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Carcharhinus leucas has a cosmopolitan distribution and marked genetic structure. However, analysis 
of this structure has not included the South China Sea population. In the present study, we collected a 
total of 23 individuals from Xisha, and Nansha Islands in the South China Sea and a 503 bp segment 
of mitochondrial DNA control region was sequenced. 17 polymorphic sites were obtained defining 7 
haplotypes in the South China Sea population. Contrary to heterogeneous expectation, AMOVA and 
pairwise FST values showed that the genetic differences in this region were all non-significant. The pattern 
of population demography showed a stable model in this species in the South China Sea population. To 
reveal its population structure within the large-scale geography distribution, we added 169 sequences of 
the mitochondrial control region already genotyped from northern Australia. The South China Sea and 
northern Australia groups were successfully distinguished by the NJ tree with significant genealogical 
branches of haplotypes. These results indicated that there might have only one fishery management units 
of C. leucas in the South China Sea and genetic heterogeneity among C. leucas in the center of Indo-
Pacific regions.

INTRODUCTION

The bull shark Carcharhinus leucas, belonging to family 
Carcharhinidae, is a coral-reef or coastal shark species, 

widely distributes in tropical and subtropical waters (Gadig 
et al., 2006; Brunnschweiler and Earle, 2006; Chen et al., 
2015). This species is famous for its ability to penetrate 
freshwater  and is known to travel long distances (>1500 
km) (Thomerson et al., 1977; Montoya and Thorson, 1982; 
Carlson et al., 2010). It matures at approximately 210–220 
cm in males and >225 cm in females (Branstetter and 
Stiles, 1987). The large size and abundance of C. leucas 
makes it to be a substantial part of developing commercial 
fishery (Compagno, 1984; Branstetter and Stiles, 1987), 
and the high fishing pressure makes this species vulnerable 
to local extirpation and enhances the global potential for 
extinction (Martin, 2005). For the past few years, a great 
many studies have been carried out on the fishery biology 
and life history of C. leucas, such as food habits (Snelson et 
al., 1984), age and growth (Neer et al., 2005), distribution 
and movement (Heupel and Simpfendorfer, 2008), and so 
on. However, few studies have investigated the genetic 
structure and genetic diversity of C. leucas.

Understanding fish genetic structure will contribute to
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a successful and sustainable long-term management. On 
the contrary, the failure to detect population structure 
can result in long-term declines or localized extirpation 
(Hueter et al., 2005). To some extent, it is more important 
for C. leucas, since it is a ‘near threatened’ species (Camhi 
et al., 2009). Meanwhile, due to the ability of bull sharks 
in penetrating freshwater and travelling long distances, 
coupled with the long life span and late age of maturity, 
one might predict global genetic exchange among bull 
shark populations (Karl et al., 2011). Nowadays, molecular 
approaches have been very useful in identifying and 
delineating fish stock structure (Chen and Gao, 2017), and 
have been used successfully to understand the structure of 
sharks (Feldheim et al., 2001; Keeney et al., 2005; Castro 
et al., 2007). Such approaches could also facilitate the 
study of this species.

The South China Sea locates in the center of Indo-
Pacific regions and represents an area of globally 
significant marine shallow-water, tropical biodiversity. 
The Xisha and Nansha Islands are two important islands 
in the South China Sea and C. leucas is commonly found 
in this region. The Xisha and Nansha Islands become the 
ideal study locations to understand the genetic structure in 
this species, because ofong distances between two islands. 
A previous study including samples from 13 river systems 
across northern Australia, demonstrated that significant 
genetic structure existed among different nurseries and the 
females did not disperse randomly but were philopatric, 

A B S T R A C T

Pakistan J. Zool., vol. 51(4), pp 1281-1288, 2019. DOI: http://dx.doi.org/10.17582/journal.pjz/2019.51.4.1281.1288

crossmark.crossref.org/dialog/?doi=10.17582/journal.pjz/2019.51.4.1281.1288&domain=pdf&date_stamp=2008-08-14
http://dx.doi.org/10.17582/journal.pjz/2019.51.4.1281.1288


1282                                                                                        

returning to reproduce in the nurseries where they were 
born (Tillett et al., 2012). However, little is known about 
its population structure in the South China Sea or in a 
large-scale geography distribution including the South 
China Sea and northern Australia.

