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bstract

Population structure of bigeye tuna (Thunnus obesus) in the Indian Ocean, Western Pacific Ocean and Eastern Atlantic Ocean were investigated
sing mitochondrial (mt) DNA sequence data. A total of 380 specimens were sampled from four regions in the Indian Ocean (Cocos Islands,
outheastern Indian Ocean, Southwestern Indian Ocean and Seychelles), and one region each from the Atlantic (Guinea) and the Western Pacific
ceans, respectively. The reconstructed neighbor-joining phylogeny based on the first hypervariable region (HVR-1) of the mitochondrial control

egion sequence data showed that haplotypes from the Indian and the Western Pacific Oceans could be grouped into two clades (Clades I and III),
hereas in the Atlantic Ocean, two divergent clades (Clades I and II) coexisted. A single stock of bigeye tuna in the Indian Ocean was supported
y hierarchical AMOVA tests and pairwise ΦST analyses. Clade I was the dominant population in the Indian and the Western Pacific Oceans which

onsisted of more than 96% of the specimens and Clade II was a specific group exclusively restricted to the Atlantic Ocean which made up 77%
f its specimens. A new minor Clade, Clade III was discovered in the Indian and the Western Pacific Ocean. Overall, these analyses indicated that
igeye tuna of the Indian Ocean constituted a single panmictic population.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Bigeye tuna (Thunnus obesus Lowe, 1839) is a cosmopoli-
an, highly migratory pelagic fish with important commercial
alue. The Second World Meeting on Bigeye Tuna has pointed
ut the increasing concerns on the bigeye tuna stock status due
o worldwide overfishing in recent years (ICCAT, 2005). A bet-
er understanding of its population structure is important to an
ffective fisheries management.

At present, our knowledge on the bigeye tuna popula-
ion structure is developing and progressing. Previous studies
evealed that the global bigeye tuna population consisted of

wo clades (Alvarado-Bremer et al., 1998; Chow et al., 2000;
ppleyard et al., 2002; Durand et al., 2005; Martı́nez et al.,
006; Chiang et al., 2006). Both clades existed in all three oceans

∗ Corresponding author. Tel.: +886 2 33662479; fax: +886 2 33662478.
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ith significantly different distribution frequencies between the
tlantic and the Indo-Pacific Oceans. Clade I was the domi-
ant clade in the Indo-Pacific Ocean, contributing to 90% of its
opulation, while Clade II was the main clade of the Atlantic
cean, making up 73% of its population (Alvarado-Bremer et

l., 1998). The existence of two clades of bigeye tuna was later
orroborated by PCR-RFLP analyses of two mtDNA segments,
he control region and a segment (ATCO) flanking the ATPase
nd cytochrome oxidase III genes (Chow et al., 2000). Only
wo genotypes (� and �) were detected following RsaI diges-
ion of the ATCO segment. The � type was dominant in the
tlantic Ocean (i.e., 178 out of 244 samples), and all but one
f the 195 Indo-Pacific samples were � type. Moreover, bigeye
una samples of the Indian Ocean were examined for variations
t seven microsatellite loci and at the ATCO region by PCR-

FLP analyses (Appleyard et al., 2002). The results indicated

hat the genetic differentiation was non-significant between sam-
les collected from the Eastern and the Western Indian Oceans.
ppleyard et al. detected two haplotypes, BET1 (similar to �

mailto:hyhy@ntu.edu.tw
dx.doi.org/10.1016/j.fishres.2007.11.006
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ype, Chow et al., 2000) and BET2 (similar to � type, Chow et
l., 2000) which were distributed mainly in the Atlantic Ocean
nd the Indo-Pacific Ocean, respectively. It is interesting to note
hat while no BET1 haplotype was found in the Eastern Indian
cean, 4 out of 119 (∼3%) individuals from the Western Indian
cean belonged to this group. Recently, the genetic differenti-

