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RESEARCH ARTICLE

Evidence for panmixia despite barriers to gene flow in the hooked mussel,
Ischadium recurvum (Mytilidae; Brachidontinae) along the North
American coastline

Frank M. Fontanella, Yvette Garner, Jasmine Starnes and Megan Whitaker

Department of Biology, University of West Georgia, Carrollton, GA, USA

ABSTRACT
The discovery of phylogeographic patterns within broadly distributed marine species can be particularly
challenging because absolute physical barriers to dispersal can be inconspicuous. Genetic boundaries
often lie where ocean currents meet, forming sharp physical and ecological gradients, which may act as
barriers to successful migrants. In eastern North America, coastal species often show phylogeographic
differentiation associated with two recognized genetic barriers: the Gulf/Atlantic and the Virginia/
Carolina discontinuities. We examined 185 specimens of the intertidal hooked mussel Ischadium recur-
vum collected from 15 locations along the eastern coastline of North America to examine phylogeo-
graphic, migration and historical demographic patterns associated climate change associated with
Pleistocene glacial patterns. Hypothesis testing using Bayes factors in Migrate-n rejected the presence
of phylogeographic breaks consistent with either maritime discontinuity and favoured a panmictic
population model. The migration rate from the Gulf to the Atlantic was approximately three times
higher than the migration from the Atlantic to the Gulf whereas the Carolina–Virginia migration rates
were nearly equal. The summary statistics (Tajima’s D, Fu’s Fs) were significant and the demographic
analyses (mismatch distributions, Bayesian skyline plot) were consistent with patterns of population
expansion following glacial retreat during the Pleistocene epoch.
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Introduction

Traditionally, levels of biological diversity have been consid-
ered and measured in numbers of species. Applying phylo-
geographic methods to studies of natural populations make
clear that high levels of geographically structured genetic
diversity exist within species due to the effects of environ-
mental changes. The observed depth of genetic divergence
has led to a reevaluation of the level at which conserva-
tion effort should be directed to maintain independently
evolving lineages, with an emphasis on the preservation of
divergent evolutionary lineages or evolutionarily signifi-
cant units.

Phylogeographic patterns within broadly distributed spe-
cies often occur at biogeographical province boundaries
(Briggs and Bowen 2012). The discovery of these discontinu-
ities is particularly challenging in marine environments
because absolute physical barriers to dispersal are usually
absent. Genetic boundaries often lie where water masses car-
ried by ocean currents meet, forming sharp physical (often
thermal) and ecological gradients, which may act as barriers
to successful migrants. Examples come from coastlines
around the world, including North America (Bowen and Avise
1990; Hare and Avise 1998; Kelly et al. 2006), South America
(Sanchez et al. 2011; Brante et al. 2012) and South Africa
(Teske et al. 2009, 2011).

In eastern North America, coastal species often show phy-
logeographic differentiation associated with two recognized
genetic barriers: the Gulf/Atlantic and the Virginia/Carolina
discontinuities (Figure 1). The Gulf/Atlantic discontinuity has
been explained by the fact that the Florida peninsula
emerged in the Miocene Epoch and has been interpreted as
forming an efficient barrier to gene flow due to its extension
from temperate to subtropical waters (Avise 1992). Geological
events in the Pliocene through Pleistocene Epochs alternately
submerged and exposed the Florida peninsula, possibly
reducing gene flow between Gulf and Atlantic coast popula-
tions (Avise 1992). Typically, Atlantic populations show an
asymmetric distribution extending further north along the
Atlantic coast caused by larvae being dispersed by the Gulf
Stream Current. As the Gulf Stream reaches Cape Hatteras,
North Carolina, the cold Labrador Current that flows from the
north directs the Gulf Stream away from the coast and out
into the Atlantic Ocean. This region marks one of the sharp-
est thermal boundaries in the world’s coastal oceans where
strong currents meet and interact with oceanic climates and
physiographic factors (Gray and Cerame-Vivas 1963) to yield
one of the steepest ecological gradients along the western
Atlantic coast. Unsurprisingly, this area marks the southern
range boundary for scores of taxa within the Virginian
Province (Cape Cod, MA, to Cape Hatteras, NC) and the
northern boundary for taxa in the Carolinian Province
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(Cape Hatteras to Cape Canaveral or West Palm Beach, FL;
Briggs 1974; Briggs and Bowen 2012). Subsequently, add-
itional genetic breaks associated with these diverging cur-
rents have been discovered for coastal species that span the
eastern coastline of North America (Young et al. 2002;
McCartney et al. 2013; Boehm et al. 2015).