In the present study, we sequenced the 5’end of the 
mtDNA control region of C. leucas collected from the 
Xisha and Nansha islands in the South China Sea to reveal 
the population structure and genetic connectivity in this 
region. Furthermore, the data was also used to obtain more 
exact information on the population structure within the 
large-scale geography distribution of this species. The 
study will provide theoretical basis for fishery management 
and be helpful for the protection of C. leucas. 

MATERIALS AND METHODS

Sample collection and DNA extraction
Through a scientific fishery resources survey, 

twenty three individuals were collected from Xisha 
Islands (16°77’N, 112°26’E; 16°67’N, 112°75’E), and 
Nansha Islands (9°43`N,115°52`E; 9°95`N,114°67`E; 
10°19`N,114°23`E) in the South China Sea during May 
2004 to July 2004 (Fig. 1; Table I). Muscle samples were 
preserved in 95% ethanol before DNA extraction. Genomic 
DNA was extracted from muscle tissue by proteinase 
K digestion followed by a standard phenol-chloroform 
method (Sambrook et al., 1982).

MtDNA control region amplification and sequencing
The first hypervariable fragment of mtDNA control 

region was amplified using forward primer DL-S: 
5′-CCCACCACTAACTCCCAAAGC-3′ and reverse 
primer DL-R: 5′-CTGGAAAGAACGCCCGGCATG-3′ 
(Lee et al., 1995). Each polymerase chain reaction (PCR) 
was performed in a volume of 50 μL containing 20-50 ng 
template DNA, 5 μL of 10×reaction buffer, 5 μL of MgCl2 
(25 mM), 1 μL of dNTPs (10 mM), 10 pM of each primer 
and 2.5 units of Taq DNA polymerase (Promega, Madison, 
WI, USA) in an Eppendorf Mastercycler 5333 (Eppendorf, 
Hamburg, Germany). Sterile distilled H2O was added 
to reach a total volume of 50 μL. Initial denaturation 
was for 3 min at 94°C, followed by 40 cycles of 45 s at 
94°C for denaturation, 45 s at 50°C for annealing, 45 s at 

72°C for extension and a final extension at 72°C for 10 
min. Negative controls were conducted with all reagents 
included, except template DNA. PCR product was 
separated on a 1.5% agarose gel. Then clear PCR products 
were selected to purify with the Gel Extraction Mini Kit 
(Watson BioTechnologies Inc., Shanghai) and both strands 
were sequenced at last. Control region sequences have 
been deposited in the GenBank database under Accession 
Nos. MH488888 to MH488894.

Data analyses
Sequences were edited and aligned using DNASTAR 

software (DNASTAR, Inc., Madison, USA). Molecular 
diversity indices such as number of haplotypes, 
polymorphic sites, indels, transitions and transversions 
were obtained using the program ARLEQUIN (Ver.3.5) 
(Excoffier et al., 2010). Based on Tamura 3-parameter 
(Tamura, 1992) model, haplotype diversity (h), nucleotide 
diversity (π) and their corresponding variances were 
calculated in ARLEQUIN.

Fig. 1. Sampling localities for this study. Triangles represent 
populations from Tillett et al. (2012). G1, Mitchell River, 
Robison River and Fitzroy River; G2, Daly River and Ord 
River; G3, East Alliagator River; G4, Blue Mud Bay; G5, 
Roper River, Towns River, Limmen River and Robinson 
River; G6, Wenlock River, Mission River and Mitchell 
River; G7, Tiwi Islands. Circles represent locations 
sampled in this study (Xisha and Nansha Islands).

Table I.- Sampling information of C. leucas including sample size, date of collection, and molecular diversity indices.

Sample Date of 
collection

Sample size Number of 
haplotypes

Haplotype 
diversity

Nucleotide 
diversity

Mean pairwise 
difference

Xisha 2004.06 13 5 0.6923±0.1187 0.0059±0.0037 2.9519±1.6510
Nansha 2004.05 10 5 0.6667±0.1633 0.0140± 0.0081 7.0177±3.6025
Total 23 7 0.6640±0.0992 0.0097±0.0055 4.8686±2.4635
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Table II.- Nucleotide sequences of control region used in the present study.

