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Abstract

Pampus minor is an important commercial fish. Due to the similarity of external morphological characteristics
among the genus Pampus species, P. minor has often been identified as the juvenile group of both P. cinereus and
P. argenteus. While little genetic background on this species is known, this study was based on control region
sequences and provided the first  evaluation of  the genetic signature of  264 individuals of  P. minor  from 11
populations along the coasts of China and Malaysia. The results indicate high genetic haplotype diversity and low
nucleotide diversity in this species. Additionally, two differentiated haplotype lineages were identified in the P.
minor populations. However, phylogenetic structures corresponding to the geographical locations were unable to
be established. Analysis of molecular variance identified a vast majority of the genetic variation occurring within
populations. F-statistic test value (FST) of pairwise indicated that great differences existed between the Chinese
and Malaysian P. minor populations. For the Chinese populations, the genetic differences were insignificant with
the exception of the Xiamen population, which is a marginal population. During the late Pleistocene, a population
expansion of P. minor occurred. These expanded populations originated from the glacial refugium in the South
China Sea and then rapidly occupied and adapted to their new habitat. The results of this study provide genetic
information for ensuring the protection and management of P. minor resources.
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1  Introduction
Species can only adapt to vigorous environmental changes if

they possess sufficient genetic variation. Under conditions of
global climate change, habitat fragmentation, and habitat deteri-
oration, protecting the genetic diversity of species has become a
common concern (Stockwell et al., 2003; Butchart et al., 2010).
Understanding patterns of variation from the gene level to the
community level is the first step in revealing the processes re-
sponsible for generating biodiversity (Guo et al., 2013). Examin-
ing the genetic signature of species, estimating the effective pop-
ulation size, and investigating the mechanisms influencing vari-
ous evolutionary factors are the primary focus of current popula-
tion genetics research, all of which are critical for an accurate un-
derstanding of the ecological and evolutionary processes associ-
ated with species formation, adaptivity, sustainability, and popu-
lation dynamics (Ellegren, 2014). Accurately evaluating the ge-
netic structure of an exploited species is important to the man-
agement, development, and protection of a fishery. Inappropri-
ate division of conservation units can easily lead to local overfish-
ing and ultimately, severe declines in fishery resources (Hutch-
ings, 2000; Li et al., 2018).

During the late Quaternary period, global climate underwent

a series of glacial-interglacial changes that caused major changes
in sea level. During the last glacial maxima, sea level dropped ap-
proximately 100–140 m. As a result, land bridges were formed
between the Asian continent and the nearby islands (e.g., the
Qiongzhou Strait) (Lambeck et al., 2002). These climate changes
had a tremendous impact on the distribution and biomass of
species, which left obvious imprints in the genetic information
(Hewitt, 2000; Dynesius and Jansson, 2000). During the late Qua-
ternary glaciation, environmental changes caused by fluctu-
ations in sea level were especially significant in the marginal seas
of the West Pacific. Major transformations occurred in the area
and structure of the marginal seas (Wang, 1999). These trans-
formations turned the western Pacific into an ideal region for in-
vestigating the effects of glacial stage on marine organisms.
Levels and patterns of genetic variation for marine organisms
were dramatically influenced by both historical and contempor-
ary factors in the western Pacific.

Pampus minor Liu and Li, 1998, belonging to Actinopterygii,
Perciformes, and Stromateidae, is primarily distributed in the
southern sea of the Taiwan Strait, which features offshore warm
water areas (Liu and Li, 1998). Because of the similarity in mor-  
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phological characteristics and small body size (typical length<
150 mm), P. minor was often identified as the juvenile group of
both P. cinereus and P. argenteus in earlier studies. During the
late glacial maximum, we expect that P. minor was also subjec-
ted to the impact of the Pleistocene ice age. Under the harsh en-
vironmental conditions in the glacial period, most individuals
may have died, with only the subpopulation in the glacial refugi-
um in the South China Sea surviving. Due to warming during the
interglacial period, sea levels rose, resulting in expansion of the
population. Thus, the phylogeographic patterns and genetic
structures of the population that correspond to the changes in
climate may be detected. Therefore, the P. minor species is a
good target subject for molecular phylogeographic studies.