The intertidal hooked mussel Ischadium recurvum, extends
along the Atlantic coast of North America, ranging from Cape
Cod, Massachusetts, into the Gulf of Mexico (GOM) and south
to the West Indies (Abbott and Morris 1995). This epibenthic
species is found in moderate to low wave energy environ-
ments attached to rocks, oyster reefs, and boat docks.
Spawning occurs from late May to early November resulting
in development of planktotrophic larvae. While information
on their larval development is lacking, the larvae of the
closely related genus Brachidontes can live up to 40 days
under laboratory conditions (Campos and Romorino 1980;
Fields and Moore 1983).

Here, we investigate the phylogeographic patterns of the
hooked mussel I. recurvum throughout their native ranges in
Florida and along the Atlantic coast. We aim to determine
whether this species displays the phylogeographic patterns
observed in other coastal and marine taxa that span multiple
phylogeographic barriers.

Materials and methods

One hundred and eighty five specimens of I. recurum were
collected from 15 locations along the Florida and Atlantic
coastlines (Figure 1). Tissues from all specimens were pre-
served in 95% ethanol and stored at 4 �C until DNA was
extracted. Total genomic DNA was extracted from adductor
muscle using QIAGEN DNeasy Blood and Tissue Kit

(Hilden, Germany) extraction kits following the manufacturer’s
protocol. We amplified a 693 base pair (bp) fragment of the
mitochondrial cytochrome c oxidase subunit I (COI) gene
using polymerase chain reaction. PCR reactions were carried
out in 25 ml reactions using 0.75mM of each primer, 1 U Taq
polymerase (Qiagen, Hilden, Germany), 10 ml master AmpTM

2� PCR premix (Epicenter Biotechnologies, Madison, WI),
approximately 100 ng of DNA template and ddH2O to the
final volume. The thermal regime was 5min at 95 �C, followed
by 35 cycles of 60 s at 94 �C for denaturation, 30 s at 47 �C for
annealing and 60 seconds at 68 �C for extension, followed by
a 5min final extension at 68 �C. PCR products were purified
with EXOSAPiT (USB Corporation, Cleveland, OH) and
sequenced in both directions with the original primers in 5 ml
sequencing reactions with BigDyeVR Terminator v3.1 (Applied
Biosystems, Foster City, CA) following the manufacturer’s rec-
ommendations. Reactions were purified with the CleanSeq
Dye-terminator removal kit (Agencourt, Brea, CA) and ana-
lysed on an ABI Prism 3730 sequencer (Applied Biosystems,
Perkin-Elmer, San Diego, CA). Sequences were assembled,
edited, and aligned using SEQUENCHER 4.7 (Gene Codes,
Corp., Ann Arbor, MI) and an open reading frame was verified
for each gene. The alignments were unambiguous and we
did not detect any gaps present for the specimens sequenced
in this study.

Haplotype diversity (Hd) and nucleotide diversity (p) were
calculated to measure DNA polymorphisms using DNAsp v
6.0 (Rozas et al. 2017). These measures are appropriate for
this type of study because they do not depend on sequence
length or sample size. We used Migrate-n (Beerli and
Felsenstein 1999; Beerli 2009) to investigate ancient gene
flow across the Gulf-Atlantic and Cape Hatteras discontinu-
ities. Migrate-n incorporates a coalescent approach to

Figure 1. Map of the eastern United States showing location of samples used in this study. Lines represent approximate locations of the three major oceanic cur-
rents; Loop current in the Gulf of Mexico, Gulf Stream current along the southern Atlantic and the Labrador current along the northern Atlantic coastlines. Light grey
area represents the coastline during the Last Glacial Maximum derived from CCSM models.
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estimate migrate rates between two populations and per-
forms best when two populations are used. Migrate-n
assumes that the data are in equilibrium, that population
sizes and migration rates are constant through time, and that
populations are randomly sampled. Often, one or more of
these assumptions is violated, however, the software has
been shown to be robust to violations in simulated studies
(Beerli 2009; Beerli and Palczewski 2010). We used the
Bayesian inference model to estimate h, M and the number
of migrants per generation (Nm) using the formula Nm¼h�M
for Gulf Atlantic and Carolina Virginia Province migration pat-
terns. In addition, we tested the hypothesis of unidirectional
gene flow for each region by constraining M¼ 0, and a pan-
mictic model which assumes that all individuals belong to a
single population. For each hypothesis, we estimated starting
values of h and M with an FST calculation and used uniform
priors (for h, minimum¼ 0.0, maximum¼ 0.3, delta¼ 0.01; for
M, minimum¼ 0.0, maximum¼ 1000.0, and delta¼ 100.0).
Parameter space was searched using four parallel chains with
static heating (temperatures: 1.0, 1.5, 3.0, 100,000.0). We ran
each chain for 20 million generations and sampled every 100
generations. For each chain, we used a burn-in of 20,000. We
inspected histograms of estimated h and M posterior values
(bin number¼ 1500) to assess convergence. In general, Nm
values >1 indicate that the effect of migration is greater than
the effect of genetic drift. The marginal likelihoods of the
models were evaluated using Bayes factors (Beerli and
Palczewski 2010). The lack of a phylogeographic break would
be indicated if the panmictic model was favoured over the
models assuming the existence of phylogenetic breaks.