tion between the Atlantic and the Indo-Pacific mitochondrial
ineages was further confirmed by the characterization of four
uclear DNA loci (Durand et al., 2005). The results indicated
nidirectional gene flow of the bigeye tuna populations from
he Indo-Pacific Ocean to the Atlantic and their admixture off
outhern Africa. In 2006, Martı́nez et al. first used the sequence
ata of the first hypervariable region (HVR-1) of the mitochon-
rial control region to examine the genetic variability of bigeye
una in the Atlantic Ocean. The results also indicated that two
ivergent mitochondrial lineages existed in the Atlantic big-
ye tuna population and suggested present unidirectional gene
ow from the Indo-Pacific into the Atlantic Ocean. Furthermore,
equence data analysis revealed no existence of Clade II in both
he Eastern Pacific Ocean and Seychelles of the Indian Ocean.
ecently, through sequence analysis of mtDNA HVR-1, Chiang
t al. (2006) showed that bigeye tuna over the Western Pacific
cean constituted a single panmictic population.
Although the Indian Ocean is one of the largest fishing

rounds of bigeye tuna, only few studies focused on the bigeye
una population structure in this region. According to the results
f PCR-RFLP analysis, few individuals from the Indian Ocean
ere grouped into Clade II of the Atlantic Ocean (Alvarado-
remer et al., 1998; � type, Chow et al., 2000; BET1 haplotype,
ppleyard et al., 2002). However, recent PCR-sequencing anal-
ses showed that none of the Seychelles samples belonged to the
ajor Atlantic clade (Clade II, Martı́nez et al., 2006). Putting
nto consideration that PCR sequencing seemed to be more effec-
ive than the RFLP approach (Buonnacorsi et al., 2001) and that
his procedure has not been performed on the bigeye tuna popu-
ation genetic structure of the whole Indian Ocean, in this study

s
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T

Fig. 1. Map showing the bigeye tun
search 90 (2008) 305–312

e analyzed the HVR-1 sequences of 380 bigeye tuna spec-
mens from the Indian, Western Pacific and Atlantic Oceans
o further investigate its population structure and phylogenetic
nformation.

. Materials and methods

.1. Sampling and DNA sequencing

Bigeye tuna samples with exact location information from
our Indian Ocean regions (n = 223) and from Guinea of the
tlantic Ocean (n = 57) were collected by scientific observers

rom commercial fishing vessels during 2000–2004 (Fig. 1 and
able 1). Bigeye tuna samples from the Western Pacific Ocean
n = 100) were also included (Chiang et al., 2006). Muscle tissue
pecimens were fixed in 95% ethanol and frozen at −20 ◦C until
NA extraction. DNA extraction, amplification and sequencing
ere performed as previously described (Chiang et al., 2006).

.2. Data analyses

The mtDNA control region sequences of all samples were
ligned using Clustal X v1.83 (Thompson et al., 1997) and
urther edited manually in BioEdit (Hall, 1999). The data set
as subjected to the neighbor-joining (NJ) method (Satiou

nd Nei, 1987) for phylogenetic inference. The NJ tree based
n the gamma corrected Tamura–Nei distance matrix was
onstructed using MEGA Version 3.1 (Kumar et al., 2004). Phy-
ogenetic analysis of three yellowfin tuna (Thunnus albacares)
equences (GenBank accession nos. AF301203, AF301206 and
F301207) was performed to further confirm no sampling error
ossible. Uncertain samples were excluded from further analy-

es. The inferred evolutionary model and parameters were used
o estimate neighbor-joining (NJ) distances. Robustness of the
esulting tree was tested with bootstrapping (Felsenstein, 1985).
wo mtDNA control region sequences of bluefin tuna (Thunnus

a sampling areas under study.
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hynnus, GenBank accession nos. AF390438 and AF390439)
ere used as outgroups.
Population genetic analyses were executed using Arlequin

