we ran a series of pilot metropolis coupled Monte Carlo Markov
chains to refine our analyses. Our final run consisted of 5.0 � 105

burnin steps followed by a minimum of 3.0 � 107 steps, using a lin-
ear heating scheme consisting of three heated chains. Stationarity
was assessed by examining plots of parameter trends and by
ensuring effective sample sizes (ESS) were greater than 50. We
omitted comparisons between Louisiana haplotypes (N = 2) and
widespread or Coastal Plain lineages due to the small sample size
of the former. Preliminary IMa runs suggested that including com-
parisons of Louisiana would not likely achieve reliable estimates.

Peaks of posterior distributions were used as maximum-likeli-
hood estimates of the parameters of interest (Nielsen and Wakeley,
2001). We used the 90% highest posterior density (HPD) interval as
our estimates of credibility intervals. Posterior distributions are
only relatively comparable due to their scaling by l, the mutation
rate per gene. Because we wish to compare patterns between spe-
cies using different lengths of cyt b we incorporated a range of l
estimated for cyt b and similar genes for poikilothermic organisms.
In the R. catesbeiana species group, cyt b and ND2 evolve at similar
rates (Austin et al., 2003), therefore, we incorporate studies that
estimate divergence based on either gene. We used estimates of
cyt b divergence ranging from 0.69% to 2.4% per million years (Ma-
cey et al., 1998; Plötner et al., 2001), as these encompass a range of
estimated rates for poikilotherms (Martin and Palumbi, 1993; Tan
and Wake, 1995; Caccone et al., 1997; Mueller, 2006). These rates
translate into mutation rate/year/gene region of 5.66 � 10�6–
1.70 � 10�5 for R. clamitans (821 bp of cyt b) and 2.78 � 10�6–
9.82 � 10�6 for R. catesbeiana (409 bp cyt b). These values were
Fig. 1. Range distributions (solid lines) and sampling localities for R. clamitans/R. okaloosa
belonging to each of two major lineages are indicated by circles: black (R. clamitans, w
catesbeiana, western), or Grey with black outline (both lineages present). Numbers in R. c
divergent haplotypes. The rectangle encompasses the range of R. okaloosae and includes 1
separating putative subspecies R. c. melanota (north) and R. c. clamitans (south).
used as upper and lower bounds for estimates of Ne and divergence
time. Because the coalescent model defines Ne as being propor-
tional to the inverse of the generational coalescent rate (Hey and
Nielsen, 2004) we adopted an average generation time of three
years for both species (Martof, 1956; Durham and Bennett, 1963;
Schroeder and Baskett, 1968).

3. Results

3.1. Genetic variation and lineage identification

We obtained 821 bp of aligned cyt b sequence from 134 R. clam-
itans and 11 R. okaloosae representing 59 localities (Fig. 1). Protein
coding regions were translated into amino acids, and a bias against
guanine on the light strand (Table 1) support the authenticity of
mtDNA (Brown, 1985). We recovered 57 unique cyt b haplotypes
[Genbank: DQ826040–DQ826043, DQ792651–DQ792704] with
pairwise sequence divergence (HKY) varying from 0.1% to 3.4%. A
subset of individuals (N = 64) representing all unique cyt b haplo-
types were sequenced for an additional 796 bp of ND2 and 49 bp
of tRNATrp. From the 64 individuals sequenced for ND2 we recovered
33 unique haplotypes with HKY pairwise sequence divergence vary-
ing from 0.01% to 3.1% [Genbank: DQ792651–DQ792704]. For R.
catesbeiana we extended 41 previously published cyt b haplotypes
(Austin et al., 2004a) for a total of 884 aligned bp (varying from
0.01% to 2.6% HKY distance), plus 893 bp of ND2 + tRNATrp, varying
from 0.01% to 1.6% pairwise HKY sequence divergence [Genbank:
EF122794–EF122834]. Partition homogeneity tests were not signif-
icant for either R. clamitans or R. catesbeiana (P > 0.05).

