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Abstract — Tissue samples from 84 Pampus chinensis individuals were collected from four geographic
regions within the Indo—Pacific Ocean and analyzed using mitochondrial and nuclear DNA markers.
Distinct genetic heterogeneity was found for both types of markers between Chinese and Pakistani
populations, while the diversity of this species was high in all populations. In combination with published
information on marine species with similar distributions, these results suggested that the Malay Peninsula, or
a less effective supplement, played a role in shaping the contemporary genetic structure. This population
structure was presumably reflected in P. chinensis, whose populations were genetically isolated during
Pleistocene glaciations and then did not experience secondary contact between previous refuge populations.
However, P. chinensis showed genetic continuity in China or Pakistan, which indicated that the populations
in different geographical regions constituted a single panmictic stock with high gene flow, respectively. The
spatial genetic subdivision evident among populations indicates that P. chinensis in this Indo—Pacific region
should be managed as different independent stocks to guide the sustainability of this fisheries resource.
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1 Introduction

Insight into the genetic population structure of marine
economic fishes facilitates the identification of appropriate
management units (e.g., stock rather than management agency
boundaries) (Barnes et al., 2015). Intraspecific gene flow relies
on the connectivity between different areas, and physical
barriers to such connectivity can lead to spatial genetic
subdivision (Barnes et al., 2015; Divya et al., 2018). These
barriers can form discrete population units, in which genetic
drift has a much greater influence on population dynamics than
gene flow, and these units are described as phylogeographic
populations or patterns (Koizumi et al., 2006; Ovenden, 2013).
The influence of barriers may be a factor in the population
dynamics of fishes, but their influence is not easily assessed or
considered in isolation by distance, which is the model that is
commonly used to explain population structures in widely
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distributed fish species (Sun et al., 2017). Therefore, to better
understand the mechanisms of population structuring, the
influence of physical and biological factors need to be assessed
(Barnes et al., 2015).

In some cases, some species populations became
genetically isolated during the last glacial maximum
(LGM); subsequent restructuring presumably reflects a period
of secondary contact (Liu et al., 2012). During the LGM, the
sea level dropped drastically below the present level of
marginal seas, which caused extensive habitat loss and
population fragmentation for many marine species due to
the emergence of new dispersal barriers (Wang and Sun, 1994).
With the rise of sea levels after the LGM, the surviving marine
fish would have quickly recolonized from the refugia and
reoccupied the newly available habitats in a process coupled
with restructuring based on secondary contact between refuge
populations (Avise, 2009).

Pampus chinensis (Euphrasen, 1788) has economic value
and is widely distributed in the Indo—West Pacific Oceans
(Liu et al.,, 2002; Yamada et al., 2009). As with most
Stromateidae fishes, the species can be distinguished by a
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Fig. 1. Locations of populations used in this study.

diamond body shape that obviously differs from other
congeneric species (Liu et al., 2002; Yamada et al., 2009).
There is an ongoing debate about the strength of the
relationship in marine species between the pelagic larval
duration and the degree of genetic connectivity (Selkoe and
Toonen, 2011). The dispersal capability, wide distribution, and
habitat type make P. chinensis a good model organism for
testing the complex effects of sea level change during the
Pleistocene and of current intricate hydrological conditions on
fauna living in the coastal areas of China and Pakistan. With its
high nutritional value and good taste, this species has declined
rapidly in the past few decades due to overfishing and
commercial pressure (Pillai and Menon, 2000; Zheng et al.,
2003; Siyal, 2013). As little is known about the genetic
diversity and structure of this species, the present study had
two objectives. First, we conducted a genetic survey of the
species and investigated the level and distribution of genetic
diversity among populations using both mitochondrial (mt)
DNA and microsatellite DNA markers. Second, we tested for
the existence of genetic structures within and among
populations of P. chinensis to determine whether the Malay
Peninsula works as a major potential geographical barrier in
the sampling range.