001 (Schneider et al., 2000), DnaSP 4.0 (Rozas et al., 2003)
nd MEGA Version 3.1 (Kumar et al., 2004) based on HVR-1
egion sequence data. Delineative statistics such as nucleotide
omposition, number of polymorphic sites (S), haplotypic diver-
ity (Hd; Nei, 1987), nucleotide diversity (π; Lynch and Crease,
990) and the average number of pairwise nucleotide differences
k; Tajima, 1983) were determined for each geographic popu-
ation. The inter-haplotype levels of divergence were estimated
sing the index ΦST (Excoffier et al., 1992), which includes
nformation on mitochondrial haplotype frequency (Weir and
ockerham, 1984) and genetic distances (Tamura–Nei; Tamura
nd Nei, 1993). Significance of pairwise population comparison
as tested by 20,000 permutations. An analysis of molecular
ariance (AMOVA; Excoffier et al., 1992) was used to examine
he amount of genetic variability partitioned within and among
opulations. Permutation procedures (n = 20,000) were used to
onstruct null distributions and to test the significance of vari-
nce components for each hierarchical comparison (Guo and
hompson, 1992).

The entire mitochondrial control region data set revealed
rom the phylogenetic analysis was tested against constant pop-
lation model and sudden population expansion model using the
ismatch distribution (Rogers and Harpending, 1992; Schneider

nd Excoffier, 1999; Slatkin and Hudson, 1991) as implemented
n Arlequin 2001 (Schneider et al., 2000) and DnaSP 4.0 (Rozas
t al., 2003). Populations which have been stable over time
re predicted to have a more balanced phylogeny shape and
bimodal or multimodal mismatch distribution (Rogers and
arpending, 1992; Schneider and Excoffier, 1999; Slatkin and
udson, 1991). The fit between the observed and expected dis-

ributions was tested using the Harpending’s raggedness index
Hri; Harpending, 1994) and sum of squared deviations (SSD)
or the estimated stepwise expansion models (Schneider and
xcoffier, 1999).

Tajima’s D (Tajima, 1989a,b) and Fu’s Fs (Fu, 1997) tests,
onducted through Arlequin 2001 (Schneider et al., 2000), were

arried out to examine for deviations from neutrality (as would
e expected under population expansion). It has been showed
hat Fu’s Fs test outperforms others in detecting population
rowth for large sample sizes (Ramos-Onsins and Rozas, 2002).

I
O
s
h

able 1
escriptive statistics for the studied T. obesus samples

opulation Location Date n H

estern Pacific Ocean 115◦–144◦E; 7◦–22◦N May 2000 to
January 2003

100

ocos Islands 80◦–104◦E; 4◦–18◦S August 2004 24
outheastern Indian Ocean 76◦–90◦E; 27◦–32◦S August 2004 32
outhwestern Indian Ocean 60◦–70◦E; 30◦–33◦S August 2005 56
eychelles 41◦–60◦E; 1◦–6◦S June 2006 111 1
uinea 0◦–10◦W; 0◦–10◦S May–August

2003
57

, sample size; H, number of haplotypes; S, number of polymorphic sites; Hd, haplo
983); π, nucleotide diversity (Nei, 1987); θ, expected heterozygosity per site (Watte
search 90 (2008) 305–312 307

. Results

.1. Molecular characteristics

A fragment of mtDNA control region of approximately 860-
p which immediately flanks the tRNAPro gene was sequenced in
total of 380 bigeye tuna (T. obesus) individuals including 223,
7 and 100 from the Indian Ocean, Atlantic Ocean and West-
rn Pacific Ocean, respectively. The Western Pacific sequences
ere previously reported (Chiang et al., 2006). To be concordant
ith previous studies, the HVR-1 region, a 366-bp sequence at

he 5′ end of the mitochondrial control region was analyzed. An
verall of 159 variable sites were observed, and 355 haplotypes
ere defined. Representative sequences have been deposited in
enbank, with Accession nos. AY640289–AY640303 and nos.
F154397–EF154417. A higher A/T base content compared to
/G base content was observed among the sequences examined

mean: A = 38.2%, T = 27.7%, C = 20.2%, G = 13.9%), which
as consistent to previous findings that the D-loop is an A–T

ich region of the mitochondrial genome (Brown et al., 1986;
accone et al., 1987). The total number of polymorphic sites, sin-
leton variable sites and parsimony-informative sites were 159,
8 and 121, respectively. Overall nucleotide diversities (aver-
ge π = 0.046) and haplotypic diversities (average h = 0.99) were
oth high within each region (Table 1). Provided in Table 1 are
ll the population genetic statistics.

