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Understanding the population genetic struc-
ture is an important component of successful and
sustainable long-term management of fishery
resources (Hillis et al. 1996).  Analyses of the pop-
ulation genetic structures of marine biota have fre-
quently revealed that organisms with a high dis-
persal capacity have little genetic distinction over
large geographic scales (Hellberg 1996).  Such
studies suggest that there are high levels of gene
flow among marine populations.  However, there is
growing evidence that widespread marine organ-
isms are more genetically structured than expect-
ed given their high dispersal potential and appar-

ent lack of barriers to dispersal in the ocean
(Palumbi 1997, Benzie 1999, Briggs 1999).  Thus,
there may be limits to the actual dispersal of
marine organisms with high dispersal potential
(Benzie and Williams 1997).  These limits vary
widely with species, habitats, local ocean condi-
tions, and historical events, and they may produce
sufficient chances for genetic distinction (Palumbi
1994).

Sword prawn (Parapenaeopsis hardwickii)
(Decapoda: Penaeidae) is distributed mainly in the
Indo-West Pacific from Pakistan to Japan and
lives at 5-90 m in depth in areas with a sandy bot-
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tom.  This is a very abundant and highly valued
species in the East China Sea (ECS) and waters
adjacent to Taiwan (Wu 1985, Song and Ding
1993).  The life history of the sword prawn, with an
offshore planktonic larval phase, estuarine post-
larval and juvenile phases, and offshore adult and
spawning phases (Dall et al. 1990), may allow
moderate gene flow among populations.

Various approaches have been adopted to
examine the population structure of marine organ-
isms, including studies of the distribution and
abundance of various life-history stages, marks
and tags, morphological characters, allozymes,
and DNA markers.  Because each technique has
its merits and disadvantages, integrating the result
of several methods used in a multi-pronged
approach to stock identification may maximize the
likelihood of correctly defining stocks (Pawson and
Jenning 1996).  Several studies on the fishery biol-
ogy of sword prawn in this area have been con-
ducted (Wu 1985, Guo 1993, Tzeng and Yeh 2000,
Li et al. 2000, Zheng and Li 2002), but only 1
paper analyzed morphological characters in an
attempt to determine the stock structure of this
species (Tzeng 2004).  Two morphologically distin-
guishable populations of sword prawn in the ECS
and Taiwan Strait were discriminated.  However,
variations in morphological characters can be
affected by both genetic and environmental fac-
tors, so that discrimination of populations based on
morphological variations must be verified by genet-
ic evidence to confirm that the variations reflect the
true degree of reproductive isolation rather than
environmental isolation (Pepin and Carr 1992).

Mitochondrial (mt)DNA has many attributes
that make it particularly suitable for population
genetic studies, including its rapid rate of evolu-
tion, lack of recombination, and maternal inheri-
tance (Hoelzel et al. 1991).  Since the control

region of mtDNA has been shown to be the most
variable region in both vertebrates and inverte-
brates, this region is an ideal marker for character-
izing geographical patterns of genetic variation
within and among prawn populations (Simon
1991).  In this paper, sequence analyses of the
complete mtDNA control region were conducted to
elucidate the population genetic structure of sword
prawn in the ECS and waters adjacent to Taiwan.

MATERIALS AND METHODS

Sampling

Four sword prawn samples including 171
specimens were collected from commercial shrimp
trawlers during Oct. 2002 to Feb. 2003 (Fig. 1,
Table 1).  They were separately sampled from the
ECS and waters off Ilan (IL, northeastern Taiwan),
Taichung (TC, west-central Taiwan), and Cheding
(CD, southwestern Taiwan).  Specimens were iced
or frozen immediately after capture and later kept
at -75°C before DNA extraction.

DNA extraction, amplification, and sequencing

Total DNA was extracted from frozen muscle
tissue using a standard DNA proteinase K diges-
tion/phenol-chloroform extraction procedure.  The
complete control region was amplified using the
primers P30 (5

,
-GATCTTTAGGGGAATGGTG

TAATTCCATTG-3
,
) and P24 (5

,
-GTGTAACA

GGGTATCTAATCCTGG-3
,
), which bind to the

tRNAMet and 12S rRNA genes, respectively.  A
polymerase chain reaction (PCR) was conducted
according to standard protocols (Kocher et al.
1989).  Thermal cycling was performed in a
GeneAmp 2400 thermal cycler (Perkin-Elmer,

Table 1. Sample code, sampling locality, sample size, gene diversity (h) with the standard
deviation (SD), nucleotide diversity (π) with the SD, Tajima,s D, and Fu and Li,s D in 4
sword prawn samples in the East China Sea and waters adjacent to Taiwan