For phylogenetic analyses, the best-fitting model of
nucleotide substitution was selected using the Akaike
information criterion (AIC) following the procedure outlined
by and implemented in jModelTest v 2.1.4 (Darriba et al.
2012). These results give a best fit for the Hasegawa,
Kishino and Yano (HKY) nucleotide substitution model with
gamma-distributed rate heterogeneity among sites
(gamma shape¼ 0.024).

Bayesian phylogenetic analysis was carried out with
MrBayes v. 3.2.6 (Ronquist and Heulsenbeck 2003) with
3� 108 steps, sampling every 3000th tree from two runs.
Convergence was assessed as having been reached when the
average standard deviation of split frequencies became
<0.01, and the potential scale reduction factor (Gelman and
Rubin 1992) 1.00 for all parameters. The runs were also visu-
ally checked for lack of trends in Tracer v1.6 (Rambaut et al.
2014). The first 25% of trees were discarded from each run as
burn-in, and a 50% majority rule tree was constructed. Trees
were visualized using the FigTree v1.1.2 program, available at
http://tree.bio.ed.ac.uk/software/figtree/. Maximum likelihood
(ML) analysis was conducted in RAxML v.8.2 (Stamatakis 2014)
using the HKYþG model and rapid bootstrapping for 10,000
iterations. We chose Geukensia demissa and G. granossisima
as outgroup taxa based on Lee and Foighil (2004). Support
values for clades with less than 90% Bayesian support and
ML support are not shown.

Nucleotide diversity can be calculated using the average
number of pairwise nucleotide differences (p) or by calculat-
ing the number of segregating sites (S). Under the null

hypothesis of population stability, the difference between
these two values, Tajima’s D (Tajima 1989) and Fu’s Fs (Fu
1997), can be used to infer demographic history of a popula-
tion. If populations have been stable over time, both statistics
are expected to be close to zero (Tajima 1989; Fu 1997).
Significant deviation from zero (positive or negative) permits
for the rejection of the null hypothesis of population stability.
Under the assumption of neutrality, negative values are
expected in populations that have undergone recent
increases because rare alleles are more numerous than
expected. Positive values occur if rare alleles are eliminated
from populations following genetic bottlenecks (Tajima 1989).
Mismatch distributions were conducted to further investigate
the possibility of demographic change. The validity of the
expansion models was calculated by constructing 10,000
coalescent simulations in DnaSP.

Although Tajima’s D and mismatch distributions are able
to provide insights into whether or not population growth
has been expansive, they are not able to provide information
about the shape of population growth over time. Therefore,
to estimate the shape of population growth through time we
constructed Bayesian skyline plots (BSPs) implemented in
BEAST v1.8.4 (Drummond et al. 2012) under the appropriate
model. Genealogies and model parameters for each lineage
were sampled every 1000th iteration for 1� 107 generations
under a relaxed lognormal molecular clock with uniformly
distributed priors and a pre-burn-in of 100. Demographic
plots were visualized using Tracer v 1.6 (Rambaut et al. 2014).
The rate of divergence for I. recurvum was calibrated using
the value estimated by Luttikhuizen et al. (2003) from the fos-
sil record for Mytilidae which translates to a mutation rate of
0.0026 per nucleotide site per million years (Schenekar and
Weiss 2011). We used a generation time of 3 years derived
from the closely related genus Brachidontes (Morton 1988).