.2. Phylogeny and patterns of population structure

The phylogenetic analyses using neighbor-joining method
ith Tamura–Nei distances (with a gamma value of 0.59)

evealed three highly divergent clades, with the 2 major
lades corresponding to Clades I and II of Alvarado-Bremer
t al. (1998) and Martı́nez et al. (2006), and a recently
dentified Clade III (Chiang et al., 2006) (Fig. 2). Clade
, loosely supported by a bootstrap value smaller than
0%, was the major clade which contained most speci-
ens in all sampling oceans (Western Pacific = 96%, Cocos

slands = 100%, Southeastern Indian = 100%, Southwestern

ndian = 100%, Seychelles = 98%) with an exception in Atlantic
cean (Guinea = 23%). Even distribution of each sampling area

pecimens showed no apparent geographic structuring between
aplotypes in Clade I. In contrast, Clade II was strongly sup-

S Hd k π θ

96 104 0.999 ± 0.002 15.4 ± 6.9 0.043 ± 0.022 21.4 ± 5.5

23 62 0.996 ± 0.013 15.3 ± 7.1 0.043 ± 0.022 16.6 ± 5.7
31 80 0.998 ± 0.008 15.4 ± 7.1 0.044 ± 0.022 20.1 ± 6.4
48 90 0.998 ± 0.003 15.5 ± 7.0 0.043 ± 0.021 20.9 ± 6.0
01 98 0.998 ± 0.001 15.4 ± 6.9 0.043 ± 0.021 19.9 ± 5.0
56 86 0.999 ± 0.003 22.1 ± 9.9 0.062 ± 0.030 19.3 ± 5.5

typic diversity (Nei, 1987); k, mean pairwise nucleotide differences (Tajima,
rson, 1975)
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ig. 2. Neighbor-joining tree estimated with the Tamura and Nei model amon
ocos Islands, Southeastern Indian, Southwestern Indian, Seychelles and Guin
ircles and white triangles, respectively. Numbers at nodes indicate the bootstra

orted by a bootstrap value of 78% and was restricted exclusively
o the Atlantic Ocean. It was also the major clade of Atlantic
cean containing 77% of its bigeye tuna population. Lastly,
lade III was strongly supported by a bootstrap value of 99%
nd was exclusively restricted to the Indian and Western Pacific

ceans with notably fewer haplotypes (Indian = 1% and Western
acific = 4%). Mean pairwise uncorrected p-distances between
igeye tuna and yellowfin tuna was 0.09, and that between big-
ye tuna and bluefin tuna was 0.11, and those within Clades

f
N
m
w

NA lineages of bigeye tuna. Haplotypes collected from the Western Pacific,
shown as white squares, black triangles, black rhombus, black squares, black
es. Only values >50% are shown.

, II and III were 0.04, 0.03 and 0.01, respectively. Mean pair-
ise uncorrected p-distances between Clades I and II as well as
lades I and III were both 0.08, and that between Clades II and

II was 0.07.
To obtain results that can be best compared with studies per-
ormed by Martı́nez et al. (2006), we used the Tamura and
ei model to perform hierarchical AMOVA tests and to esti-
ate ΦST values. Genetic structuring between sampling regions
as significant (Φ = 0.20; p < 0.01) (Table 2). AMOVA analyses
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Table 2
Genetic structuring of bigeye tuna populations based on mitochondrial control region sequence data