Knowledge regarding the population structure and level of
variation in this species will provide valuable insights into
proper conservation strategies to preserve this resource and to
address genetic resource problems that these populations face.
Moreover, these findings help to reveal the evolutionary
mechanisms that shape the phylogeography of marine fauna
living in coastal areas.

2 Materials and methods
2.1 Sample collection

A total of 84 individuals of P. chinensis were sampled in
2011-2014 from four locations in the Indian and Pacific
Oceans: two locations in China (Xiamen and Beihai) and two

locations in Pakistan (Ormara and Sonmiani) (Fig. 1). After
specimen identification, back muscle tissues were excised and
preserved in 95% ethanol for DNA extraction and subsequent
molecular experiments.

2.2 DNA extraction and amplification

Genomic DNA was isolated from muscle tissue using
proteinase K digestion and extracted using standard phenol—
chloroform extraction (Sambrook et al., 1989). Extracted DNA
was checked using 1.5% agarose gel electrophoresis and then
stored at —20 °C for PCR amplification.

2.2.1 Control region amplification

The mtDNA control region (CR) was amplified with the
primers F-gao, 5'-GAAGTTAAAATCTTCCCTTTTGC-3’ (for-
ward), and R-gao, 5-GGCCCTGAAGTAGGAACCAAA-3'
(reverse), which is a 438439 bp fragment. Each PCR experiment
was performed in a 25 pL reaction mixture containing 17.5 wL of
ultrapure water, 2.5 wL of 10 x PCR buffer, 2 wL of dNTPs, 1 pL
of each primer (5 pM), 0.15 wL. of Tag DNA polymerase, and
1 nL of DNA template. PCR amplification was performed under
the following conditions: 5 min of initial denaturation at 95 °C;
30 cycles of 45s at 94°C for denaturation, 45s at 50°C for
annealing, and 45 s at 72 °C for extension; and a final extension at
72 °C for 10 min. Successful amplifications were purified and both
strands were sequenced using the same primers as for conduct
PCR. The newly isolated nucleotide sequences were assigned
GenBank accession numbers KY113351-KY113376. Two
additional CR sequences from Pampus argenteus were used as
the out-group.

2.2.2 Microsatellite amplification

Seven microsatellite loci were amplified with primers
developed by Yang et al. (2006) (Tab. 5). The samples were
amplified using a 25 wLL PCR mixture containing 17.25 pL of

Page 2 of 10



Y. Li et al.: Aquat. Living Resour. 2019, 32, 8

ultrapure water, 2.5 wL of 10 x PCR buffer (including MgCl,),
2 uL of ANTPs, 1 pL of fluorescently labeled M13R forward
primer, 1 pL of reverse primer, 0.25 pL of Taq polymerase,
and 1 pL of genomic DNA (10ng). All loci were initially
screened using the following PCR protocol: 5min at 94°C
followed by 35 cycles of 45 s at 94°C, 45 s at 50-58 °C, 45 s at
72 °C, and a final step for 15 min at 72 °C. The reactions were
then exposed to 72 °C for 45 min and held at 4 °C until required
for further analysis. Amplicons were diluted 20-fold with
ultrapure Milli-Q water before being further diluted (1:5) in
formamide containing the LIZ-500 size standard. The samples
were then separated by capillary gel-electrophoresis following
the manufacturer's instructions. To score the consistency of the
microsatellite fragments, nearly 20% of samples were stored as
replicates (Williams et al., 2015).

2.3 mtDNA sequence data analysis

Mitochondrial DNA sequences were edited and aligned
using DNASTAR. Polymorphic sites, number of haplo-
types, and molecular diversity indices for each population
were calculated in Arlequin 3.5 (Excoffier and Schneider,
2005).

Genetic relationships among haplotypes were recon-
structed using the neighbor-joining (NJ) method implemented
with 1000 bootstrap replicates in MEGA 5.0 under the chosen
substitution model HKY (Tamura et al., 2011). To evaluate the
genetic differentiation between sampling populations, pairwise
genetic divergences (Fsr) were estimated in Arlequin.
Analysis of molecular variation (AMOVA) was performed
in Arlequin to investigate the partitioning of genetic variation
within and among populations, along with hierarchical
analysis by population groupings to investigate the possible
effects of the major potential geographical barrier (the Malay
Peninsula) on the phylogeographic pattern.