Results

A total of 23 haplotypes were found in the 185
I. recurvum individuals examined. The unique sequences (hap-
lotypes) were submitted to GenBank (accession nos.
MH041466–MH041483). The translated amino acid sequences
did not contain stop codons or indels. The presence of an
open reading frame lack of intern stop codons suggests that
the amplicon was a fragment from the functional mitochon-
drial COI gene region and not a nuclear pseudogene or DNA
contaminant (Buhay 2009; Siddall et al. 2009).

Haplotype diversity ranged from 0.43 to 1.0 with a slightly
higher diversity found in the GOM populations, while nucleo-
tide diversity (p) was equal between the two coasts (Table 1).
The Migrate-n analyses inferred the number of migrants mov-
ing towards the Atlantic coast (23.465) was approximately
three times the number of individuals moving towards the
Gulf Coast (Nm¼ 7.923), while the Carolina–Virginia Province
showed nearly equal amounts of migrants (Nm¼ 4.02 and
3.86, respectively) (Figure 2). These results suggest the effects
of migration (regardless of direction) are more powerful than
the effects of drift. We rejected the presence of a phylogeo-
graphic break at either location and the possibility of unidir-
ectional gene flow based on the Bayes factors comparisons in
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Migrate-n. The panmictic model was selected as the best
model for each species, indicating it is more likely that the
sampled locations represent one panmictic population than
multiple separate populations (Table 2).

The Bayesian analysis produced a 50% majority-rule con-
sensus tree with a harmonic mean of 1652.97 following a
burn-in of 20,000 generations. As both the ML and BI analy-
ses produced highly congruent estimates of the phylogenetic
patterns, only the Bayesian consensus phylogram is presented
with the posterior probabilities and non-parametric bootstrap
values for the shared branches (Figure 3).

Tajima’s D was not significant for any of the individual
populations while Fu’s Fs was significant for the Pensacola, FL
and Panacea, FL populations from the Gulf, and the
Hampstead, NC and Myrtle Beach, SC populations from the
Atlantic (Table 1). Ramirez-Soriano et al. (2008) showed that
Fu’s Fs is one of the more powerful tests for detecting expan-
sion on nonrecombining genomic regions. However, given
the small sample sizes we recommend the results for these
individual sampling localities be interpreted cautiously.
Tajima’s D and Fu’s Fs were significant for all samples (�1.85,
�15.11, respectively) and the mismatch distribution analysis
(Figure 4) recovered a unimodal pattern (s¼ 1.52, R2¼ 0.03,
p< .05). The effective sample size (ESS) for the BSP analysis
was greater than 200, suggesting that the 10 million genera-
tions were sufficient to determine the demographic history.
Unimodal distributions with low raggedness values, signifi-
cantly negative D and Fs values and the BSP are indicative of
population expansion occurring within the last 25,000 years
(Figure 4).

Discussion

Based on the results of the phylogenetic analyses and our
hypothesis testing using Bayes factors in Migrate-n, our data
reject the presence of phylogeographic breaks consistent
with either maritime discontinuity in I. recurvum. The
Bayesian analyses inferred a single well-supported monophy-
letic ingroup that lacked geographic structure associated with
the sample sites or either genetic discontinuity (Figure 3).
Although the migration analyses depicted bi-directional
migration patterns for each hypothesis, the migration rate
from the Gulf to the Atlantic was approximately three times
higher than the migration from the Atlantic to the Gulf
whereas the Carolina–Virginia migration rates were nearly
equal (Figure 2). Finally, the hypothesis testing using Bayes
factors rejected the models assuming phylogeographic breaks
and favoured a panmictic population model (Table 2).

The lack of genetic population structure, therefore, invites
the question as to what factors may be responsible for pan-
mixia in this species. While there is little information available
as to the migration rate and dispersal distances of

Table 1. Sample size (N), number of haplotypes (HN), haplotype diversity (Hd), nucleotide diversity (p), average number of pairwise differences (k) and results of
Tajima’s D and Fu’s Fs statistic for each sampling location of I. recurvum.

N HN Hd p K Taj. D Fu’s Fs

Gulf of Mexico
Bradenton, FL 43 5 0.59 0.0017 0.952 –0.44 CI (–1.44, 1.74) –0.39 CI (–3.10, 4.40)
New Orleans, LA 6 2 0.60 0.0008 0.600 1.44 CI (–1.2, 1.64) 0.79 CI (–1.35, 2.50)
Fort Myers, FL 9 3 0.75 0.0014 1.0 1.23 CI (–1.60, 1.75) 0.35 CI (–1.99, 3.28)
Pensacola, FL 25 8 0.80 0.0025 1.527 –0.88 CI (–1.73, 1.94) –2.64 CI (–3.36, 3.96)�
Cedar Key, FL 13 4 0.72 0.0020 1.615 0.86 CI (–1.76, 1.86) 0.55 CI (–2.42, 4.21)
St. Andrews, FL 18 5 0.76 0.0016 1.039 0.53, CI (–1.71, 1.85) –01.15 CI (–2.19, 4.36)
Panacea, FL 12 10 0.97 0.0054 3.485 –1.28 CI (–1.71, 2.35) –5.14 CI (–3.34, 4.68)�

Atlantic
Stuart, FL 13 5 0.692 0.0022 1.436 –0.38 CI (–1.68, 1.87) –0.86 CI (–2.33, 3.80)
Jacksonville, FL 12 10 0.970 0.0056 3.458 –0.19 CI (–1.18, 1.68) –0.45 CI (–2.11, 3.70)
Hampstead, NC 7 6 0.952 0.0033 2.190 –0.53 CI (–1.52, 1.75) –3.02 CI (–2.47, 3.49)�
New Haven, CT 8 2 0.429 0.0012 0.857 0.41 CI (–1.53, 1.60) 1.65 CI (–1.74, 2.47)
Myrtle Beach, SC 6 6 1.0 0.0040 2.467 –0.35 CI (–1.33, 1.44) –3.77 CI (–1.81, 2.99)�
Anne Arundel, MD 6 2 0.533 0.0013 1.067 1.03 CI (–1.33, 1.75) 1.72 CI (–1.45, 3.00)
Pompano Beach, FL 8 2 0.429 0.0006 0.429 0.33 CI (–1.44, 1.60) 0.54 CI (–1.09, 2.21)

All samples 23 0.793 0.0027 1.528 –1.85 CI (–1.55, 1.93)� –15.11 CI (–6.3 6.44)�
�Significantly different at a p¼ .05.

Figure 2. Number of migrants (Nm) calculated from h and M estimates from
Migrate-n. Arrow width is proportional to the approximate level of gene flow.

Table 2. Phylogeographic models compared using Bayes factors.

Model Bezier Lnl LBF
Bayes factor
model rank

Model
probability

Gulf/Atlantic Full –514.0 –14.31 3 0
Gulf!Atlantic –502.6 0 2 0
Atlantic!Gulf –689.5 –38.56 6 0
Virginia/Carolina Full –603.1 –26.48 4 0
Virginia!Carolina –700.2 –4358 7 0
Carolina!Virginia –655.4 –30.64 5 0
Panmictic!model –211.32 86.05 1 1.000

The Bezier approximated marginal likelihood, natural log Bayes factors, model
rank, and model probability are reported for each model.
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I. recurvum, they produce planktotrophic larvae that likely
spend several days to weeks in the water column (Campos
and Romorino 1980; Fields and Moore 1983). Larval exchange
between the GOM and the Atlantic may be promoted by the
Loop Current moving larvae down the western coast of

Florida and into the Atlantic. Avise (2000) suggested that the
Gulf Stream may promote ‘‘leakage’’ of Gulf haplotypes into
the Atlantic Coast of Florida, a hypothesis consistent with the
results of our Gulf-Atlantic migration analyses. Subsequently,
not all marine species exhibiting an Atlantic-Gulf Coast distri-
bution display genetic differentiation between the two
regions. Panmictic populations across this region have been
recovered for the Spanish mackerel (Scomberomorous macula-
tus), the scamp (Mycteroperca phenax) (Zatcoff et al. 2004),
the little brown seastar (Echinaster spinulosus) (Fontanella
2016), and black mangroves (Avicennia germinans) (Hodel
et al. 2016).

Similarly, we did not recover evidence of a genetic break
or migration barrier associated with the Virginian–Carolinian
zoogeographic regions. Haplotypes were shared between
populations spanning the region and the migration analyses
inferred similar number of migrants between regions. These
findings are consistent with other species with trans-Cape
Hatteras distributions including: the summer flounder,
Paralichthys dentatus (Jones and Quattro 1999); the horseshoe
crab, Limulus polyphemus; the American oyster, Crassostrea
virginica; and the black sea bass, Centropristis striata
(Avise 1992).