Region Species Sample locations Sample 
size

GenBank accession numbers References

Northern 
Australia

C. leucas Mitchell River, Robison River, 
Fitzroy River

15 HQ324914, HQ324919, 
HQ324920

Hueter et al. (2005) 

C. leucas Daly River, Ord River 44 HQ324914-HQ324916, HQ324920-
HQ324922, HQ324925, HQ324926

C. leucas East Alliagator River 22 HQ324914, HQ324915, HQ324919, 
HQ324920

C. leucas Blue Mud Bay 18 HQ324914, HQ324919
C. leucas Roper River, Towns River, 

Limmen River, Robinson River
27 HQ324914-HQ324919, 

HQ324926
C. leucas Wenlock River, Mission River, 

Mitchell River
17 HQ324914, HQ324919, HQ324924

C. leucas Tiwi Islands 26 HQ324914, HQ324919, HQ324920, 
HQ324923, HQ324924

Western Atlantic C. limbatus Brazil JX025760, JX025761 Sodre et al. (2012)

Table III.- Distribution of haplotypes in nine regions 
of C. leucas.

Haplotype Xisha Nansha G1 G2 G3 G4 G5 G6 G7 Total
H1 7 6 13
H2 1 1
H3 1 1 2
H4 3 1 4
H5 1 1
H6 1 1
H7 1 1
H8* 14 31 16 18 24 16 23 142
H9* 3 1 1 5
H10* 1 1
H11* 1 1
H12* 1 6 5 1 13
H13* 3 3
H14* 1 1
H15* 1 1 2
H16* 1 1

The marked haplotypes (*) represented the sequences from northern 
Australia. The details of the places (G1- G7) have been marked in Figure 1.

Genetic relationships among haplotypes were 
reconstructed using the neighbor-joining method (NJ) 
(Saitou et al., 1987) implemented in MEGA (6.0) (Tamura 
et al., 2013). The homologous sequences of the mtDNA 
control region from genus Carcharhinus were downloaded 
from GenBank, which were used to construct NJ tree. 
C. limbatus was treated as out-group. The sources and 

numbers of the sequence were given in Table II. These 
sequences varied from 503 to 1068 bp and the consensus 
sequence was 503 bp.

Genetic differentiation between sample sites were 
tested by the fixation index FST, which was performed in 
ARLEQUIN. The significance of the FST was tested by 
1000 permutations. In addition, analysis of molecular 
variation (AMOVA), performed in ARLEQUIN, was used 
to examine the population genetic structure. For these, the 
data provided by Tillett et al. (2012) (Tables II, III) were 
added in this study. We conducted AMOVA analysis with 
two groups representing the South China Sea and northern 
Australia. Two sample sites within the South China Sea 
and seven sample sites within northern Australia (Fig. 
1) were measured to verify the significance of genetic 
variance within group, respectively. Their significance 
of the covariance components was tested using 1000 
permutations.

The historical demographic pattern of C. leucas 
was investigated by using neutrality test (Fu, 1997) and 
mismatch distribution analysis (Rogers and Harpending, 
1992). Both of them were applied in ARLEQUIN.

RESULTS

Sequence variation and genetic diversity
A 503 bp segment of the 5’ end of the control region 

was obtained from 23 individuals (13 from Xisha Islands, 
10 from Nansha Islands). Sequence comparison of this 
segment revealed 17 polymorphic sites, eleven of which 
were transitions, with six transversions and no deletions/
insertions. These polymorphic sites defined seven 
haplotypes and three of them were shared in both islands 
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(Table III). Among all the haplotypes, H1 was the most 
common one (13 individuals; 56.52%). The C, T, A and 
G composition of the sequence were 21.02%, 37.50%, 
32.17% and 9.31%, respectively, and the composition of 
A+T was richer than G+C. The overall nucleotide diversity 
(π) was 0.0097±0.0055 and haplotype diversity (h) was 
0.6640±0.0992. The haplotype diversity was almost alike 
in Xisha and Nansha islands, but the nucleotide diversity 
of Nansha population was much higher than that of Xisha’ 
(Table I).