Historical demography/spatial expansions were inferred by
a neutrality test and mismatch distribution analysis imple-
mented in Arlequin. Deviations from neutrality were tested
with Fu's Fg and Tajima's D. Nucleotide mismatch distribu-
tions were used to test for population growth and spatial range
expansions. A molecular clock-based time estimate provided
an approximate timeframe for evaluating phylogeographical
hypotheses. Finally, Bayesian skyline plots (BSPs) were
created with BEAST 1.7 (Drummond et al., 2012). In the
present study, a sequence divergence rate of 5-10%/Myr
(Bermingham et al., 1997; Bowen et al., 2001) was applied to
the control region sequences of P. chinensis under the HKY
model in BEAST (Bowen et al., 2001; Sukumaran et al., 2017).
BSPs revealed a detailed demographic history of population
size changes, from which we could determine whether the
populations of this species had undergone population
expansion in the late Pleistocene.

2.4 Microsatellite DNA data analysis

Microsatellite alleles were called using Geneious ver. 7
against an internal size standard. To examine the genetic
diversity of P. chinensis, the number of alleles (NV,), observed
heterozygosity (Hop) and expected heterozygosity (Hg)
were estimated using POPGENE 1.32 (Yeh et al., 2000).

Polymorphism information content (PIC) was calculated using
MS tools.

Deviations from the Hardy—Weinberg equilibrium (HWE)
and linkage disequilibrium of each locus within each site
were checked by GENEPOP 3.4 (Raymond and Rousset,
1995). The presence of null alleles and potential scoring
errors were addressed using MicroChecker 2.2.3 (van
Oosterhout et al., 2004). FSTAT 2.9.3 (Goudent, 2001)
was used to calculate the value of allelic richness (Rs) and
assess the values of ®gr.

Bayesian cluster analysis of the microsatellite data was
performed using STRUCTURE (Pritchard et al., 2000).
Population groups were simulated from K=1-9, with each
Kbeing run 10 independent times; possible mixed ancestry and
correlated allele frequencies were assumed, and 1,000,000
Markov chain Monte Carlo (MCMC) steps, discarding the first
100,000 steps, were used. To estimate the most likely number
of clusters (K), an ad hoc approach (Pritchard et al., 2000) was
taken by obtaining the mean posterior probability of the data
[L(K)]; the data set was analyzed for K =2, where the value did
not increase and either peaked or plateaued as expected.

Bottleneck 1.2.02 (Piry et al., 1999) was used to detect the
evidence of recent bottleneck events under three different
mutation models: the infinite allele model (IAM), the stepwise
mutation model (SMM), and the two-phase mutation model
(TPM). In each model, 95% single-step mutations and 5%
multiple steps mutations with 1000 simulation iterations were
set, as recommended (Zeng et al., 2012). We also proposed
a graphical descriptor of the shape of the allele frequency
distribution (mode shift indicator), which could differentiate
between bottlenecked and stable populations (Luikart and
Cornuet, 1998).

3 Results

In general, the methods using mtDNA and microsatellite
data to analyze genetic diversity were very similar. The
different marker types in this study were in accordance and
therefore provided further insights into the evolutionary
history of P. chinensis.

3.1 Mitochondrial DNA variation

After a conserved 70 bp portion at 5' end of the tRNAP™
gene was deleted, a 368-369 bp segment of the CR was
obtained from 84 specimens. These sequences were polymor-
phic at 30 nucleotide sites, which comprised 26 transitions, 6
transversions, and 1 indel/deletion. The overall A+T ratio was
68%, representing an AT bias. The haplotype diversity (%)
ranged from 0.7789 (Ormara) to 0.8804 (Xiamen) (total
0.9174), and the nucleotide diversity (;r) ranged from 0.0078
(Sonmiani) to 0.0128 (Xiamen) (total 0.0238) (Tab. 1). The
nucleotide diversities in Chinese samples were higher than
those in the Pakistani samples (Tab. 1).