3.2. Tests for selection

Negative DTaj results from h > p, and in our tests, this occurred
more than expected by chance in all species and lineages (sign test,
P < 0.001, Table 2). Nonetheless, the relationship between h and p
was close to the expectation under neutrality for R. catesbeiana in
e and R. catesbeiana (redrawn from Austin et al. (2004a)). Localities with haplotypes
idespread; R. catesbeiana, eastern) gray (R. clamitans, Appalachian-Coastal Plain; R.
lamitans refer to locations in Supplementary file 1. Location 4 (Louisiana) contained
3 sampling sites. Dashed lines represent the approximate boundary (Mecham 1954)



Table 1
Sequence data and model parameter results

ND2 tRNA-Trp cyt b Combined

L. clamitans
Aligned bp 796 (�812–1608) 49 (�1609–1658) 821 (��95–914) 1666
Base frequencies (A:C:G:T) 0.248:0.300:0.135:0.316 0.248:0.300:0.135:0.316 0.2687:0.2965:0.1219:0.3129
Prop invariable sites — 0.508 0.524
Gamma shape parameter 0.182 0.721 0.7525
Model selected GTR+G HKY+I+G TIM+I+G

L. catesbeiana
Aligned bp 821 (�786–1608) 72 (�1609–1680) 884 (��60–944) 1777
Base frequencies (A:C:G:T) 0.280:0.277:0.124:0.319 0.239:0.313:0.136:0.312 0.2635:0.2953:0.1291:0.3121
Prop invariable sites 0.8558 — 0.433
Gamma shape parameter Equal rates 0.421 0.8595
Model selected TIM+I HKY+G TrN+I+G

� Homologous bp position relative to GenBank No. AF314016.
�� Homologous bp position relative to GenBank No. AF205089.

Table 2
Nucleotide diversity and estimate of neutrality in ND2 and cyt b

Gene Species S p DTaj dN:dS

ND2 R. clamitans/okaloosae
CPA lineage 27 0.006 �1.24 6:22
Widespread lineage 19 0.002 �2.16* 3:19
Louisiana 4 0.005 — 0:04
Combined 52 0.007 �1.87* 9:32
R. catesbeiana
East lineage 25 0.005 -1.67 6:19
West lineage 16 0.005 -0.44 5:11
Combined 38 0.008 -0.92 10:25

cyt b R. clamitans/okaloosae
CPA lineage 39 0.007 �1.57 6:33
Widespread lineage 35 0.005 �1.90* 5:31
Louisiana 1 0.001 — 0:01
Combined 80 0.012 �1.63 11:57
R. catesbeiana
East lineage 38 0.007 �1.53 12:26
West lineage 23 0.005 -1.74 11:14
Combined 62 0.012 -1.2 20:44

Combined R. clamitans/okaloosae
CPA lineage 69 0.007 �1.57 8:40
Widespread lineage 48 0.003 �1.96* 14:56
Louisiana 5 0.003 — 0:05
Combined 134 0.009 �1.78 27:143
R. catesbeiana
East lineage 80 0.01 �1.01 25:56
West lineage 60 0.011 �0.33 13:46
Combined 102 0.01 �1.16 32:71

S, number of segregating sites.
p, mean number of pairwise differences between all haplotypes.
DTaj, Tajima (1989) test for departure from neutrality (*P < 0.05).
dN:dS, ratio of non-synonomous to synonomous sites.

Table 3
McDonald–Kreitman tests for individual protein coding genes

Widespread CPA

Fixed Variable Fixed Variable

R. clamitans
ND2

CPA Synonomous 0 32
Nonsynonomous 0 9 8 24

Louisiana Synonomous 8 18 5 6
Nonsynonomous 4 3

cyt b
CPA Synonomous 4 57

Nonsynonomous 0 11
Louisiana Synonomous 14 32 15 34

Nonsynonomous 0 5 0 6

R. catesbeiana
ND2 West

Fixed Variable

East Synonomous 3 25
Nonsynonomous 0 10

cyt b
East Synonomous 5 39

Nonsynonomous 0 20

R. clamitans vs. R. catesbeiana
ND2 R. clamitans

Fixed Variable

R. catesbeiana Synonomous 29 62
Nonsynonomous 9 22

cyt b
R. catesbeiana Synonomous 38 112

Nonsynonomous 0 31 P < 0.001

Significant values in italics.
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both gene fragments, but not for R. clamitans where we detected
significantly low DTaj values for the widespread lineage in both
genes and across all haplotypes for ND2.