Fig. 2. Neighbor-joining tree constructed using Tamura 
3-parameter model for control region haplotypes of C. 
leucas. The congener C. limbatus was chosen as out-
group. The black solid and hollow circles represented the 
South China Sea and the northern Australia population, 
respectively. Triangles represented the haplotype of C. 
limbatus. Bootstrap supports of > 85% in 1000 replicates 
are shown.

Genetic structure
The NJ tree of C. leucas showed significant 

genealogical branches of haplotypes distinguishing them 
from the South China Sea or northern Australia group (Fig. 
2). One branch (clade A) represented the haplotypes from 
northern Australia group and two branches (clade B and 
clade C) were from the South China Sea. Clade B from the 
South China Sea was firstly clustered with clade A from 
northern Australia and then the other clade from the South 
China Sea (clade C) was clustered with them. It indicated 
the close relationship between clade C and the ancestral 

lineage of clade A and clade B.
With regard to genetic differences, the FST values (data 

not shown) between the northern Australia and the South 
China Sea samples were high (> 0.80) and significant, but 
it was low (0.067) and non-significant within the South 
China Sea population. There was significant genetic 
structure between northern Australia and the South China 
Sea group revealed by AMOVA, with 92.29% of genetic 
variation was found among groups (P = 0.036) (Table IV). 
A small (0.34%) and no significant (P=0.111) of genetic 
variation was found among sampling sites within groups, 
while the remaining 7.37% (FST = 0.926, P < 0.05) resulted 
from variation within populations. To obtain more detail 
information, we conducted AMOVA analysis on the South 
China Sea and northern Australia group separately. The 
results revealed no significant genetic differences in the 
South China Sea group (P=0.181), but significant genetic 
differences in northern Australia group (P=0.027). 

Table IV.- Results of AMOVA analysis of C. leucas 
populations.

Source of 
variation

Variance 
components

Percentage 
of variance

F/φ-
statistics

P

All populations
Among groups 6.415 92.29 0.923 0.036
Among sites 
within groups

0.024 0.34 0.044 0.111

Within 
populations

0.512 7.37 0.926 0.000

Northern Australia group
Among sites 0.009 3.27 0.033 0.027
Within 
populations

0.274 96.73

South China Sea group
Among sites 0.170 6.73 0.067  0.181
Within 
populations

2.347 93.27

Historical demographics
A plot of the mismatch distribution that included all 

of the samples of northern Australia and the South China 
Sea resulted in a multimodal curve (Fig. 3A) that could 
be accounted for by structuring of the different groups 
of haplotypes. When only the northern Australia samples 
were included, the curve was unimodal (Fig. 3B), which 
corresponded to the result obtained by Tillett et al. (2012). 
The bimodal curve was found in the South China Sea 
samples (Fig. 3C), which may be related to the existence 
of two groups of haplotypes or the less individuals. All 
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of them did not significantly deviate the demographics 
expansion model (P>0.05), which indicated they could be 
used to analyze historical demographics.

Fig. 3. Mismatch distribution of all populations (A), 
northern Australia populations (B) and South China 
Sea populations (C). The solid line represents the curve 
expected (Exp.) based on the expansion model. Obs., 
observed.

To obtain more precise estimates, the neutrality test 
was performed for each population. The result of neutrality 
test for northern Australia population was negative (Fu’s 
FS= -4.37, P = 0.046), but the result of the South China Sea 
was different (Fu’s FS=1.90, P=0.796). Both of mismatch 

distribution and neutrality test revealed that the northern 
Australia population had experienced demographic 
expansions, while the South China Sea population was 
relatively stable. The result of neutrality test for northern 
Australia population was in line with it obtained by Tillett 
et al. (2012).

DISCUSSION

The overall haplotype and nucleotide diversities 
observed for the mtDNA control region of the bull sharks 
were low for such a large and geographically widespread 
shark species. These values were lower than the species 
which showed similar ability to make large-scale 
movements, such as blue sharks (Prionace glauca) (h= 
0.9973 ± 0.0014, π= 0.0151 ± 0.0009) (Zheng et al., 2014), 
but were higher than oceanic whitetip shark, (Carcharhinus 
longimanus) (h= 0.5953, π= 0.0013). One of the main 
explanations might be that the changes in population size 
would affect levels of standing genetic variation (Nei et al., 
1975). The close ecological association of the bull sharks 
with heavily impacted coastal estuarine environments 
might make them highly susceptible to human-induced 
population size reductions (Martin, 2005). The comparison 
with C.longimanus seemed to be an evidence for it, as C. 
longimanus became “vulnerable” throughout its range 
and “critically endangered” in the western north Atlantic 
(Baum et al., 2006; Camhi et al., 2009). Of course, 
any recent human impact on population size was not 
sufficient to have substantially changed levels of genetic 
variability in these species. Moreover, we cannot rule out 
the possibility that selection can reduce standing genetic 
variation dramatically. 