All sequences defined 26 haplotypes among 84 specimens,
and no haplotype was found more than three times (Fig. 2). The
Chinese and Pakistani populations shared no haplotypes,
though four haplotypes were shared between the populations
of Xiamen and Beihai; the same result was found in the
Pakistani populations, which also shared four shared
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Table 1. Summary statistics for mtDNA molecular indices of P. chinensis.

Populations Number Date NH NUH h+SD a+SD k+SD

Sonmiani 17 2011.10 9 5 0.8309+0.0846 0.0078 +£0.0048 2.8824+1.5930
Ormara 20 2012.12 8 4 0.7789+0.0678 0.0084+0.0051 3.1000+1.6797
Beihai 23 2012.08 7 3 0.8261+0.0524 0.0103 +0.0060 3.7866+1.9792
Xiamen 24 2014.04 8 6 0.8804+0.0387 0.0128+0.0072 4.7174+2.3921
Total 84 — 26 — 0.9174+0.0143 0.0238+0.0123 8.7731+4.0882

Note: NH, numbers of haplotypes; NUH, numbers of unique haplotype; 4, haplotype diversity; i, nucleotide diversity; &, average number of
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Fig. 2. Neighbor-joining tree and distribution of the control region haplotypes of P. chinensis. P. argenteus was used as the out-group. Bootstrap

supports of >50 in 1000 replicates are shown.

haplotypes. Unique haplotypes were also found in each
population: six were found in Xiamen, three in Beihai, five in
Sonmiani, and four in Ormara (Tab. 1 and Fig. 2).

These phylogenetic analyses revealed two deeply diver-
gent lineages that were geographically concordant (Fig. 2). All
haplotypes fell into two deeply separated lineages, suggesting
that at least two differentiated populations had been
successfully recruited. Lineage A exclusively comprised the
Pakistani populations, and Lineage B occurred in China. A
total of 44% (37/84) of the samples were derived from Lineage
A, whereas 56% (47/84) were derived from Lineage B.

The Fgt values between samples from China and Pakistan
varied from 0.714 to 0.755 and were statistically significant.
However, the Fgr values between the Chinese samples or

between the Pakistani samples were very low and nonsignifi-
cant (Tab. 2). The AMOVA of haplotype variability among
samples yielded an Fgp=0.644 (P < 0.001) as one gene pool,
and divergence was much larger and was attributable to
66.72% genetic variation among populations (Tab. 3). To
further investigate the possible effects of major potential
geographical barriers (Malay Peninsula), the populations of
Xiamen and Beihai were treated as a group and those of
Ormara and Sonmiani constituted another group, which
yielded significant statistical differences between the two
groups (Fer=0.739, P < 0.001) (Tab. 3). The Mantel test
showed significant genetic variation that could be explained by
geographic distance, with a reasonable fit of the model
(R*=0.742, P < 0.05).
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Table 2. P. chinensis pairwise standardized mitochondrial Fgr
(below diagonal) and microsatellite g7 (above diagonal) values.

Populations Sonmiani Ormara Beihai Xiamen
Sonmiani 0.008 0.306* 0.344%*
Ormara —-0.010 0.306* 0.345%
Beihai 0.755* 0.750% 0.049
Xiamen 0.715* 0.714* -0.026

Significant results were accepted at P < 0.05 and are denoted by *.

Table 3. Analysis of molecular variance (AMOVA) of P. chinensis
populations based on mitochondrial control region sequences.

