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Abstract

There has been an increasing concern about shark overexploitation in the last decade, especially for open ocean shark
species, where there is a paucity of data about their life histories and population dynamics. Little is known regarding the
population structure of the pelagic thresher shark, Alopias pelagicus. Though an earlier study using mtDNA control region
data, showed evidence for differences between eastern and western Pacific populations, the study was hampered by low
sample size and sparse geographic coverage, particularly a lack of samples from the central Pacific. Here, we present the
population structure of Alopias pelagicus analyzing 351 samples from six different locations across the Pacific Ocean. Using
data from mitochondrial DNA COI sequences and seven microsatellite loci we found evidence of strong population
differentiation between western and eastern Pacific populations and evidence for reciprocally monophyly for organelle
haplotypes and significant divergence of allele frequencies at nuclear loci, suggesting the existence of two Evolutionarily
Significant Units (ESU) in the Pacific Ocean. Interestingly, the population in Hawaii appears to be composed of both ESUs in
what seems to be clear sympatry with reproductive isolation. These results may indicate the existence of a new cryptic
species in the Pacific Ocean. The presence of these distinct ESUs highlights the need for revised management plans for this
highly exploited shark throughout its range.
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Introduction

Sharks of the open ocean are wide-ranging, highly migratory
species that routinely cross national borders. Such characteristics
may lead to the misconception that these marine resources are
unlimited and resistant to localized depletion. When population
subdivision exists, these misconceptions lead to an unsustainable
use of the resource, ending in the depletion of the population
under pressure. If severe enough, these population depletions may
result in reduced genetic diversity and a concomitant reduction in
the ability of a population to adapt to environmental or disease
stressors [1,2]. To identify management units a variety of tools are
available for sharks (e.g. conventional and electronic tagging, life
history studies, population genetic analyses, fishery catch data).
Over the last 20 years genetic data have become increasingly
important for delineating management units and understanding
population connectivity in the marine realm.

Highly migratory and broadly distributed open ocean shark
species are expected to show little to no population heterogeneity.
As expected, previous population genetic studies on epipelagic
sharks, such as the shortfin mako shark Isurus oxyrinchus [3], the
basking shark Cetorhinus maximus [4], the whale shark Rhincodon
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typus [5,6], and the blue shark Prionace glauca [7] show low to no
genetic structuring among ocean basins.

The pelagic thresher shark (Alopias pelagicus) is a large (up to
330 cm TL) aplacental viviparous epipelagic shark with a
distribution restricted to the Indian and Pacific Oceans. Fecundity
is very low with litters of only 1-2 pups [8] with an unknown
gestation period, but assumed to be around a year or less [9]. The
pelagic thresher shark is one of the most abundant open ocean
sharks in the Eastern Tropical Pacific (E'TP) and Western Pacific
Ocean (WP), and one of the most exploited shark species in
commercial, artisanal and illegal fisheries of these regions [10-12].
Despite a high level of exploitation little is known regarding their
life history, population dynamics, and overall abundance.

Between 2009 and 2011, tissue samples, collected in Colombian
fishing ports and during seizures of illegal shark finning vessels,
were sent to the Universidad de Los Andes for molecular
identification. We found that more than 95% of those samples
were A. pelagicus, suggesting that perhaps exploitation rates in this
region are higher than previously thought and that there is a need
to gather more information on this species for its effective
management [12]. Furthermore, Tsai et al. [11] suggested, using a
stochastic stage-based model, that the northwest Pacific stock of A.
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Figure 1. Map indicating sampling locations in the Pacific Ocean. TW=Taiwan, HH=Hawaii, BA=Baja, SC=Southern California,
CL=Clipperton Island, CR=Costa Rica, COL=Colombia, ECU =Ecuador. Sample numbers for each location are shown in parentheses.

doi:10.1371/journal.pone.0110193.g001

pelagicus is overexploited. The combined levels of exploitation,
low fecundity and lack of population information led this species to
be classified as Vulnerable on the IUCN Red List.