It had been proven that C. leucas exhibited a greater 
degree of reproductive philopatry in female (Karl et 
al., 2011; Tillett et al., 2012). This behavior can lead to 
marked genetic heterogeneity among nurseries (Keeney 
et al., 2003). The North Pacfic humpback whales, 
Australian white sharks and blacktip sharks that practiced 
reproductive philopatry were also found with restricted 
maternal gene flow among different nurseries, despite the 
high vagility of them (Baker et al., 2013; Blower et al., 
2012; Keeney et al., 2003). Contrary to this phenomenon, 
the result of AMOVA analysis in the South China Sea 
samples revealed the absence of genetic heterogeneity 
in mitochondrial control region. Additionally, the FST 
value between Xisha and Nansha was also low and non-
significant. These results indicated that Xisha and Nansha’ 
C. leucas might have a mutual nursery. This assumption 
was supported by the conclusion of Tillett et al. (2012) that 
significant mtDNA population genetic structure existed 
between individual nurseries, but not within. Nevertheless, 
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we couldn’t find the nursery of the C. leucas in the South 
China Sea. After all, the ability of travelling long distances 
(>1500 km) (Carlson et al., 2010) in this species made it 
easy for them to reach every corner of the South China 
Sea. 

The analysis of a wider spread of samples showed 
that there was significant genealogical branches of 
haplotypes corresponding to sampling locality and no 
mutual haplotype between the South China Sea and 
northern Australia population. The explanation for the 
close relationship between clade C and the ancestral 
lineage of clade A and clade B might be that the ancestral 
lineage of clade A and clade B existed in both the South 
China Sea and northern Australia, but after a long period of 
isolation, it diverged. The FST values between the northern 
Australia and the South China Sea samples were high (> 
0.80) and significant, but FST value was low (0.067) and 
non- significant within the South China Sea population. 
The results indicated that this species had strong ability 
of locomotion, but it cannot span so large-scale region 
(>3000 km). Geographical isolation generated genetic 
heterogeneity among bull sharks in the center of Indo-
Pacific regions.The result of neutrality test for the South 
China Sea population indicated relatively stable historical 
demographics of this species in this region, but it was 
not the case in northern Australia. The main explanation 
for it might be that the habitat of this species did not 
change significantly in the South China Sea, but changed 
significantly in northern Australia. According to the report 
of maps of Pleistocene sea levels in Southeast Asia (Voris, 
2000), with the decline of sea level during the Pleistocene 
ice age, the marginal area of the South China Sea 
changed little, but the area of Timor Sea and Arafura Sea 
experienced a “cliff-like drop”. Hence, this species from 
northern Australia experienced a process of rapid habitat 
expansion, which caused demographic expansions in this 
population. It was the different surroundings that resulted 
different historical demographics in the same species. 

CONCLUSIONS

In the present study, we concluded that there might 
have only one fishery management unit of C. leucas in 
the South China Sea. Meanwhile, we also investigated the 
structure within the large-scale geography distribution of 
this species, which revealed genetic heterogeneity among 
C. leucas in the center of Indo-Pacific regions and this 
result could be helpful for biological conservation and 
fishery management for C. leucas. The genetic diversity 
of C. leucas was low in our study, which indicated that 
the quality of its population was poor. As a result, we 
suggested the conservation priority for C. leucas. Without 

doubt, the lack of individuals and single molecular marker 
will bring incomprehensive analyses. Consequently, we 
will collect more specimens in the South China Sea and the 
surrounding sea of Malaysia and Republic of Indonesia, 
using various molecular markers, and attempt to reveal 
the population genetic structure and genetic diversity 
comprehensively in our future studies.
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