Source of variation Sum of Percentage F-statistic P
squares

One gene pool

Among populations 215.672 64.39 Fst=0.644

Within populations 148.411 35.61 0.000

Two gene pools

S, 0) (X, B)

Among groups 213.588 73.86 Fer =0.73864  0.000

Among populations 2.085  —0.56 Fsc = —0.02138 0.734

within groups

Within populations 148.411 26.69 Fst=0.73306 0.349

The shapes of the mismatch distributions were multimodal
in all four populations but tended to be unimodal in Lineage A
or B (Fig. 3). However, neutrality tests of Fu's Fg yielded
significantly negative values. Neither the SSD nor the HRI
were statistically significant in Lineage A or B (Tab. 4). These
data indicate that none of the distributions deviated from an
expansion model and support a fit between the observed
and the expected distributions. The t value of mismatch
distributions provided a general population expansion time,
and the 7 values of Lineages A and B were 1.373 and 7.705,
respectively (Tab. 4). Therefore, the time since the expansion
of Lineages A and B was estimated to be 37,000-74,000 and
209,000-418,000 years ago, respectively. The BSP results
indicated that the effective population size of Lineage A
increased sharply after the LGM, approximately 25,000 years
before the present, and the effective population size of Lineage
B slowly increased from 200,000 years ago during the
Quaternary Period (Fig. 4).

3.2 Microsatellite variation

Seven microsatellite loci were employed to estimate the
diversity and divergence between the P. chinensis populations.
The number of alleles per locus (4) ranged from 5 (Par 08/
Par 20) to 21 (Par 17) (Tab. 5), and the number of alleles per
population ranged from 27 (Sonmiani) to 42 (Xiamen/Beihai).
The number of individuals genotyped across each geographi-
cal region ranged from 27 to 42, reflecting the availability of
samples. The heterozygosities were higher on average among
the samples from the Chinese populations (Hg=0.559-0.565)

P. chinensis
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Fig. 3. Mismatch distributions of control region haplotypes of
P. chinensis.

than from the Pakistani populations (Hg=0.429-0.474). The
PIC wvalues were higher on average among the Chinese
populations (>0.5) than they were among the Pakistani
populations (<0.5) (Tab. 5), suggesting that the Chinese allele
set had high diversity.

However, a distinct geographical trend appeared in the
levels of overall microsatellite diversity. To test the Micro-
Checker results, the two loci were checked for departures from
HWE with heterozygote excess, but none remained significant
after Bonferroni correction. Likewise, all loci were included
for subsequent analyses.

An assessment of ®dgr estimates for spatial population
structure indicated high and significant structuring among
individuals between Chinese and Pakistani populations
(values of 0.306-0.345) (Tab. 2). However, the pairwise
®gr values between the samples from China or between the
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Table 4. Summary of the neutral test and goodness-of-fit test for P. chinensis.

Groups n N Tajima’s D Fu’s F§ Goodness-of-fit test

D P F T o 0, SSD HRI
All 84 26 —0.094 0.480 —2.454 0.079 10.555 0.000 7.200 0.058 ns 0.072 ns
Lineage A 37 13 —0.547 0.347 —3.406 0.044 1.373 0.000 99999 0.030 ns 0.065 ns
Lineage B 47 13 —0.468 0.721 —0.987 0.036 7.705 0.002 8.076 0.034 ns 0.066 ns

Note: Number of individuals (n), number of haplotypes (), Tajima's D and Fu's Fj, corresponding P-value, and mismatch distribution
parameter estimates for each lineage are also indicated. T (95% CI) is the time of initiation of population expansion; 8, and 6, are the 0
parameters before and after expansion, respectively; SSD and HRI are the sum of squared deviations and raggedness index, respectively.

ns, P > 0.05.
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Fig. 4. Bayesian skyline plots showing NI (Ngs= effective
population size; T = generation time) changes over time for P
chinensis based on the CR sequences. The upper and lower limits of
the blue trend represent the 95% confidence intervals of the highest
posterior density (HPD) analysis. The black line is the median
estimate for N¢T.

samples from Pakistan within the same ocean basin were very
low and nonsignificant (Tab. 2). Thus, these populations were
pooled together in accordance with the mitochondrial DNA
results.

The program STRUCTURE revealed the two most likely
genetic clusters when all sample sets were included in the
analysis. Notably, the likelihoods estimates for AK=2 did not
increase and neither peaked nor plateaued as expected (Latch

et al., 2006). The genetic clusters showed spatial structuring,
with one cluster (cluster 1) comprising 98% membership from
Sonmiani and Ormara, and the other (cluster 2) comprising the
most individuals (98%) from Chinese populations (Fig. 5). In
addition, there was concordance between microsatellite clade
membership and the genetic partitioning found between the
groupings identified by mtDNA (Fig. 2).