Sample code Locality Sampling size h ± SD (%) π ± SD (%) Tajima
,
s D Fu and Li

,
s D

ECS East China Sea 29 99.8 ± 1.0 0.66 ± 0.12 -2.4586** -3.8256**
IL waters off Ilan 43 99.8 ± 0.6 0.95 ± 0.11 -2.4749** -4.6889**
TC waters off Taichung 48 99.2 ± 0.7 0.71 ± 0.09 -2.6121*** -4.5861**
CD waters off Cheding 51 99.8 ± 0.4 0.69 ± 0.06 -2.6049*** -5.3151**

Total 171 99.6 ± 0.2 0.77 ± 0.05 -2.7858*** -9.0231**

** p < 0.01; *** p < 0.001.
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Norwalk, CT, USA) and PCR conditions consisted
of 39 cycles of denaturation at 95°C for 50 s,
annealing at 50°C for 1 min, and extension at
72°C for 1.5 min.  An initial denaturation step at
95°C for 5 min and a final extension holding at
72°C for 10 min were respectively included in the
1st and last cycles.  Amplified DNA was separated
through electrophoresis on 1.5% agarose gels and
purified with the Gene Clean II kit (Bio101, Vista,
CA, USA).  Double-stranded DNA was sequenced
on an ABI 377 DNA sequencer (Applied
Biosystems, Inc.; Foster City, CA, USA) with the
same primers used for amplification.

Sequence analyses

DNA sequences were aligned using the PILE-
UP program in GCG (Genetics Computer Group,
vers. 7.0; Devereux et al. 1991).  The beginning
and end of the control region were confirmed by
comparing them with the complete published
mtDNA sequence of Penaeus monodon (Wilson et
al. 2000).  Subsequent analyses were based on
the complete control region sequence obtained
from the 171 individuals.  Nucleotide composition
and numbers of variable sites were assessed with
MEGA3 (Kumar et al. 2004).  The genetic diversity

Fig. 1. Shaded areas indicating sampling areas in the East China Sea and waters adjacent to Taiwan.
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(h) and nucleotide diversity (π) (Nei 1987) in each
sample were calculated using DnaSP vers. 4.10
(Rozas et al. 2003).  Genealogical relationships
among mtDNA haplotypes were constructed with
TCS (Clement et al. 2000) and the method
described by Templeton et al. (1992).

To examine whether any two of the samples
genetically differed from each other, pairwise FST
statistics (Wright 1965) among the 4 samples were
estimated and tested using the program, ProSeq
(Filatov 2002).  The statistical significance of the
estimate was tested through 1000 permutations.
The dendrogram of the 4 samples was constructed
using the unweighted pair-group method with arith-
metic means (UPGMA) based on FST values with
MEGA3.  Gene flow (Nm), was estimated using the
relationship Nm = ((1 / FST) - 1) / 2 (Hudson et al.
1992).

Analyses of molecular variance (AMOVA)
implemented in ARLEQUIN vers. 2.000 (Schneider
et al. 2000) were performed to test the geographic
divisions among samples.  Various groupings of
samples were suggested by (1) the UPGMA tree
of sampling areas, (2) FST values between sam-
ples, and (3) the geographic distribution.  The sig-
nificant of these Φ statistics was evaluated by
1000 random permutations of sequences among
samples.  Groupings that maximized values of
ΦCT and significantly differed from random distrib-
utions of individuals were assumed to be the most
probable geographic subdivisions.

To check for deviations from neutrality,
Tajima

,
s D statistical test (Tajima 1989) and Fu

and Li
,
s D statistical test (Fu and Li 1993) were

carried out to assess evidence for population
expansion using DnaSP (Rozas et al. 2003).
Meanwhile, the concordance of data with the distri-
bution underlying the expansion model was
assessed.  The population demographic history
was examined by calculating mismatched distribu-
tions over all haplotypes with DnaSP.  An estimate
of the time since population expansion (τ) can be
made from mismatched data.  τ was calculated in
units of 1/2µ generations with DnaSP, where µ is
the mutation rate (µ) multiplied by the number of
nucleotides in the sequence.

RESULTS

The target segment subjected to PCR using
the P30 and P24 primers included a portion of
tRNAMet, tRNAGln, tRNAIle, the control region, and
a portion of 12S rRNA.  The 1048-bp-long control

region was used for the following analyses.  The
nucleotide composition of the mitochondrial control
region was obviously AT rich (85.9%).  In total, 296
variable sites, including 203 singletons and 93 par-
simoniously informative sites, were observed.  The
haplotype diversity (h) was high for all samples
(99.6%), with values from 99.2% (TC) to 99.8%.
Nucleotide diversity (π) was low for all samples
(0.77%), with values from 0.66% ± 0.12% (ECS) to
0.95% ± 0.11% (IL) (Table 1).