Results from M–K tests on individual and combined gene frag-
ments in R. clamitans widespread, CPA and Louisiana lineages (be-
low), and R. catesbeiana east and west lineages were not significant
(Table 3). In contrast, interspecific M–K tests suggest deviations
from neutrality in cyt b, but not ND2. The combined gene M–K test
was also significant (not shown, G test = 5.37, P = 0.01).

Tree-based estimates of selection show instances of positive
selection; most frequently at the branches separating ingroups lin-
eages from outgroups in both species for cyt b (Fig. 2). Non-direc-
tional positive selection was also inferred (indicated by
replacement invariable (RI) substitutions < replacement variable
(RV) substitutions, Supplementary files 1 and 2), at the basal split
between Louisiana haplotypes and the rest of the R. clamitans lin-
eages, and in R. catesbeiana at the branch leading to the split be-
tween east and west lineages, and basally within the west
lineage. One instance of positive directional selection was detected
in R. clamitans at the ND2 locus along the branch leading to the
Louisiana haplotypes. Significant deficits of replacement changes,
indicative of negative selection, were detected across both genes
in both species, most of which occurred basally in the trees.

3.3. Phylogenetic relationships

All but two R. clamitans cyt b haplotypes connected in a statis-
tical parsimony network within the 95% limits of parsimony (12
steps). Two haplotypes (36 and 37) from Louisiana differed from
all others by 13 and 15 steps, respectively (Fig. 3). All 11 R. okaloo-
sae haplotypes are shared by or nested within R. clamitans (Fig. 3).



Fig. 2. NJ trees (distances estimated from synonymous changes only) for cyt b and ND2 genes. Double asterisks indicate significant differences in the ratios of RI/RV to SI/SV
indicating positive selection. Single asterisks indicate significant deficiency in the number of replacement substitutions expected under neutrality. Only numbers for
significant branches are shown to reduce clutter (see Supplementary files 1 and 2). Gray branches in R. clamitans trees indicate position of R. okaloosae haplotypes.
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Therefore, for brevity, we refer to all of these as R. clamitans hapl-
otypes, although this does not reflect our opinion on the species
status of R. okaloosae or R. clamitans. Discussion of the taxonomic
status of R. clamitans is beyond the scope of this paper.



Fig. 3. Statistical parsimony network of 57 Rana clamitans and R. okaloosae
haplotypes derived from 821 bp of cyt b sequence data. R. clamitans haplotypes
are black, R. okaloosae haplotypes are gray, and shared haplotypes are indicated by
both black and gray.
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Within the main R. clamitans haplotype network we identified
two primary mtDNA lineages separated by a minimum of seven
bp differences. Geographically, the distribution of these two lin-
eages represent a Coastal Plain-eastern Appalachian (CPA) lineage
and a widespread haplotype group (widespread) that overlapped
with the CPA lineage (Fig. 1). Rana okaloosae haplotypes were pri-
marily part of the CPA haplotype group, with the exception of hap-
lotype 57 that was nested in the widespread lineage, separated
from the closest R. okaloosae haplotype by 7 mutational steps. Four
cyt b haplotypes were shared between R. clamitans and R. okaloosae
(Fig. 3). In comparison to the pattern observed in R. clamitans, the
previously published R. catesbeiana network also consisted of two
main clades (East and West) separated by a minimum of five muta-
tional steps (Fig. 3 in Austin et al., 2004a). Net sequence divergence
based on combined gene partitions was 0.53% between widespread
and CPA lineages, and 2.1% and 1.9% between the Louisiana (LA)
and CPA, and LA and widespread lineages, respectively. Net diver-
gence was 0.63% for R. catesbeiana east and west clades.