The results of the genetic bottleneck analysis were
assessed by the Wilcoxon sign-rank test under three models
of microsatellite evolution (IAM, TPM, and SMM) (Tab. 6).
No significant heterozygosity excess was detected in any
population under the three models, implying that no genetic
bottlenecks were detected in this species due to mutation-
drift equilibrium. The normal L-shaped distribution patterns
of the allele frequencies in all populations were found
under the mode shift test, which also indicated the absence
of bottleneck events. Therefore, no studied population of
P. chinensis had suffered from a recent genetic bottleneck.

4 Discussion

Mitochondrial and nuclear DNA markers have different
mutation rates, enabling the detection of contemporary gene
flow and deeper separations between populations. The
relatively lower mutation rates of mtDNA allow for the
reconstruction of population events reaching back several
thousand years, whereas the larger mutation rates of micro-
satellites yield insight into contemporary levels of gene flow
(Liu et al., 2012). Therefore, the results of this study provide
insights into the general features of the P. chinensis population
structure.

4.1 Genetic diversity

The estimated genetic diversity was high in P. chinensis
populations according to both the mtDNA and microsatellite
analyses. These data suggest that the P. chinensis populations
were much larger at one time. The reasons for the current high
diversity of this species may be related to the following
aspects. First, the species is distributed over a wide
geographical area and diverse habitats. P. chinensis is
distributed in the Chinese sea, the Bay of Bengal, the Arabian
Sea, and even in coastal Southeastern Asia. The long coastline
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Table 5. Summary statistics for the variability of seven polymorphic microsatellite loci in four P. chinensis populations.

Populations Locus Average
Index par03 par08 par20 par05 parl2 parl8 parl7

Sonmiani Nap 7 2 1 3 1 3 10 3.86
Rs 3.400 1.990 1.000 1.740 1.000 1.380 5.160 2.240
Hp 0.725 0.512 0 0.437 0 0.28 0.828 0.397
Hg 0.789 0.737 0 0.579 0 0.211 1 0.474
PIC 0.665 0.374 0.000 0.354 0.000 0.247 0.781 0.346

Ormara N 7 2 1 4 1 4 12 4.43
Rs 4.620 1.970 1.000 2.050 1.000 1.360 3.550 2.220
Hp 0.807 0.508 0 0.528 0 0.273 0.74 0.408
Hg 0.706 0.647 0 0.706 0 0.294 0.647 0.429
PIC 0.752 0.372 0.000 0.431 0.000 0.253 0.701 0.358

Beihai Na 9 3 5 4 1 10 10 6.00
Rs 4.023 1.600 2.150 2.550 1.000 5.850 4.300 3.070
Ho 0.522 0.318 0.458 0.458 0.000 0.833 0.762 0.479
Hg 0.768 0.385 0.548 0.621 0.000 0.847 0.786 0.565
PIC 0.733 0.344 0.497 0.529 0.000 0.808 0.748 0.523

Xiamen Np 8 4 4 4 2 9 11 6.00
Rs 4.110 2.960 1.350 2.450 1.040 4.990 3.540 2.920
Hp 0.417 0.750 0.292 0.500 0.042 0.750 0.667 0.488
Hg 0.773 0.676 0.267 0.604 0.042 0.816 0.733 0.559
PIC 0.729 0.594 0.248 0.507 0.040 0.777 0.692 0.512

Note: Na: allelic number, Rg: allelic richness, Hp: observed heterozygosity, Hg: expected heterozygosity, PIC: polymorphism information

content.

Cluster 1

Cluster 2

1.00
0.80
0.60
0.40
0.20
0.00

Probability

Ormara

Populations

Fig. 5. Results of the STRUCTURE analysis from seven microsatellite loci in P. chinensis (K=2). Vertical lines are proportional to the
probability of individual membership in the simulated cluster.