Among the 171 individuals studied, 153 hap-
lotypes were defined.  Haplotype ECS12 was the
most common one, being observed in all samples
and shared by 9 individuals: 1 specimen was from
ECS, 2 from IL, 4 from TC, and 2 from CD.  The
second most common haplotype was ECS25, and
was observed in ECS, IL, and TC samples.
Haplotype TS28 was shared by IL and TC sam-
ples.  Haplotypes ECS21, IL14, TC14, TC23, and
CD48 occurred twice in single samples.  All others
occurred in only 1 individual in single samples.
The 95% parsimony network for the 153 haplo-
types showed no geographical structuring (data
not shown).

The FST and Nm values are shown in table 2.
The FST value among all samples showed a signifi-
cant amount of genetic variation (FST = 0.0146, p <
0.01).  Pairwise FST values between IL and the rest
of the samples revealed significant genetic differ-
ences, but the genetic variation among the other 3
samples was not significant.  The Nm values
between all pairwise comparisons ranged from
8.4135 (IL-CD) to 111.0035 (ECS-CD).  The
UPGMA tree of the 4 samples is shown in figure 2.
The 4 samples were clustered into 2 distinct
groups, with IL constituting the 1st group and the
other 3 samples making up the 2nd group.

Various groupings of samples were tested
using AMOVA, but only 2 groupings showed signif-

Table 2. FST (below the diagonal) and Nm values
(above the diagonal) among 4 sword prawn sam-
ples in the East China Sea and waters adjacent to
Taiwan.  The abbreviations for the sampling loca-
tions are defined in table 1

ECS IL TC CD

ECS - 14.5718 63.9440 111.0035
YL 0.0169** - 11.5709 8.4135
TC 0.0039ns 0.0210** - 49.7747
CD 0.0022ns 0.0289** 0.0050ns -

** p < 0.01; ns, not significant.



Tzeng -- Population Genetics of Sword Prawn 565

icant variation (Table 3).  In the 1st grouping, the
AMOVA for the 4 samples yielded a small but sig-
nificant ΦST value of 0.0153, indicating that at
least one of the pair-wise comparisons revealed
significant heterogeneity.  In the 2nd grouping, the
4 samples were classified into 2 groups.  One
included IL, and the other included ECS, TC, and
CD.  A signif icant ΦCT value of 0.025 was
observed, indicating that genetic discontinuity
occurred in the IL population.

Tajima
,
s D and Fu and Li

,
s D statistical tests

were performed to determine departure from neu-
trality.  Significant negative values were obtained
in all sampling regions by both of these tests
(Table 1).  The model of population expansion also
could not be rejected when all samples were com-
bined (Table 1).  The distribution of the pairwise
number of differences in the control region haplo-
types well fit an expansion model, showing a
smooth wave predicted for a population that had
undergone a demographic expansion (Fig. 3).
This outcome was also supported by the low
Harpending

,
s raggedness index (r = 0.0046, p =

0.6712).  The estimated time since population
expansion, τ , was 4.55/2µ generations.
McMillen-Jackon and Bert (2003) roughly estimat-
ed a mutation rate of 19%/MY for the mtDNA con-
trol region of brown shrimp Farfantepenaeus

aztecus and white shrimp Litopenaeus setiferus.
Using this rate, the sword prawn population experi-
enced a period of rapid growth approximately
11,400 yr ago.

DISCUSSION

Although the parsimony network for the 153
haplotypes revealed no genealogical branches or
geographic clusters, results of the cluster analysis,
sequence statistic (FST), and AMOVA indicated
significant genetic division among the 4 samples.
The cluster analysis indicated that the 4 samples
could be clustered into 2 groups: the IL sample,
and the other 3 samples (Fig. 2).  FST values
between IL and the other 3 samples showed signif-
icant genetic differences (Table 2), indicating that
at least 2 isolated populations exist in the study
area.  Results of the AMOVA revealed 2 different
populations in the ECS and waters adjacent to
Taiwan (Table 3).  Based on the above analyses,
the sword prawn in the ECS and waters adjacent
to Taiwan can be discriminated into 2 distinct pop-
ulations.  The first population is in waters adjacent
to Ilan (IL), and the 2nd one in the ECS and
Taiwan Strait (TC and CD).  The present results
that the sword prawns in the ECS and Taiwan

Fig. 2. UPGMA dendrogram illustrating the genetic relationships among sword prawn samples from the East China Sea and waters
adjacent to Taiwan based on FST values.  Abbreviations for the sampling locations are given in table 1.
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Table 3. Results of AMOVA.  Abbreviations for sampling locations are given in table 1

Groupings Source of variation Percentage of variation Φ-statistics p

One group for all locations

1. Group 1{ECS, IL, TC, CD} Among locations 1.53 ΦST = 0.0153 < 0.0001

Two groups

2. Group 1 {ECS, TC, CD} Among groups 2.50 ΦCT = 0.0250 < 0.0001
Group 2 {IL}
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Strait share a single gene pool is not in agreement
with a previous outcome that 2 morphologically
distinguishable stocks separately exist in the ECS
and the Taiwan Strait (Tzeng 2004).  Gene flow in
these waters may play an important role in the dis-
crepancy.