Despite their common occurrence and importance to fisheries,
little is known about the genetic diversity of thresher sharks. Early
work by Eitner [13], used allozyme data to examine phylogenetic
relationships among the three species and suggested the existence
of an unrecognized taxon in the Eastern Pacific. Trejo [14] studied
the global population structure and genetic diversity of all three
thresher shark species by analyses of DNA sequence data from the
mitochondrial control region, finding different phylogeographic
patterns for each species. Genetic heterogeneity was present
among sampled populations of A. vulpinus but with no clear
biogeographic signal. Slight population differentiation existed
between samples of A. superciliosus from locations in the Atlantic
and the Indo-Pacific, but not among samples from within the
Indo-Pacific. In contrast to the other two species, A. pelagicus
populations exhibited a very marked biogeographic pattern with
strong population structure between Eastern and Western Pacific
locations indicating limited gene flow across the Pacific Ocean. An
interesting finding was the presence of two well-differentiated
clades corresponding roughly to sampling region. One haplotype
clade representing samples predominantly from the Western
Pacific and the other grouping haplotypes found exclusively in
the Eastern Pacific.

Though a strong biogeographic signal was detected for A.
pelagicus, Trejo’s study was limited by the number of samples both
overall and within sampled areas, by a lack of geographically
intermediate samples from the Central Pacific, and by the use of a
single mitochondrial marker. Despite their limitations, the results
of both Trejo [14] and Eitner [13] identify interesting patterns of
genetic heterogeneity that deserve further evaluation. Here, we
build upon previous examination of the molecular ecology of A.
pelagicus through increased sample number, inclusion of addi-
tional sampling areas spanning the range of A. pelagicus in the
Pacific Ocean, and analyses of both mitochondrial and nuclear
molecular markers. The generated data will allow us to evaluate
several key questions: 1.) Are the patterns observed by Trejo
similar when bi-parental nuclear data are included? 2.) Given the
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strong vicariance between Eastern and Western Pacific locations
observed by Trejo [14], are intermediate haplotypes present in the
Central Pacific? 3.) Are the distinct clades identified by Trejo [14]
more likely the result of population subdivision with restricted
geneflow or do they support the existence of an unrecognized
taxon as suggested by Eitner [13]?

Methodology

Tissue collection and DNA extraction

A total of 351 samples were collected between 1997 and 2011
(Fig. 1). The majority of these samples were collected by fishery
observers from dead animals captured in regional fisheries using a
variety of different capture techniques (i.e. longline, purse seine,
gillnet). Additional samples were collected during NOAA research
cruises and from sampling landings made by artisanal fishers.
Collaborating institutions that aided in the collection of samples
used in this study include; the National Marine Fisheries Service
(USA), Incoder Subdireccion de Pesca (Colombia), the Inter-
American Tropical Tuna Commission, the Ministerio de Agri-
cultura, Ganaderia, Acuacultura, y Pesca (Ecuador), the Fisheries
Research Institute (Taiwan). No Ethical Approval was required for
this project since the samples were collected from dead animals
already captured in commercial and recreational fishing activities.

Samples were identified by experts in the field and for the
samples for which identification was uncertain, we implemented
the molecular identification protocol described by Caballero et al.
[12]. DNA was extracted by heating small pieces of tissue in 200 pl
of 10% Chelex solution (BioRad) at 60°C for 20 minutes, then
103°C for 25 minutes followed by a brief centrifugation and
storage at 4°C [15].

Cytochrome Oxidase | amplification and analyses

A portion of the mitochondrial COI gene (655 bp) was
amplified using the universal primers FishCoxI F (5" TCWAC-
CAACCACAAAGAYATYGGCAC) and FishCoxI R (TAR-
ACTTCWGGGTGRCCRAAGAATCA) modified from Ward
et al. [16]. The PCR profile was as follows: 94°C for 2 min
followed by 35 cycles of 94°C for 30 s, 55°C for 45 s and 72°C for
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Figure 2. Haplotype network obtained from the TCS analysis. The size of the circle represents the frequency of each haplotype. Numbers
represent substitutions between haplotypes and small lines represent hypothetical haplotypes not observed in this study.

doi:10.1371/journal.pone.0110193.9g002

40 s, with a final extension of 72°C for 10 min. A no-template
negative control was included with each PCR batch to monitor for
reagent contamination. PCR products were visualized on 2%
agarose gels stained with ethidium bromide and single-band PCR
products were enzymatically cleaned using ExoSapIT (Affyme-
trix). Cleaned products were cycle sequenced using BigDye
Terminator v3.1 chemistry and run on an ABI3730 Genetic
Analyzer.