The demographic analyses showed signatures of rapid
population expansion consistent with a post-Pleistocene
expansion model. The mismatch distribution was unimodal,
Tajima’s D and Fu’s Fs test were significant, all of which are
indicative of recent population expansion (Figure 4 and Table
1, respectively). The BSP inferred a strong expansion curve,
with the population expansion occurring after the Last Glacial
Maximum (LGM) (Figure 4). The lack of population structure
coupled with the recent population expansion has been
found for several other marine organisms (Benzie et al. 2002;
McMille-Jackson and Bert 2004; Chatti et al. 2012) and sug-
gests that the marine environment is highly dynamic through
time, affecting the distribution and population expansion of
some species. The most likely explanation for the historical
increase in population size and range expansion is due to an
increase in available niche space as the Florida Shelf became
submerged following the retreat of the Laurentide ice sheet
at the end of the last glacial cycle (�21,000 years ago)
(Anderson et al. 1988). The leading edge model of population
expansion predicts that populations would have undergone
rapid expansion as previously unsuitable habitat became
colonized. Such rapid or step-wise colonizations would be
characterized by low levels of genetic diversity as each new
founding population represented only a fraction of the ances-
tral population’s genetic diversity (Nichols and Hewitt 1994;
Hewitt 2000). Given that sea level has increased by more
than 150 m since the LGM (Anderson et al. 1988), a small
population restricted to a refuge of suitable habitat in deeper
waters may have expanded into the increasingly available
niche space. Thus, the leading-edge effect (Hewitt 1996)
resulting in recent range expansion combined with some
level of contemporary larval mixing seems to be the main
source of panmixia in this species.

Mitochondrial DNA (mtDNA) has been the marker of
choice for inter and intraspecific studies, largely because
these sequences typically show enough resolution to reveal
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Figure 3. Bayesian 50% majority-rule consensus tree for the 185 I. recurvum
samples and outgroup taxa. Support values (posterior probabilities above
branches, nonparametric bootstrap proportions below) are shown for nodes
with a posterior probability >95%.
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genetic variation among recently diverged lineages and the
identification of barriers to gene flow. The gene region cod-
ing for the COI has become one of the most frequently used
markers due to its high degree of variability (Avise 2000;
Bucklin et al. 2011). Our study shows that along the North
American coastline, I. recurvum lacks the mitochondrial diver-
sity typically associated with broad ranging marine species
despite the presence of well-defined phylogeographic bar-
riers. The limited population structure, high level of migration
across potential barriers and evidence of recent population
expansion suggests that I. recurvum represents a single, well-
established population throughout this region. Given that our
study is restricted to a portion of the range, further study
incorporating populations from the West Indies would be
required before a full evaluation of the conservational status
of I. recurvum can be evaluated.

Acknowledgements

This work would not have been possible without the assistance in the
collection and donation of samples from Jessica Lunt and Eve Galimany
(Smithsonian Marine Station).

Disclosure statement

The authors report no conflicts of interest. The authors alone are respon-
sible for the content and writing of the paper.

Funding

This work was funded by University of West Georgia Faculty Research
Grants, Louise Stokes Alliances for Minority Participation, UWG-STEM
Education Improvement Plan (SEEP), University of West Georgia
Biology Department.

References

Abbott RT, Morris PA. 1995. A field guide to shells: Atlantic and Gulf
coasts and the West Indies. New York: Houghton Mifflin; p. 17.

Anderson PM, Barnosky CW, Bartlein PJ, Behling PJ, Brubaker L, Cushing
EJ, Dodson J, Dworetsky B, Guetter PJ, Harrison SP, et al. 1988.
Climatic changes of the last 18,000 years: observations and model sim-
ulations. Science. 241:1043–1052.

Avise JC. 2000. Phylogeography; the history and formation of species.
Cambridge (MA): Harvard University Press.

Avise JC. 1992. Molecular population structure and the biogeographic
history of a regional fauna: a case history with lessons for conservation
biology. Oikos. 63:62–76.

Beerli P, Felsenstein J. 1999. Maximum likelihood estimates of migration
rates and effective population numbers in two populations using a
coalescent approach. Genetics. 152:763–773.

Beerli P, Palczewski M. 2010. Unified framework to evaluate panmixia and
migration direction among multiple sampling locations. Genetics.
185:313–326.

Beerli P. 2009. How to use migrate or why are Markov Chain Monte Carlo
programs difficult to use? In: Bertorelle G, Bruford MW, Hauffe HC,
Rizzoli A, Vernesi C, editors. Population genetics for animal
conservation. Cambridge (UK): Cambridge University Press.

Benzie JAH, Ballment E, Forbes AT, Demetriades T, Sugama K, Haryanti
Moria S. 2002. Mitochondrial DNA variation in Indo-Pacific populations
of the giant tiger prawn, Penaeus monodon. Mol Ecol. 11:2553–2569.