Table 6. Results of Wilcoxon's heterozygosity excess test and Mode
shift indicator for a genetic bottleneck in the four populations of

P. chinensis.

Populations Wilcoxon sign—rank test Mode shift
1AM TPM SMM

Sonmiani 0.109 0.922 0.969 L

Ormara 0.688 0.922 0.922 L

Beihai 0.422 0.984 0.992 L

Xiamen 0.711 0.980 0.992 L

created a diverse marine ecological environment, allowing this
species to successfully adapt to local habitat conditions.
Moreover, the attrition of individuals from populations with
subsequent recruitment may have contributed to the levels of
variation now seen in different locations (Zheng et al., 2003;
Lu et al., 2016). Second, the species has not suffered from a
genetic bottleneck event. The Wilcoxon sign-rank test under
three models of microsatellite evolution showed that none of
the studied populations of P. chinensis suffered from a genetic
bottleneck in recent history; likewise, less genetic variation has
been lost.
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Overall, the data set for P. chinensis indicated that the
populations that encompassed a wide geographical area
retained high genetic diversity.

4.2 Population differentiation

The majority of variation in P. chinensis was found
among, rather than within, populations, and this difference
was great and significant. This finding may be a reflection of
P chinensis having two population lineages that are
genetically indistinguishable. The numbers of unique haplo-
type/diagnostic alleles were possibly signs of differentiation
among the populations following selection or genetic drift
from the ancestral genetic environment. On the other hand,
these haplotypes/alleles may represent new mutations (such
as deletions or insertions) that have appeared among
populations following their initial dispersal after speciation
events (Lu et al., 2016).

Many authors have suggested that Pleistocene climatic
oscillations had profound effects in shaping the present
phylogeographical patterns and genetic structures of marine
species (Liu et al., 2007, 2012; Williams et al., 2015; Qiu et al.,
2016). This study provides clear evidence of genetic
differentiation between the populations of P chinensis
inhabiting the Pacific Ocean (China) and the Indian Ocean
(Pakistan). These results are consistent with the results for
many other marine species that were similarly distributed in
these waters, e.g., crab (Lavery et al., 1996), prawn (Benzie
et al., 2002), lobster (Yellapu et al., 2016), shark (Giles et al.,
2014), and damselfish (Raynal et al., 2014), which all showed
strong and significant population structures, despite their great
potential for long-distance larval dispersal. The clearest
indication of this differentiation was the existence of fixed
haplotype differences and distinct lineages in the two oceans
(Lavery et al., 1996). The two lineages of P. chinensis found
from the combined genetic data set corresponded to
geographic locations, reflecting the presence of distinct
populations in the past that were not likely admixed (Williams
et al., 2015).

Moreover, both the pairwise population differences and the
genetic distance were directly proportional to geographic
distance among all the populations, and a pattern of isolation
by distance was observed, suggesting that P. chinensis
populations have acquired significantly different genetic
structures between the Pacific and Indian Oceans (Figs. 2
and 5). Two hypotheses explain this result in this species. First,
the Malay Peninsula acted as a geographic barrier that divided
P chinensis into differentiated populations without mixed
exchange, thereby blocking gene flow between the Pacific and
Indian Oceans. Though this explanation is plausible, another
explanation is equally likely. Assuming that an individual in
each generation could effectively migrate into another
reproductive population, tiny gene exchanges could prevent
genetic differentiation caused by genetic drift or natural
selection (Slatkin, 1987). Obviously, the genetic results
showed that either there was no gene exchange between the
Pacific and Indian Oceans or, if some individuals had an
opportunity to exchange genes through the Malacca Strait,
the effective supplement to the new stock was almost
nonexistent or very weak. Similarly, the dichotomous genetic

differentiation into the Pacific and Indian lineages has also
been reported in other marine species, such as coastal fauna
and mangrove species (Lavery et al., 1996; Chenoweth et al.,
1998; Williams and Benzie, 1998; Benzie, 1999; Gopurenko
and Hughes, 2002; Wee et al., 2015), and has been attributed to
the role of Sundaland as a land barrier during past glaciation
periods (Wee et al., 2015).