Maximum parsimony analysis of the R. clamitans haplotypes
based on 1666 bp of combined cyt b and ND2 resulted in
2.27 � 104 equally parsimonious trees of 514 steps. The MP con-
sensus tree reflected the parsimony network in that the node sep-
arating the LA from all other clades and the nodes leading to the
CPA and widespread lineages had high to moderate support
(100–72%, respectively, Fig. 4A). The node grouping the CPA line-
age had moderate support (75%), with low to good support for var-
ious branches within this clade (69–100%), including clades that
contained most R. okaloosae haplotypes. In contrast, the wide-
spread lineage was characterized by limited structure and low
bootstrap support (<65). The R. catesbeiana MP tree based on a
combined 1777 bp resulted in 94 equally parsimonious trees 518
steps in length. There was moderate to strong support (71–94%)
for eastern and western clades (Fig. 4B).
Modeltest predicted various best-fit models of DNA evolution
among gene partitions and combined gene sequences for both R.
clamitans and R. catesbeiana (Table 1). However, tree topologies
incorporating different models of DNA evolution did not differ sub-
stantially (only small variation in terminal branch topologies); we
therefore limit our results and discussion to the combined model
results. The phylogram resulting from 15,000 samples from two
concurrent R. clamitans Bayesian runs (discarding 2500 samples
from each run as burn in) only weakly resembled the MP topology
in that the Louisiana haplotypes were placed together with high
support but were not differentiated basally from widespread nor
Coastal Plain lineages (not shown). The node leading to the CPA
lineage was well supported (posterior probability P 0.95), with
significant posterior support defining nodes leading to shared
clamitans/okaloosae haplotypes. Support for the widespread clade
was less than 0.95. Bayesian results from R. catesbeiana produced
a phylogram with strong support for the eastern clade; however,
western haplotypes identified in the MP analysis formed a basal
polytomy in the Bayesian phylogram similar to that produced by
cyt b alone (Austin et al., 2004a). Overall, despite weak support
for some clades in either or both MP and Bayesian analyses, the re-
sults from the parsimony network analysis suggest that lineages in
each species had been reproductively isolated for some period in
the past. Given the low level of divergence and frequency of com-
mon haplotypes in each species, a non-bifurcating tree approach
(i.e., network) is likely to be the most appropriate for examining
population history within species with shallow evolutionary histo-
ries (Posada and Crandall, 2001).

3.4. Hypothesis testing of various tree topologies

Due to the varying phylogenetic support for the major clades
discussed above, we used parametric bootstrapping to further esti-
mate support for the monophyly of particular geographic clades
within each data set. We tested the significance of four constrained
hypothetical topologies with: (1) reciprocal monophyly of the
widespread and CPA lineages (omitting the 2 LA haplotypes), (2)
monophyly of R. okaloosae and R. clamitans, (3) monophyly of R.
okaloosae, paraphyly of R. clamitans, (4) monophyly of the east
and west R. catesbeiana clades. We could not reject the hypotheses
of monophyly for the major lineages within either R. clamitans or R.
catesbeiana. However, both topologies constraining R. okaloosae as
a monophyletic lineage were statistically rejected (P < 0.001,
Fig. 5).

3.5. Coalescent estimates of population structure

The ESS values from our final IMa runs ranged from 60 to great-
er than 10,000. Although some parameters (usually t) had rela-
tively low ESS values (60–100), examinations of parameter trend
plots suggested good parameter space exploration and posterior
estimates generated during our preliminary and final runs were
very similar. Fig. 6 shows the posterior probability distributions
of the estimates of Ne values for the two lineages and their com-
mon ancestor within each of R. clamitans and R. catesbeiana. Results
from both species indicate population growth since lineage split-
ting because each lineage has larger Ne than the ancestral Ne. In
both species the geographically more widespread lineage (‘wide-
spread0 and ‘east0 lineages) have larger Ne than the more restricted
lineages (Fig. 6). The R. clamitans widespread h likelihood estimate
is less resolved, having a broad distribution relative to the CPA
lineage and to either of the contemporary R. catesbeiana estimates.
The R. catesbeiana east lineage had a larger h value than the west,
although with some overlap of their HPD. The ancestral population
parameter hA shows a relatively narrow distribution and distinct
peak in R. clamitans relative to R. catesbeiana. In R. catesbeiana,