Boehm JT, Waldman J, Robinson JD, Hickerson MJ. 2015. Population
genomics reveals seahorses (Hippocampus erectus) of the western
Mid-Atlantic coast to be residents rather than vagrants. PLoS One.
10:e0116219.

Bowen BW, Avise JC. 1990. Genetic structure of Atlantic and Gulf of
Mexico populations of sea bass, menhaden, and sturgeon: influence of
zoogeographic factors and life-history patterns. Mar Biol. 107:371–381.

Brante A, Fernandes M, Viard F. 2012. Phylogeography and biogeography
concordance in the marine gastropod Crepipatella dilatate
(Calyptraeidae) along the southeastern Pacific coast. J Hered. 103:
630–637.

Briggs JC, Bowen BW. 2012. A realignment of marine biogeographic prov-
inces with particular reference to fish distributions. J Biogeog.
39:12–30.

Briggs JC. 1974. Marine zoogeography. New York: McGraw-Hill.

Figure 4. Mismatch distributions (above) and Bayesian skyline plot (below) depicting the demographic history for all I. recurvum samples in this study. For the mis-
match distributions, open circles represent the observed distribution of pairwise differences and the solid line represents the expected distribution assuming popula-
tion expansion. For the skyline plots, the solid line represents the median value for the log of the population size (log Ne) and the dashed lines represent the upper
and lower 95% credible intervals. The x-axis represents time in thousands of years.

6 F. M. FONTANELLA ET AL.



Bucklin A, Steinke D, Blanco-Bercial L. 2011. DNA barcoding of marine
metazoa. Ann Rev Mar Sci. 3:471–508.

Buhay J. 2009. “COI-like” sequences are becoming problematic in molecu-
lar systematics and DNA barcoding studies. J Crustac Biol. 29:96–119.

Campos B, Romorino L. 1980. Larval and early benthic stages of
Brachidontes granulate Bivalvia: Mytilidae. Veliger. 22:277–281.

Chatti N, Zitari-Chatti R, Attia MH, Khadra YB, Said K. 2012. Very low mito-
chondrial diversity and genetic homogeneity in the starfish Echinaster
sepositus along the Tunisian coast. Biochem Genet. 50:45–51.

Darriba D, Taboada GL, Doallo R, Posada D. 2012. jModelTest 2: more
models, new heuristics and parallel computing. Nat Methods. 9:772.

Drummond AJ, Suchard MA, Xie D, Rambaut A. 2012. Bayesian phyloge-
netics with BEAUti and the BEAST 1.7. Mol Biol Evol. 29:1969–1973.

Fields A, Moore E. 1983. The larval biology of Brachidontes modiolus
(Linneaus, 1767) Bivalvia: Mytilidae. Veliger. 26:52–61.

Fontanella FM. 2016. Mitochondrial DNA panmixia in the little brown
seastar Echinaster spinulousus suggests a recent population expansion.
Mitochondrial DNA A. 27:4503–4509.

Fu XY. 1997. Statistical tests of neutrality of mutations against population
growth, hitchhiking, and background selection. Genetics. 147:915–925.

Gelman A, Rubin DB. 1992. Inference from iterative simulation using
multiple sequences. Stat Sci. 7:457–511.

Gray IE, Cerame-Vivas MJ. 1963. The circulation of surface waters in
Raleigh Bay, North Carolina. Limnol Oceanogr. 8:330–337.

Hare MP, Avise JC. 1998. Population structure in the American oyster as
inferred by nuclear gene genealogies. Mol Biol Evol. 15:119–128.

Hewitt GM. 1996. Some genetic consequences of ice ages, and their role
in divergence and speciation. Biol J Linn Soc. 58:347–356.

Hewitt GM. 2000. The genetic legacy of the Quaternary ice ages. Nature.
405:907–913.

Hodel RGJ, de Souza Cortez MB, Soltis PS, Soltis DE. 2016. Comparative
phylogeography of black mangroves (Avicennia germinans) and red
mangroves (Rhizophora mangle) in Florida: testing the maritime dis-
continuity in coastal plants. Am J Bot. 103:730–739.

Jones WJ, Quattro JM. 1999. Genetic structure of summer flounder
(Paralichthys dentatus) populations north and south of Cape Hatteras.
Mar Biol. 133:129–135.

Kelly DW, MacIsaac HJ, Heath DD. 2006. Vicariance and dispersal effects
on phylogeographic structure and speciation in a widespread estuar-
ine invertebrate. Evolution. 60:257–267.