All forward and reverse sequences were checked and edited
manually using Geneious Pro v. 3.6.1 (http://www.geneious.
com/) and aligned using Seaview 4.4.1 software [17]. Haplotypes
were defined using MacClade [18]. A statistical parsimony
network was constructed using the software TCS v. 1.21 [19],
providing a 95% plausible set for all haplotype linkages. The
optimal model of DNA substitution was chosen using JModelTest
v.2.3.1 [20]. To understand phylogenetic patterns among haplo-
types the best fit model (GTR+I) was used for phylogenetic
reconstructions performed in Beast v.1.7.5 [21].

Haplotype and nucleotide diversity calculations as well as
pairwise comparisons of both Fgr and ®gt were performed using
Arlequin v.3.5.1 [22] using the pairwise nucleotide difference
model to calculate genetic distance. As Trejo [14] showed
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evidence for two distinct mtDNA clades and Eitner [13] suggested
the existence of a possible unrecognized taxon, we chose to
partition the samples in two distinct manners. In the first partition,
samples were grouped solely by geographic region (i.e. Taiwan,
Hawaii, southern California, Baja, Central America, Colombia,
Ecuador). In the second partition, samples were first grouped by
the mtDNA clade their COI haplotype belonged to (i.e. Clade A,
Clade B) and subsequently grouped by geographic region. Analysis
of molecular variance (AMOVA), using 10,000 random permu-
tations, was performed to identify optimal groupings and to test
biogeographic and phylogenetic hypotheses.

Microsatellite loci amplification and analyses

Nine microsatellite loci (Iox-01, Tox-30, Iox-12 [3]) and (AV-
HS8, AV-HI110, AV-H138, AV-I11, Iox-M36 and Iox-M115).
Primer sequence and repeat information for primers AV-H8, AV-
H10, AV-H138, AV-111, Iox-M36 and Iox-M115 are available
on GenBank (Table SI1). Microsatellite loci were amplified
separately in 30 ul PCR reactions. Two thermocycling profiles
were implemented. The first profile consisted of an initial
denaturation at 94°C for 2 min, followed by 35 cycles of 94°C
for 30 s, 60 s at specified annealing temperature (Table S1), and
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Figure 3. Coalescent tree showing reciprocal monophyly between haplotypes from the A and B clades. Posterior values are shown as

branch labels.
doi:10.1371/journal.pone.0110193.g003

72°C for 90 s, with a final extension of 72°Ci for 30 min. The
second profile consisted of the same temperatures with a final
extension of 60 min (Table S1).

PCR products were run on either an ABI 3500 automated
sequencer at Universidad de Los Andes (Colombia) or an ABI
3730 Genetic Analyzer at the NOAA SWFSC (La Jolla, CA) using
the internal ROX 500 size standard. Electropherograms were
visualized and allele size calling was done using ABI PRISM
GeneMapper Software v4.1 (Life Technologies). A reference set of
samples were used to cross-calibrate scores between analysis
platforms and labs. All authors scored all samples for all loci
individually in order to minimize scoring errors across readers.

Patterns of genetic structure were evaluated using Structure
v2.3.4 [23,24], which assigns individuals to groups using a
Bayesian model-based method that minimizes linkage disequilib-
rium and deviations from Hardy-Weinberg expectations. The
admixture model with correlated allele frequencies was selected
and models were run that both did and did not employ the
sampling location prior [25]. The sampling location prior was used
in two distinct ways. To better elucidate localized genetic structure
individuals were coded by region of capture, using it as a prior.

Alopias pelagicus.

Additionally, to test for possible reproductive isolation between the
two mtDNA clades identified by Trejo [14], individuals were
coded by which mtDNA clade their COI haplotype belonged to
using both geographic location and mtDNA clade as priors in this
analysis. To infer the most likely number of groups (K) we
compared the log probability LnP(D) of different values for K
using an ad hoc statistic (AK, [26]) that calculates the second order
rate of change of LnP(D). Runs were performed with a 10,000 step
burn-in followed by 100,000 MCMC steps to test K =1-10 with
20 repetitions each.