Fig. 4. Maximum parsimony cladograms with non-parametric bootstrap support (1000 replicates) based on combined ND2-tDNATrp and cyt b fragments: (A) Rana clamitans/
R. okaloosae, (B) R. catesbeiana haplotypes. Identifiers for R. clamitans are based on cyt b haplotypes identified in Fig. 2, and locations in parentheses correspond to map in Fig.
1. Haplotypes for R. catesbeiana correspond to Fig. 3 of Austin et al. (2004a). Numbers above branches are nonparametric bootstrap support greater than or equal to 65.
Bayesian posterior support (P0.95) for the corresponding is indicated below branches.
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the curve for hA is broad and overlaps with high probability with
zero. Assuming three year generation times on average and a
mutation rate of 0.69% per million years, effective matrilineal pop-
ulation size of the R. clamitans ancestral population [470,000 (HPD
174,000–1,200,000)] increased 4-fold in the CPA [1,900,000 (HPD
1,300,000–2,700,000)] and eight times in the widespread lineage
[4.0 � 106 (HPD 2.5 � 106–6.4 � 106)]. In contrast, R. catesbeiana
lineages ranged from 3.8 � 106 (2.5 � 106–5.5 � 106) to 1.9 � 106

(1.0 � 106–3.3 � 106) for the slowest mutation rate. Although a
distinct peak was observed for the ancestral R. catesbeiana popula-
tion, the distribution was very broad and a large amount of the
likelihood distribution overlapped with zero (Fig. 6B), making com-
parisons to the descendent lineages difficult. The effect of using the
faster mutation rate (2.4% pmy) was to reduce estimates of Ne by
more than half (Fig. 6A and B).

Estimates of time since divergence between lineages of R. clam-
itans based on coalescent estimates of t, reveal a sharp peak mar-
ginal likelihood in R. clamitans that translates into a period
ranging from the onset of the last Wisconsin glaciation (115,000
years ago), assuming a fast molecular clock (2.4%), to a divergence
estimate of approximately 400,000 years ago with a slower poiki-
lothermic clock of 0.68% per million years. In contrast, the distribu-
tion of marginal likelihood values of t in R. catesbeiana was broad
but gives older estimates of divergence than in R. clamitans
(Fig. 6C) ranging from approximately 380,000 years ago to 1.3 Mya.

Divergence times based on net divergence (Table 4) produced
older estimates compared to coalescent based estimates produced
by IMa. However, these estimates were consistent with the knowl-
edge that net divergence estimates time to most recent common
ancestor, while t, estimated in IMa, reflects time since population
splitting.

4. Discussion

The main objective of this study was to compare the mtDNA
population history between closely related anuran species with
widely overlapping distributions and similar ecologies. Assuming
no interspecific differences in patterns of selection and evolution-
ary rates, these species could have displayed similar gross-scale
population genetic structure, reflecting similar responses to past
bioclimatic changes and physiographic features. This congruence
hypothesis assumes that evolutionary rates are approximate and
primarily affected by biological systems (Thorne and Kishino,
2005). It follows that by comparing closely related species with
similar ecologies we can approach the problem of comparing evo-
lution histories of specific genes with more confidence than by
comparing dissimilar species.