Structure tested Observed partition

Variance % total Φ statistics p

(1) One gene pool (Cocos Islands, Southeastern Indian Ocean, Southwestern Indian Ocean, Seychelles, Western Pacific and Guinea)
Among populations 2.12 20.14 ΦST = 0.20 <0.001
Within populations 8.40 79.86

(2) One gene pool Clade I (Cocos Islands, Southeastern Indian Ocean, Southwestern Indian Ocean, Seychelles, Western Pacific and Guinea)
Among populations 0.04 0.49 ΦST = 0.005 0.06
Within populations 7.90 99.51

(3) One gene pool Indian (Cocos Islands, Southeastern Indian Ocean, Southwestern Indian Ocean, and Seychelles)
Among populations 0.05 0.68 ΦST = 0.007 0.06
Within populations 7.80 99.32

Table 3
Matrix of pairwise ΦST (below diagonal) and associated p (above diagonal) values among T. obesus phylogroups (Clades I and II) based on mitochondrial control
region sequence data

Sampling area Western Pacific
Ocean

Cocos Islands Southeastern
Indian Ocean

Southwestern
Indian Ocean

Seychelles Guinea (I/II)

Western Pacific Ocean – 0.31 0.25 0.15 0.73 0.12/<0.001
Cocos Islands 0.002 – 0.07 0.15 0.31 0.17/<0.001
Southeastern Indian Ocean 0.003 0.016 – 0.34 0.03 0.32/<0.001
Southwestern Indian Ocean 0.004 0.009 0.002 – 0.17 0.06/<0.001
S 0.015 0.004 – 0.08/<0.001
G 0.005/0.615* 0.026/0.609* 0.021/0.590* <0.001
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Table 4
Statistical tests of neutrality, and demographic parameters estimates for T. obesus
entire mitochondrial control region data set, and phylogroups (Clades I and II)

All samples Clade I Clade II Clade III

Goodness of fit tests
Tajima, D −1.37 −1.61 −1.04 −0.33
Fu’s, Fs −634.18* −555.47* −33.48* 0.12

Demographic parameters
Hri 19.910 0.001 0.005 0.444
SSD 0.0014 0.0007 0.0013 0.1975
S 142 141 64 15
θ0 5.331 2.655 2.372 1.757
θ1 166.953 96.797 141.309 4682.500

1
s
o
I
t
n
C

4

eychelles 0.002 0.003
uinea (I/II) 0.017/0.586* 0.015/0.601*

* Significant values at p < 0.01.

lso revealed no structure within the global Clade I specimens
nd within the Indian Ocean specimens (Φ = 0.005; p = 0.06;
= 0.007; p = 0.06, respectively). Pairwise ΦST comparisons

etween the Western Pacific and each regional population of
he Indian Ocean were not significant (Table 3). Clade I in the
tlantic Ocean population showed no significant differentia-

ion when compared with those of the Western Pacific and the
ndian Ocean. On the other hand, Clade II of the Atlantic Ocean
howed significant differentiation when compared with clades
f the Pacific and the Indian Ocean.

.3. Demographic patterns

Listed in Table 4 were the results of neutrality tests and demo-
raphic parameters of bigeye tuna’s entire HVR-1 data set and
heir phylogroups. Bimodal distribution between Clades I and II
as revealed by mismatch analyses. When analyzed separately,
nimodal distributions were observed in both Clades (figure
ot shown). These results were of non-significant differences as
hat predicted by the growth expansion model (measured by the
um of squared deviation; p > 0.05). The Harpending’s ragged-
ess indices (Hri) were low, indicating a significant fit between
he observed and the expected distributions, and therefore fur-
her evidencing population expansion (Harpending, 1994). The

ismatch analyses allowed estimation of effective female popu-

ation size, as well as the time and rate of expansion (Harpending,
994). Estimated effective female population size after expan-
ion (θ1 = 96.797, 141.309 and 4682.500) was about 30, 60 and
665 times higher than before expansion (θ0 = 3.183, 2.333 and

p
d

τ 9.489 9.425 8.768 3.043

* Significant values at p < 0.05.