To test for population differentiation and genetic diversity,
samples with three or more loci with missing data were excluded.
Differentiation and genetic diversity among population units were
assessed utilizing several methods. Pairwise Fgp and Rgp values
were calculated using Arlequin v.3.5.1 [22], population differen-
tiation was tested by exact test as implemented in Genepop [27],
and a genetic differentiation index D [28] was calculated using the
R-package DEMEtics [29]. Departures from expectations of both
linkage disequilibrium and Hardy-Weinberg equilibrium (HWE)
and were tested for using Arlequin v.3.5.1 [22].

Table 2. Pairwise Fst (below diagonal) and ®st (above diagonal) values for the COI gene from the Pacific Ocean populations of

FSTq’ST ETP (n=121) Baja (n=>56) Hawaii (n=75) Taiwan (n=64)

ETP 7=0.104% h =0.5860.036 0.0624 (0.001420.000) 0.4766 (0.0000.000) 0.8964 (0.000+0.000)

Baja —0.0026 (0.43220.005) 1=0.299% h=0.631+0.061 0.2608 (0.000+0.000) 0.7882 (0.000+0.000)
Hawaii 0.1458 (0.000+0.000) 0.1131 (0.0000.000) n=0.688% h=0.755+0.024 0.36255 (0.000=0.000)
Taiwan 0.5283 (0.000+0.000) 0.5092 (0.000+0.000) 0.3728 (0.000+0.000) 7=0.130% h=0.3060.071

doi:10.1371/journal.pone.0110193.t002
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Probability values based on 10,000 permutations are shown in italic. Significant scores after Bonferroni correction are in bold. Haplotype (h) and nucleotide () % *+
standard deviation (SD) diversity values are shown in the diagonal of each population unit. Numbers of samples per location are shown in parentheses.
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Table 3. Pairwise Fst (below diagonal) and ®st (above diagonal) values for the COI gene when only Clade A haplotypes of Alopias

FST‘DST Baja (n=6) Hawaii (n=38) Taiwan (n=71)

Baja n=0.081% h=0.533+0.172 0.4971 (0.000+0.000) 0.4355 (0.000+0.000)
Hawaii 0.3916 (0.003+0.007) n=0.151% h=0.472%+0.072 0.0768 (0.111+0.003)
Taiwan 0.4728 (0.000+0.000) 0.1239 (0.079+0.003) 1=0.130% h=0.306+0.071

doi:10.1371/journal.pone.0110193.t003

Results

Mitochondrial DNA COI analyses

A total of 323 sequences of the 655 bp COI fragment were
successfully obtained from samples analyzed. Analysis of these data
identified 24 variable sites that defined 19 unique haplotypes,
although HIl was removed due to excessive missing data
(Table 1), and H10 and H13 were removed from TCS and Beast
analyses for the same reason. All haplotype sequences were
submitted to GenBank under accession numbers KM218907—
KM218923. The haplotype network derived from the TGS
analysis and a phylogenetic tree showed two well differentiated
and well supported clusters, hereafter referred to as clade A and
clade B (Figures 2 and 3). Nine haplotypes were unique to
individual regions (H2, H12, H17, H18, and H19 in the ETP
region, H14 and H16 in Baja, and H7 and H15 in Taiwan) with
the rest being observed across multiple regions. Haplotype H1
showed the highest frequency in the eastern Pacific, and the
analysis suggested it to be the ancestral haplotype in this region.
Haplotype H3 was the most common in the western Pacific and
only seven samples from the eastern Pacific shared that haplotype.
Haplotype H9 was shared between Hawaii and Baja. Of the
sequences obtained from GenBank, the Indo-Pacific samples
grouped within clade A and the single sample from Mexico
grouped within clade B. Sampling locations at the edge of the
sampling distribution (Taiwan and ETP) were composed entirely
of haplotypes from a single clade, clade A haplotypes in Taiwan
and clade B haplotypes in the ETP. Samples from Baja and
Hawaii contained a mixture of haplotypes from both clades
(Figure 2).