Our comparative mtDNA analysis of R. clamitans and R. catesbei-
ana sampled from across eastern North America revealed two main
widespread and partially overlapping lineages in each species.
However, there appears to be little geographic concordance be-
tween R. clamitans and R. catesbeiana (Fig. 1) that would suggest
that physiographic features could explain the distribution of
mtDNA lineages. Both species are likely good dispersers (Austin
et al., 2004b; Schroeder, 1976; Willis et al., 1956) and therefore,
features that have been used to explain the geographic structuring



Fig. 5. Null distributions of the parametric bootstrap tests designed to test support for phylogenetic hypotheses derived from network, MP and Bayesian analyses (A and B),
and to test alternative hypotheses regarding the relationship among R. okaloosae and R. clamitans (C and D). (A) Monophyly of widespread and CPA lineages in R. clamitans/R.
okaloosae. (B) Monophyly of east and west lineages of R. catesbeiana. (C) R. okaloosae constrained to be monophyletic. (D) Both R. okaloosae and R. clamitans constrained to be
monophyletic.
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of widespread but relatively low vagility species are likely to have
less impact on genetic structuring.

Austin et al. (2004a) argued that the west lineage of R. catesbei-
ana became isolated west of the Mississippi River during the Pleis-
tocene. The presence of highly differentiated R. clamitans
haplotypes in Louisiana corresponds to this pattern of isolation in
a southwestern refugial area; unfortunately our sampling in this
portion of the range limits our ability to examine this pattern in
any detail. However, the presence of an ancestral region (inter-
preted as being a refugial area) in the coastal plain area west of
the Mississippi has been inferred to be an important area of diver-
sification for a variety of widespread taxa (e.g., Al-Rabab’ah and
Williams, 2002; Howes et al., 2006; Zamudio and Savage, 2003).
With the exception of the Louisiana haplotypes, there is little to
support that neither the CPA nor the widespread lineage of R. clam-
itans was isolated west of the Mississippi. The widespread lineage
is found west of the Mississippi and across the remainder of the R.
clamitans range, including the distribution of the CPA, which is re-
stricted to east of the Mississippi and south and east of the fall line
(Appalachian Mountains). This relative distribution, together with
the smaller population size inferred from IMa and the lack of evi-
dence from DTaj (Table 2) suggests that the CPA has undergone rel-



Fig. 6. Marginal posterior probability distributions for demographic estimates of
population size and time since population divergence. (A) Rana clamitans: Estimates
of Ne for the widespread (W), CPA, and ancestral (A, gray lines) lineages at two
mutation rate scalars. Thin lines represent 2.4% per million years; thick lines are
0.69% per million years. (B) Rana catesbeiana: Estimates of Ne for the east (E), west
(W), and ancestral (A, gray lines) lineages at two mutation rate scalars. Thin lines
represent 2.4% per million years; thick lines are 0.69% per million years. (C) Time
since lineage divergence in Rana clamitans (black) and Rana catesbeiana (gray). Thin
lines represent 2.4% per million years; thick lines are 0.69% per million years.

Table 4
Time of divergence among lineages based on net among lineage divergence

Lineage Lineage comparison MYA (±SE) at 0.6% MYA (±SE) at 0.8%

R. clamitans Widespread vs. CPA 1.61 (0.49) 1.21 (0.37)
Widespread vs. LA 3.42 (0.84) 2.56 (0.63)
CPA vs. LA 4.04 (0.89) 3.03 (0.67)

R. catesbeiana East vs. west 2.48 (0.93) 1.86 (0.70)
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atively less population growth or expansion over the Pleistocene.
In contrast, the widespread lineage shows patterns that typically
indicate range expansion, namely limited resolution among haplo-
types (Fig. 4), distribution well into previously glaciated regions,
and significant negative DTaj values. The distribution of the wide-
spread lineage suggests either expansion into the Coastal Plain
from a separate refugial area, or expansion out of the area while
the CPA has remained relatively restricted geographically.