Sword prawns migrate from inshore to off-
shore as they grow to a specific size or life stage,
but the migratory distance is limited (Dall et al.
1990).  Thus, the dispersal of larvae is the primary
source of gene flow, and ocean currents play a
major role in the dispersal of this species.  Two
spawning areas were found in the Taiwan Strait
and ECS.  One is located in the middle and north-
ern portions of the Taiwan Strait (Guo 1993), but
the other is located in the northern ECS (Zheng
and Li 2002).  In the northern ECS, the spawning
season lasts from May to Sept., with the peak usu-
ally occurring in June and July (Zheng and Li
2002).  Along the eastern coast of China, sword
prawn larvae from the northern ECS may be trans-
ported to the Taiwan Strait by the China Coastal
Current (Fig. 1).  During the spawning season of
the population in the ECS, the China Coastal
Current can spread to the Taiwan Strait (Wu 1982).
Higher levels of gene flow between the ECS and
CD samples (Nm = 111.0), and between the ECS
and TC samples (Nm = 63.9) were observed, but a
lower Nm (14.6) value between the ECS and IL
samples was found (Table 2).  This mixing of
sword prawn larvae results in homogeneity among
the ECS, CD, and TC samples, but might not be

large enough to eliminate the genetic difference
between the ECS and IL samples (Table 2).  In the
Taiwan Strait, 2 peaks of spawning were found
(Guo 1993): one in Feb. to Apr., and the other in
Oct. and Nov.  During the late spring, warm water
from the South China Sea dominates the Taiwan
Strait (Wang and Chern 1989).  High gene flow
between CD and TC (Nm = 49.8) was observed,
and this prevents population differentiation
between these 2 localities (Table 2).  The main
stream of the Kuroshio Current flows steadily
northward along the eastern coast of Taiwan, and
the Kuroshio enters Ilan Bay between November
and March.  Warm water of the South China Sea
flows through the Taiwan Strait and a little water
mass flushes into Ilan Bay between Apr. and Oct.
(Wang and Chern 1989).  There were lower gene
flows detected between CD and IL (Nm = 11.6) and
between TC and IL (Nm = 8.4) (Table 2).
Therefore, this genetic difference between the IL
and CD/TC samples may have resulted from
recruitment of larvae from the ECS.

On the whole, in contrast to the high haplo-
type diversity (0.997), the lower nucleotide diversi-
ty (0.77%) suggests that sword prawn in the region
studied has undergone population expansion
(Avise 2000).  The neutrality of mtDNA control
region mutations was rejected on the basis of
Tajima

,
s D and Fu and Li

,
s D tests (Table 1).

These 2 statistics are sensitive to factors such as
bottlenecks and population expansions which tend
to drive the values of Tajima

,
s D and Fu and Li

,
s D

Exp

Obs

Pairwise Differences

Fig. 3. Mismatched distribution constructed using pairwise differences among complete mitochondrial control region sequences of the
sword prawn in the East China Sea and waters adjacent to Taiwan.
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towards more-negative values (Tajima 1996,
Martel et al. 2004).  Indeed, significant negative
values of these 2 indices in this study indicated
that sword prawn in the ECS and waters adjacent
to Taiwan have experienced population expansion.
The unimodel mismatched frequency distribution
pattern based on the mtDNA sequence accorded
well with the predicted distribution under a model
of population expansion (Fig. 3, Rogers and
Harpending 1992).  This unimodel pattern has also
been observed for other shrimp species, such as
Farfantepenaeus aztecus and Farfantepenaeus
duorarum (McMillen-Jackson and Bert 2003 2004).
Past geological and climatic events undoubtedly
played major roles in terrestrial biogeography.
During the last glacial maximum (LGM, about
20,000-15,000 yr ago), the sea level was 130-150
m lower than the present level in the ECS and
100-120 m lower in the South China Sea.
Consequently, the entire Yellow Sea and Taiwan
Strait were exposed, and the ECS was reduced to
an elongated trough during the LGM (Wang and
Sun 1994).  The disappearance of habitat restrict-
ed marine species to relatively limited areas and
caused mixing among populations, reducing
genetic variations between populations (Benzie
and Williams 1997).  After the LGM, the sea level
of the ECS and Taiwan Strait gradually rose and
reached a climax about 5000-6000 yr ago, when
the exposed benthal areas of the Taiwan Strait and
ECS were again covered by seawater (Zhao
1982).  An estimate of the time since the sword
prawn population expansion was approximately
11,400 yr ago, in agreement with the extension of
the distribution of sword prawns following the rise
in the sea level of the ECS and Taiwan Strait.
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