Comparisons of Fgr and ®gr between geographically sampled
populations produced very high values of ®gr for most pairwise
comparisons (®gp 0.0624-0.8964) with most populations being
significantly different from each other (Table 2), though compar-
ison between Baja and ETP populations was not significant after
Bonferroni correction. When comparisons were performed sepa-
rating locations by mtDNA clade, comparison of clade A

pelagicus are analyzed.

Probability values based on 10,000 permutations are shown in italic. Significant different values (p<<0.05) in bold. Haplotype (h) and nucleotide (n) % = standard
deviation (SD) diversity values are shown in the diagonal of each population unit. Numbers of samples per location are shown in parentheses.

populations produced a broad range of values of ®gr (Ogr
0.0768-0.4971) with significant differentiation for all comparisons
mvolving Baja (Table 3). Baja had a very low clade A sample size
so the power to differentiate this population is low and values of
Fs1 and ®gy are likely inaccurate. For the comparisons involving
only Clade B populations, we found low values of ®gy (P —
0.0066-0.0131) and non-significant differences in pairwise com-
parisons for both Fgt and ®gt (Table 4).

Haplotype diversity was similar in each sampled area with the
highest nucleotide diversity found in Hawaii. Taiwan showed the
lowest haplotype diversity compared to all other regions (Table 3).

Microsatellite analyses

Microsatellite fragments were analyzed for nine microsatellite
loci for 331 individuals. Initial scoring identified two loci, Iox-01
and Jox-30 that were monomorphic in this species and were
subsequently eliminated from downstream analyses. The number
of alleles ranged between two (AV-I11) and 39 (AV-H8) across all
sampled populations.

Genetic diversity values including expected (Hp) and observed
heterozygosity (Hp), were obtained for seven loci in all populations
units, along with deviations from H-W equilibrium (Table 5). Hg
and Hq varied among population units at different loci. When
samples were partitioned strictly by location, HWE analyses
showed the Hawaii and Baja regions were significantly out of
HWE at most loci while the Taiwan and ETP regions were mostly
in HWE. The alternate sample partitioning that separated out
clade A and B individuals by location showed groups to be in
HWE for all loci except locus AVH8 in the sample set from
Colombia and locus Iox-12 in samples from southern California
(Table 5).

Evaluation of the K values produced by Structure using the AK
method [26] identified K =2 as the most likely number of groups
present in the data both with and without consideration of the
location prior used for either geographic location or mtDNA clade
(Figure 4a, 4b and Figure 1S). In both Baja and Hawaii where the
samples were composed of a mixture of individuals from both

Table 4. Pairwise Fst (below diagonal) and ®st (above diagonal) values for the COI gene when only Clade B haplotypes of Alopias

(I)ST

Fep ETP (n=121) Baja (n=47) Hawaii (n=37)

ETP n=0.104% h=0.586+0.036 —0.0092 (0.788 +0.004) —0.0131 (0.666 +0.005)

Baja —0.0085 (0.679+0.005) n=0.095% h=0.536+0.066 —0.0066 (0.554+0.005)
Hawaii —0.0128 (0.679+0.005) —0.0104 (0.691 +0.004) n=0.088% h=0.536+0.055

doi:10.1371/journal.pone.0110193.t004
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Probability values based on 10,000 permutations are shown in italic. Significant different values (p<<0.05) in bold. Haplotype (h) and nucleotide (1) % = standard
deviation (SD) diversity values are shown in the diagonal of each population unit. Numbers of samples per location are shown in parentheses.
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different sampling locations in the Pacific Ocean. A) sampling region used as location prior. B) COI haplotype clade (A or B) used as the

location prior.
doi:10.1371/journal.pone.0110193.g004

clades, use of the clade ID as the location prior resulted in very
high assignment of individuals to their respective group (Figure 4a
and 4b).