Temporal analyses using IMa suggest that the differences in
geographic patterns may be related to inter-specific differences
in timing of major lineage bottlenecks or isolation. If we assume
similarity in divergence rates, mtDNA lineages from these species
coalesce over different time scales, with R. catesbeiana diverging
earlier in the Pleistocene than R. clamitans. It is expected that the
signature of positive selection would have minimal impact on
divergence estimates because our tree-based estimates of selection
is most prevalent at the inter-specific boundary. Examinations of
the effect of selection on the coalescent (Neuhauser and Krone,
1997; Barton and Etheridge, 2004) suggest that there should be a
negligible impact of weak selection on the topology of gene gene-
alogies. However, strong selection can have a substantial effect on
the length of a geneology particularly deep in the tree, and thus on
the inference of timing of diversification. Basally, the relatively
small numbers of lineages means that fluctuation in allele fre-
quency, that mitigates the effect on selection, has minimal influ-
ence (Barton and Etheridge, 2004). The relative greater frequency
of positive selection detected basally in R. catesbeiana (Fig. 2)
may be influencing the estimate of t or hA in IMa (below).

Austin et al. (2004a) inferred allopatric differentiation of the
two main R. catesbeiana lineages based on the greater than average
number of bp differences and the relatively restricted geographic
distributions of basal haplotypes within both east and west lin-
eages. However, phylogenetic reconstructions did not support the
reciprocal monophyly of these clades, nor is monophyly well re-
solved within R. clamitans using traditional tree-based methods,
although there is a larger than average number of mutations sepa-
rating the two clades (Fig. 3). Our parametric bootstrap test, that
simulates sequence evolution within these two taxa, further sup-
ports the null hypothesis of a monophyletic origin of the sequences
in each of the main clades in either species despite the poor reso-
lution provided by nonparametric bootstrap or Bayesian methods.
The extensive overlap in the distribution of the CPA and wide-
spread lineages suggest that the divergence observed between
the two is not merely due to insufficient sampling causing isolation
by distance to be mistaken for allopatric divergence (Bridle et al.,
2004). Further, the presence of highly divergent haplotypes in Lou-
isiana suggests that southwest portion of the range of R. clamitans
may harbor a basal lineage that is geographically similar to the
ancestral region inferred for the R. catesbeiana west lineage. Formal
testing of this hypothesis awaits larger sample sizes from the Lou-
isiana lineage.

Although phenotypic variation has been used to distinguish
northern putative subspecies (R. clamitans melanota) from a south-
ern subspecies (R. clamitans clamitans, Mecham, 1954; see Fig. 1A),
these distinctions are not reflected by the distribution of the
mtDNA lineages identified here. Numerous recent phylogenetic
studies of widespread North American taxa have documented a
lack of congruence between mtDNA and subspecies designations
based on external phenotypic polymorphisms (e.g., Burbrink
et al., 2000; Clark et al., 2003; Moriarty and Cannatella, 2004).

The divergence in advertisement call structure and external
phenotypic characters between syntopic R. okaloosae and R. clami-
tans (Moler, 1985), and the lack of monophyly of R. okaloosae hapl-
otypes suggest recent speciation as a result of strong divergent
selection on phenotypic characters, with incomplete lineage sort-
ing at mtDNA (the average cyt b pairwise divergence between R.
clamitans and R. okaloosae in the CPA is 0.007). Alternatively, R.
clamitans and R. okaloosae may have diverged long ago, but under-



J.D. Austin, K.R. Zamudio / Molecular Phylogenetics and Evolution 48 (2008) 1041–1053 1051
gone matrilineal introgression, perhaps following a pronounced
reduction in population size in R. okaloosae. However, a definitive
statement on the origin of R. okaloosae cannot be made without
the examination of independent markers. To date, we have se-
quenced only a small number of R. okaloosae mtDNA sequences,
and although all have shared R. clamitans haplotypes, we cannot
yet rule out that rare divergent R. okaloosae-specific haplotypes
do exist.

4.1. Patterns and implications of mtDNA evolution

Most protein coding regions are thought to be under the influ-
ence of negative selection because changes to well-adapted protein
functions are less likely to persist unless they are adaptive
(Hughes, 1999; Kreitman, 2000). Accordingly, non-adaptive, non-
synonymous changes should be found predominantly at the tips
of gene trees, where they are relatively young mutations that have
yet to experience negative selection (Zink, 2005). The distribution
of replacement substitutions (as indicated by non-significant neu-
tral substitution rates, Fig. 2) in both R. clamitans and R. catesbeiana
supports our interpretation of weak negative selection.