Lee T, Foighil �O. 2004. Hidden Floridian biodiversity: mitochondrial and
nuclear gene trees reveal four cryptic species within the scorched
mussel, Brachidontes exustus, species complex. Mol Ecol. 13:3527–3542.

Luttikhuizen PC, Drent J, Baker AJ. 2003. Disjunct distribution of highly
diverged mitochondrial lineage clade and population subdivision in a
marine bivalve with pelagic larval dispersal. Mol Ecol. 12:2215–2229.

McCartney MA, Burton ML, Lima TG. 2013. Mitochondrial DNA differenti-
ation between populations of black sea bass (Centropristis striata)
across Cape Hatteras, North Carolina (USA). J Biogeogr. 40:1386–1398.

McMille-Jackson AL, Bert TM. 2004. Mitochondrial DNA variation and
population genetic structure of the blue crab Callinectes sapidus in the
eastern United States. Mar Biol. 145:769–777.

Morton B. 1988. The population dynamics and reproductive cycle of
Brachidontes variabilis (Bivalvia: Mytilidae) in a Hong Kong mangrove.
Malacol Rev. 21:109–117.

Nichols RA, Hewitt GM. 1994. The genetic consequences of long distance
dispersal during colonization. Heredity. 72:312–317.

Rambaut A, Suchard MA, Xie D, Drummond AJ. 2014. Tracer v1.6. http://
tree.bio.ed.ac.uk/software/tracer

Ramirez-Soriano A, Ramos-Onsins SE, Rozas J, Calafell F, Navarro A. 2008.
Statistical power analysis of neutrality tests under demographic
expansions, contractions and bottlenecks with recombination.
Genetics. 179:555–567.

Ronquist F, Heulsenbeck JP. 2003. MrBayes 3: Bayesian phylogenetic
inference under mixed models. Bioinformatics. 19:1572–1574.

Rozas J, Ferrer-Mata A, S�anchez-DelBarrio JC, Guirao-Rico S, Librado P,
Ramos-Onsins SE, S�anchez-Gracia A. 2017. DnaSP 6: DNA sequence
polymorphism analysis of large datasets. Mol Biol Evol. 34:3299–3302.

Sanchez R, Sepulveda RD, Brante A, Cardenas L. 2011. Spatial pattern of
genetic and morphological diversity in the direct developer Acanthina
monodon (Gastropoda: Mollusca). Mar Ecol Prog Ser. 434:121–131.

Schenekar T, Weiss S. 2011. High rate of calculation errors in mismatch
distribution analysis results in numerous false inferences of biological
importance. Heredity. 107:511–512.

Siddall ME, Fontanella FM, Watson SC, Kvist S, Erseus C. 2009. Barcoding
bamboozled by bacteria: convergence to metazoan mitochondrial pri-
mer targets by marine microbes. Syst Biol. 58:445–451.

Stamatakis A. 2014. RAxML Version 8: a tool for phylogenetic analysis
and post-analysis of large phylogenies. Bioinformatics. 30:1312–1313.

Tajima F. 1989. Statistical method for testing the neutral mutation
hypothesis by DNA polymorphism. Genetics. 123:585–595.

Teske PR, Papadopoulos I, Mmonwa KL, Matumba TG, McQaid CD, Barker
NP, Beheregaray LB. 2011. Climate-driven genetic divergence of lim-
pets with different life histories across a southeast African marine bio-
geographic disjunction: different processes, same out-come. Mol Ecol.
20:5025–5041.

Teske PR, Winker H, McQuaid CD, Barker NP. 2009. A tropical/subtropical
biogeographic disjunction in southeastern Africa separates two evolu-
tionarily significant units of estuarine prawn. Mar Biol. 156:1265–1275.

Young AM, Torres C, Mack JE, Cunningham CW. 2002. Morphological and
genetic evidence for vicariance and refugium in Atlantic and Gulf of
Mexico populations of the hermit crab Pagarus longicarpus. Mar Biol.
140:1059–1066.

Zatcoff MS, Ball AO, Sedberry GR. 2004. Population genetic analysis of
red grouper, Epinephelus morio, and scamp, Myteroperca phenax, from
the southeastern US Atlantic and Gulf of Mexico. Mar Biol.
144:769–2777.

MITOCHONDRIAL DNA PART A 7

http://tree.bio.ed.ac.uk/software/tracer
http://tree.bio.ed.ac.uk/software/tracer

	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	Disclosure statement
	References