.757) for Clades I, II and III, respectively. Additionally, Fu’s Fs
tatistic indicated a significant departure from neutrality (excess
f low-frequency haplotypes) in the sequence data of Clades
and II, as may be expected when a population is under selec-

ion or expansion. The more conservative Tajima’s test indicated
egative but non-significant deviations from neutrality for both
lades I and II.

. Discussion
The DNA sequence analysis assay is particularly useful for
opulation studies of animal species with worldwide geographic
istributions (e.g., bigeye tuna) that make complete sampling
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ery difficult. There have been four mtDNA genetic analyses
arried out by the PCR-RFLP method on the bigeye tuna pop-
lation structure (Alvarado-Bremer et al., 1998; Chow et al.,
000; Appleyard et al., 2002; Durand et al., 2005). It is a single
ucleotide polymorphism assay of a limited number of restric-
ion nucleotide mutation sites. Recently, a study conducted by

artı́nez et al. (2006) used PCR-sequencing for the first time
o analyze the bigeye tuna population structure of the Atlantic
cean. Despite the methods used, all these studies showed that

he bigeye tuna population structure of Atlantic were built up
y two clades, Clades I and II. In contrast to results obtained by
revious RFLP studies in which trace amount of Clade II pop-
lation was also observed in the Indo-Pacific Ocean, data from
artı́nez et al. (2006) has led these authors to conclude that
lade II is exclusively restricted to the Atlantic Ocean. Since

heir study only included 47 samples from Seychelles, to further
erify that Indo-Pacific Ocean does not contain Clade II, we
erformed PCR-sequencing analyses on 223 additional samples
rom different regions of the Indian Ocean and 100 samples
rom the Western Pacific Ocean, as well as 57 samples from the
tlantic Oceans.
This study showed high levels of both the haplotype and

ucleotide diversities (Table 1), similar to those reported for
ther highly migratory pelagic fishes (Alvarado-Bremer et al.,
997, 2005; Grant and Bowen, 1998; Carlsson et al., 2004; Ely
t al., 2005; Martı́nez et al., 2006). In addition, bigeye tuna
ucleotide diversity of the Guinea population (about 0.06) was
igher than that of other regional populations (about 0.04). This
ay be due to the high mutation rate of HVR-1 which elevates
ithin population diversity levels for this marker. However, the
ata did show consistency with our results from the NJ tree,
ndicating the presence of two clades within the Atlantic Ocean.
everal characteristics such as large population sizes, environ-
ental heterogeneity, and life-history traits which favor rapid

opulation increase could be used to explain the maintenance of
igh haplotypic diversity within populations (Nei, 1987; Avise,
998). As the bigeye tuna population is generally large and
idely distributed throughout the world, we propose this may

ccount for the high level of haplotypic diversity observed in
his study.

It has been reported that genetic differentiation is gener-
lly low among tuna populations within and between oceans
Alvarado-Bremer et al., 1998; Grewe and Hampton, 1998;
how et al., 2000; Appleyard et al., 2002; Durand et al., 2005;
ly et al., 2005). For example, population genetic studies on
tDNA of Pacific yellowfin revealed very low levels of genetic

ifferentiation (Scoles and Graves, 1993; Ward et al., 1994,
997; Appleyard et al., 2001; Ely et al., 2005). In this study, no
enetic differentiation was detected within the Indian Ocean and
etween the Indian Ocean and Western Pacific Ocean (Table 3;
hiang et al., 2006). This lack of genetic structure demonstrated
xtensive gene flow within the Indo-Pacific Ocean.