In both R. clamitans and R. catesbeiana, evidence of adaptive var-
iation is detected at the intra- interspecific boundary of cyt b. In R.
catesbeiana, non-directional selection is indicated deep in the
diversification of the west lineage, while directional selection is
apparent in the Louisiana R. clamitans cyt b haplotypes. This pat-
tern underscores the concerns that mtDNA should not be assumed
neutral and that care should be taken to reconcile the scale of study
(e.g., population level, regional, or range-wide) with the signal and
pattern of selection of the chosen marker at that particular scale. In
our case, it appears that the mtDNA loci under investigation are
evolving according to the nearly neutral model for much of the
more recent phylogenetic history of the group, and therefore is
not likely to have an important influence on our results.

Our M–K tests show gene-specific differences between ratios of
variability in replacement and synonymous changes. For most
comparisons the overall ratios of synonymous and nonsynony-
mous substitutions were not significant, suggesting that variation
at the intraspecific level (and interspecifically at ND2) is due to ge-
netic drift rather than natural selection. However, differences be-
tween R. clamitans and R. catesbeiana at cyt b were significant,
although it is unclear from M–K test whether this is caused by pro-
cesses (e.g., selection) occurring in one or both species. Because
mtDNA lacks recombination and is inherited as a single locus var-
iation representing the arrival and spread of advantageous muta-
tions in cyt b should result in deviations from neutrality at ND2
as a result of genetic hitchhiking. However, if weakly deleterious
mutations persist only for short periods, they are not likely to con-
tribute to interspecific divergence (Ohta, 1992) across linked loci.
Weakly deleterious non-synonymous mutations have been pro-
posed as the determinants of a similar polymorphism pattern in
Drosophila (Ohta, 1992), mice (Nachman et al., 1994) and primates
(Wise et al., 1998; Nachman et al., 1996). Both R. clamitans and R.
catesbeiana show fewer replacement substitutions than is pre-
dicted by neutral theory (25–30% of branches for ND2 in both R.
clamitans and R. catesbeiana, and at cyt b for R. catesbeiana). In
the case of cyt b, the proportion of significant values is consider-
ably greater in R. clamitans (over 50%), suggesting that the paucity
of replacement substitutions in R. clamitans is driving the signifi-
cance in the M–K test, and possibly causing the relatively shallow
lineage divergence compared to R. catesbeiana.

5. Conclusions

Evidence of varying patterns of non-neutral evolution in cyt b
and ND2 common in both R. clamitans and R. catesbeiana highlights
the importance of understanding the molecular evolution of the
mitochondrial genome, particularly with respect to its widespread
use as a tool for demographic reconstruction (Bazin et al., 2006).
Despite this seemingly dire observation, our point is not that
mtDNA is an inappropriate marker, but that understanding tempo-
ral or demographic patterns require careful consideration of major
assumptions, in this case neutrality of genetic markers. This is the
case for any marker, and there is little evidence that the increas-
ingly common nuclear genes used in inter- and some intra-specific
phylogenies are any less susceptible to deviations from assump-
tions than is mtDNA. However, the relatively greater utility of
mtDNA compared with nDNA in reconstructing phylogeographic
history in some taxa where they have been compared seems clear
(e.g., Zink and Barrowclough, 2008).

The geographic distributions of lineages and timing of differen-
tiation within each species differ considerably. This may reflect dif-
fering responses to shared temporal phenomena (e.g., allopatric
isolation in different areas during the Pliocene, and differences in
Pleistocene post-glacial dispersal pattern). Insofar as we can accu-
rately infer population and biogeographic history from a single
molecular marker and accommodate selection in our interpreta-
tions, the patterns described here suggests that these two species
have undergone dramatically different geographic patterns of pop-
ulation isolation and expansion, though in both cases from simi-
larly small ancestral populations and at broadly similar time
periods. If the assumption of approximate evolutionary rates in
ecologically similar species (Thorne and Kishino, 2005) is false,
then our estimates may be spurious.
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