When samples were grouped strictly by location, Fgr (0.000—
0.075) and Rgr (—0.032-0.135) comparisons were significant for
most comparisons with Taiwan and between Hawaii and
Colombia and Ecuador (Table 6). After separating samples by
region and haplotype clade, all Fgt (—0.003-0.109) and Rgt (—
0.032-0.338) comparisons remained large and significant between
clade A and B groups while comparisons within clade B group
were low and not significant (Table 7). Comparisons within the
clade A (e.g. Taiwan and Hawaii Clade A) were significant for Fgr
and non-significant for Rgr values (Table 7). Non-significant
values of Rgr between Taiwan, Baja, southern California and
Central America were found, though this may be an artifact of low
sample size for some of these comparisons (Table 6, 7).

PLOS ONE | www.plosone.org

As both Fgr and Rgr are inappropriate measures at deeper
levels of divergence, both Jost’s D and exact test analyses were
performed (Table 8). Jost’s D showed a high degree of differen-
tiation between clade A and B groups (0.151-0.357) as well as
within clade A locations (0.089). The exact test results identified
additional differentiation within clade B locations (Table 8).

Comparisons between sample partitions

Structure likelihood values were compared over multiple K’s
both with no location prior as well as considering the location
prior for both data partitions (geographic location and mtDNA
clade). In all analyses K =2 had the highest likelihood (Table S2).
Among the three run variants for K =2, utilization of the mtDNA
clade as location prior had the highest likelihood (—8756.49+—
7.88) followed by geographic location as location prior (—
8774.73+—7.26) (Table S2).
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0.144 0.0320.281
0.334 0.109+0.544
0.136 0.059+0.266
0.141 0.038+0.239

0.036 0.015+0.154

0.190 0.105+0.248
0.357 0.239+0.576
0.151 0.122+0.195
0.167 0.149+0.251

0.213 0.187+0.293
0.338 0.159+0.496
0.2110.226+0.269
0.2410.205+0.275

SC (B) (n=18)
CA (B) (n

0.237 0.095+0.515

0.085 —0.087*0.251
0.002 0.0220.088

=5)

0.150 0.0520.41

0.031 —0.021%0.097
0.010 —0.005+0.1448

92)

31)

COL(B) (n

0.004 0.027+0.099

0.168 —0.040£0.345

0.027 —0.016+0.082

ECU(B) (n

Significant scores after Bonferroni correction are in bold. Below diagonal Jost's D values with 95% confidence intervals and above diagonal exact test significance. Degrees of significance: p<0.0018 (+). p<<0.000001 (++).

Mitochondrial DNA clade and numbers of samples per location are shown in parentheses.

doi:10.1371/journal.pone.0110193.t008
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AMOVA comparisons of microsatellite data were performed to
compare hypothesized groups (Table 9). Grouping samples by
geographic region (Western Pacific, Central Pacific, Eastern
Pacific) explained 1.8% of the variance (®¢r=0.018 p=NS),
but significant within group variance remained (Pge;=0.018 p<
0.05). Samples grouped by mtDNA clade (i.e. clade A and B)
explained 4.9% of the variance (Ocr=0.049 p<<0.05), while
within group variance was fairly low (@g¢; = 0.008 p<<0.05) but still
significant.

Discussion

This study presents the first extensive analyses of the molecular
ecology of A. pelagicus in the Pacific Ocean using both
mitochondrial and nuclear molecular markers. Though an earlier
study using mtDNA control region data [14], showed evidence for
differences between eastern and western Pacific populations, the
study was hampered by low sample size and geographic coverage,
particularly a lack of samples from the central Pacific. The COI
data from this study is largely concordant with this previous study,
which is not surprising as the entire mtDNA molecule is a single
locus. Both datasets found well-defined phylogenetic clades that
were strongly separated by geography with samples on either side
of the Pacific almost entirely composed of a single regionally
specific clade. Samples collected in the Central Pacific represented
a ~50:50 mix of these two clades offering a unique opportunity to
test for reproductive isolation between these clades in an area of
sympatry using nuclear markers.