Within the Pacific or Indian Ocean populations, no
genetic differentiation or distinct lineages between popula-
tions were identified. A homogeneous phylogeographic
pattern was seen in the Chinese populations, and the same
result was found in Pakistan. Meanwhile, similar results
were found in this species along the coast of China using
mitochondrial Cytb and COI gene sequences (Sun and Tang,
2018; Sun et al., 2018). In general, ocean currents play an
important role in transporting the larvae of marine organisms
(Liu et al., 2007). P. chinensis is speculated to travel over a
long range, considering its larval stage and the velocity of
currents near the Chinese and Pakistani coasts. Therefore,
larvae and juveniles from the coastal spawning of one
population could travel on certain currents, and the
connectivity may be high among populations within one
geographic group (Liu et al., 2007, 2012). This possibility
may offer sufficient evidence for explaining the low level of
genetic divergence of P. chinensis within groups in China or
Pakistan (Sun et al., 2013).

4.3 Historical demography

Given the neutrality tests resulting in a high % value and a
low 7 value, P. chinensis populations along the Indo—Pacific
Ocean may have experienced a population expansion. During
Pleistocene glaciations, sea levels fluctuated repeatedly,
dropping as low as 200m below present levels and
occasionally rising above, present levels, thereby changing
the seaways between the Indian and Pacific Oceans (Galloway
and Kemp, 1981). Those changes would have had a profound
influence on the distributions, abundances, and demographic
dynamics of P, chinensis. Throughout much of the Pleistocene,
the Strait of Malacca was closed, and the gene flow between
the Pacific and Indian Oceans may have been restricted. Thus,
dispersal was unlikely to have occurred either in the past or at
present. As with other marine fauna (Gopurenko and Hughes,
2002; Liu etal., 2007; Wee et al., 2015), P. chinensis was likely
to have contracted into geographically isolated places of refuge
during glacial advances, with massive extinction and a
significant reduction in population size and to have expanded
during interglacial periods to quickly recolonize previously
glaciated coastal areas and newly available habitats. In
response to these changes, most temperate taxa were forced
into repeated cycles of refugial retreat during glacial periods
and expansion during interglacial periods.

The previous scenario offers a plausible explanation that
the Malay Peninsula acted as a border between the two
biogeographic regions to prevent or restrict the dispersal of
many marine species between the Indian and Pacific Oceans
for thousands of years (Raynal et al., 2014, Yellapu et al.,
2016). Afterward, P. chinensis adapted to a different spectrum
of salinity, temperature, and habitats and facilitated a different
population structure.
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Unfortunately, we collected only four geographical
populations of P. chinensis, which do not sufficiently represent
its entire distribution. The results of population genetics of this
species in this study may be one-sided; thus, further studies are
needed, including those collecting P. chinensis samples with an
intermediate distribution, to confirm our results.

4.4 Conclusions and implications for conservation
and management

The genetic population diversity and the genetic structure
of marine fish must be assessed for fishery management
and conservation. The contemporary genetic structure of
P chinensis revealed in this study can improve genetic
knowledge and provide a firm basis for defining spatial
boundaries of fishery stocks in the Indo—Pacific Oceans. In the
future, science-based management should implement distinct
regions of fishery management for this species.

The current study also provides different insights into
genetic heterogeneity occurring within other similar distribut-
ed species instead of within a single panmictic population. The
presence of a spatial subdivision identified here should
encourage future research to investigate (1) other possible
assemblages/clades that may exist, especially along the coastal
waters in Southeast Asia, (2) whether a distribution exists in
the Strait of Malacca, and (3) the influence of fishing pressure
on P. chinensis stocks in distinct fishery regions (Williams
et al., 2015). Therefore, all objectives need to be addressed
by expanding the sampling effort to incorporate more locations
(e.g., the Gulf of Oman, the Arabian Sea, the Bay of Bengal,
and the Andaman Sea) and temporal samples.
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