The NJ phylogeny showed that the bigeye tuna populations

f the Indian, Western Pacific and Atlantic Oceans were grouped
nto three distinct phylogroups, Clades I, II and III. This con-
rmed the existence of two mitochondrial clades (Clades I
nd II) throughout the Atlantic Ocean as previously suggested

t
t
h
t

search 90 (2008) 305–312

Alvarado-Bremer et al., 1998; Chow et al., 2000; Martı́nez et al.,
006). Previous studies involving RFLP analyses revealed that
ew haplotypes from the Indo-Pacific Ocean fell into the Clade
I phylogroup (Alvarado-Bremer et al., 1998; Appleyard et al.,
002; Chow et al., 2000). However, in agreement with the study
f Martı́nez et al. (2006), our reconstructed NJ tree (including
23 Indian and Western Pacific samples) confirmed that Clade
I was exclusively restricted to the Atlantic Ocean. In addition,
new phylogroup, Clade III, including four and two individuals
as found in the Western Pacific and Seychelles, respectively.
o further investigate the distribution of Clade III among the
ceans, we added 331 bigeye tuna sequences of Martı́nez et al.

2006) from Genbank (Accession Nos. DQ126342–DQ126676)
o ours for phylogenetic relationship analyses (data not shown).
he results indicated that Clade III was exclusively restricted

o the Indian and Western Pacific Oceans while Clade II is
xclusively limited to the Atlantic Ocean.

With samples taken from additional regions of the Indian
cean, our mitochondrial evidence of no population structuring

n the Indian Ocean was concordant with nuclear evidence based
n microsatellite data (Appleyard et al., 2002). AMOVA tests
nd pairwise ΦST comparisons both supported a single stock
f bigeye tuna in the Indian Ocean, given that the existence of
wo clades (Clades I and III) was considered. Furthermore, no
ignificant differentiation was observed between populations of
he Western Pacific Ocean, Indian Ocean and Clade I of Guinea.
his may be due to possible unidirectional gene flow from the
estern Pacific Ocean through the Indian Ocean to the Atlantic
cean (Durand et al., 2005). In contrast, significant differenti-

tion was observed between populations of the Western Pacific
cean, Indian Ocean and Clade II of Guinea.
It has been proposed that marine fishes can be classified into

our categories based on different combinations of small and
arge values of haplotype diversity (h) and nucleotide diversity
π) of mtDNA sequences (Grant and Bowen, 1998). Our study of
he Indian Ocean bigeye tuna revealed large values of both h and

(Table 1), which were used to characterize the fourth category
f marine fishes by Grant and Bowen (1998). The high level of
ivergence is attributed to a long evolutionary history in a large
table population or to a secondary contact between previously
ifferentiated allopatric lineages. To decide which explanation
est describes the bigeye tuna phylogroups, the sequence data
ere further tested by Tajima’s and Fu’s Fs statistical tests. Sig-
ificant negative Fu’s Fs value and negative Tajima’s value for
lades I and II in this study indicated the presence of popula-

ion expansion. Both non-significant values of Tajima’s D and
u’s Fs for Clade III suggested that the population was under
quilibrium. Mismatch distribution analysis further supported
his conclusion with a unimodal pattern for each of Clades I and
I and with multimodal peaks for Clade III. Based on the data
e have collected, which were consistent with previous sug-
estions proposed by Martı́nez et al. (2006), secondary contacts
etween previously differentiated allopatric lineages appeared
o be a more possible explanation in this scenario. According

o Martı́nez et al. (2006), it appears that Clades I and II may
ave been isolated during the Pleistocene glacial maxima due to
he reduction of tropical marine habitats. Through time, Clade
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I eventually became the dominant population in the Atlantic
cean and Clade I in the Indo-Pacific Ocean.
The results of this study indicated that the Indian Ocean

igeye tuna constituted a single panmictic population and thus
upported its current management policy as a single stock in this
cean. In addition, our results showed the restriction of Clades II
nd III at the Atlantic Ocean and the Indo-Pacific Ocean, respec-
ively. Due to the fact that Atlantic bigeye tuna were mis-reported
o the market as Indian Ocean ones to avoid quota management,
nd that this issue has been intensively discussed in recent years
Annex 10 of ICCAT, 2006), our data could be useful in identify-
ng the source of fish products when dealing with mis-reporting
ssues.
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