A core task of this study was to evaluate and extend earlier
findings by Eitner [13] and Trejo [14] regarding the pelagic
thresher shark. By addition of multiple nuclear microsatellite loci
and a broader geographic sampling we were able to test whether
the distinct biogeographic pattern observed by Trejo [14] was
maintained and evaluate the level of gene flow between eastern
and western Pacific populations. We were also able to test whether
the data better supported geographically separated populations or
whether these distinct mtDNA clades represent reproductively
isolated units. Microsatellite loci were mostly out of HWE in
populations (i.e. Hawaii, Baja) that contained a mixture of animals
with clade A and clade B haplotypes. When individuals within
these populations were separated by mtDNA clade, deviations
from HWE were mostly eliminated (Table 5). Structure analyses
using the location prior to compare likelihoods of geographic
versus mtDNA partitions indicated that grouping samples by
mtDNA clade had a higher likelihood than grouping samples by
geographic location (Table S2). However, in both cases, the K
value was the same, with two as the most likely number of groups.
Similarly, when AMOVA was run to compare these two
hypothesized groupings, grouping samples by mtDNA clade
explained three times the genetic variance as grouping samples
geographically, while also reducing the within group variance.
Structure results using geographic location as a prior resulted in
two distinct groups, largely concordant with patterns observed
with mtDNA haplotypes (Figure 4a). When the Structure analyses
considered the mtDNA clade as the location prior there was very
strong assignment of individuals to two distinct groups with little
evidence for introgression (Figure 4b). Together these analyses
support that the mtDNA clades first observed by Trejo are
reproductively isolated from each other, even in areas of sympatry.

These results support the existence of two groups on separate
evolutionarily trajectories, conforming to the concept of Evolu-
tionarily Significant Units (ESUs). ESUs have been described
based on the presence of reciprocal monophyly for organelle
haplotypes (e.g. mitochondrial DNA) and significant divergence of
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Table 9. AMOVA results for both mtDNA and microsatellite data for alternative grouping of samples.

Groups mtDNA Microsatellites

Oct Dsc Dst Dct ®Dsc Dst
Regional Grouping 0.643 0.009 0.646 0.018 0.023 0.041
mtDNA Clade Grouping 0.879 0.190 0.902 0.049 0.008 0.057

Significant values in bold (p<<0.05).
doi:10.1371/journal.pone.0110193.t009

allele frequencies at nuclear loci (e.g. microsatellites, [30]). In this
study, we found two reciprocally monophyletic mtDNA clades
with significant divergence of allele frequencies at microsatellite
loci and a significant level of reproductive isolation between both
clades in the Pacific Ocean based on the Structure analysis
(Figure 4), both when this analysis was run using the geographic
sampling location as prior or the COI clade as prior. The reason
for this marked population division remains unclear.

Observed levels of Ho and Hg, were similar across all locations
and were generally higher than values observed in other oceanic
species [6,31,32], but similar to those found in 1. oxyrinchus [33].
The lower haplotype diversity in Taiwan could be a consequence
of the sampling methodology as most samples came from a two
sampling events, which could increase the chance of sampling
related individuals. Though we sampled most of the geographic
range of A. pelagicus in the Pacific, they are commonly found
throughout the Indian Ocean so samples from the rest of the
species range should be analyzed in order to assess the true
population structure and genetic diversity within this ESU.

The overall findings in this study are in support of the assertion
that a cryptic taxon exists within Alopias [13]. During the course
of this study, several of the samples that Eitner [13] used in his
study were evaluated for inclusion. Our initial analyses indicated
that the A. pelagicus samples used in his study were most likely A.
superciliosus and his unrecognized taxon was most likely A.
pelagicus. Because of this discrepancy these samples were not
included in this study.

Both our study and that of Trejo [14] identified regionally
specific mtDNA clades on both sides of the Pacific. Samples from
the central Pacific identified animals with haplotypes from both
ESUs at high frequencies with little evidence for introgression in
the microsatellite loci analyses. These results leave some new
questions open; are both ESUs found year-round in this region or
do they seasonally migrate here? Is there spatial or temporal
scparation between these groups that allow for reproductive
isolation? Future movement studies should be conducted using
electronic tags, especially in this zone of overlap.

Conclusions

The results of this study provide important information to
sclentists, resource managers and governmental agencies regarding
management and conservation of pelagic thresher sharks. The
existence of two ESUs of A. pelagicus in the Pacific Ocean and the
genetic differentiation presented here is the highest found in the
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