Until now, few studies in P. minor have focused on its mor-
phology (Liu and Li, 1998), phylogeny (Guo et al., 2010; Cui et al.,
2010) and population genetics (Li et al., 2019b). No basic invest-
igation has examined the status of P. minor as a fishery resource
and its actual distribution. With decreasing fishery resources, P.
minor resources are also declining. As such, an understanding of
population genetic characteristics, such as genetic diversity, ge-
netic structure, and effective population size, is necessary. These
parameters are the foundation for developing strategies of effect-
ive protection, development and exploitation of fishery re-
sources (Funk et al., 2012).

In the research reported herein, we investigated the genetic
diversity, genetic structure and historic dynamics of 11 Chinese
and Malaysian P. minor populations using a mitochondrial DNA
sequence (first hypervariable segment of the control region, CR).
In addition, we revealed the effects of factors, such as paleocli-
mate, ancient geological events and marine geological environ-
ments, on population formation, distribution, and gene ex-
change in P. minor. Furthermore, we explored the mechanism
that formed the current phylogeographic pattern of P. minor.

2  Materials and methods

2.1  Sample collection
There were 264 individuals of P. minor collected from 11 dif-

ferent geographical populations distributed throughout the
coastal waters of China (Xiamen, Zhangpu, Taiwan, Zhuhai,
Zhanjiang, Beihai, Weizhou Island, Haikou, Sanya) and Malaysia
(Kuala Selangor, Mukah) from May 2016 to December 2017 (Fig. 1,
Table 1). To ensure accuracy of the taxonomy, all specimens
were identified according to their morphological characteristics
(Liu and Li, 1998). A piece of back muscle tissue was excised and
preserved in 95% alcohol or frozen for subsequent molecular ex-
periments.

2.2  Experimental methods
Genomic DNA was isolated from muscle tissue by proteinase

K digestion and extracted with DNeasy kit (Qiagen, USA). Puri-
fied DNA was assessed on 1.5% agarose gel electrophoresis and
stored at –20°C for PCR (Polymerase Chain Reaction) amplifica-
tion. The mtDNA CR was amplified using the primers F-gao: 5′-
GAAGTTAAAATCTTCCCTTTTGC-3′ (forward), and R-gao: 5′-
GGCCCTGAAGTAGGAACCAAA-3′ (reverse). Each PCR reaction
was performed in a 25 μL reaction mixture containing 17.5 μL ul-
trapure water, 2.5 μL of 10×PCR buffer, 2 μL deoxynucleotides
(dNTPs), 1 μL each primer (5 μmol/L), 0.15 μL Taq polymerase,
and 1 μL DNA template. PCR amplification was performed in a
Biometra thermal cycler under the following conditions: 5 min of
initial denaturation at 95°C; 30 cycles of 45 s at 94°C for denatura-
tion, 45 s at 50°C for annealing, and 45 s at 72°C for extension;

and a final extension at 72°C for 10 min. PCR products were puri-
fied, and both strands were sequenced. Newly isolated haplo-
types were deposited in GenBank under accession numbers
MK088662—MK088727.

2.3  Data analysis
CR sequences were edited and aligned using DNASTAR soft-

ware (DNASTAR, USA). Polymorphic sites, haplotype number
and molecular diversity indices for each population were calcu-
lated using ARLEQUIN version 3.5 (Excoffier et al., 2005). Genet-
ic relationships among haplotypes were reconstructed using the
neighbor-joining (NJ) method implemented with 1 000 replic-
ates in MEGA 5.0 (Tamura et al., 2011). Analysis of molecular
variation (AMOVA) was performed using ARLEQUIN to investig-
ate the partition of genetic variation among the populations. An
unrooted minimum spanning tree (MST) was constructed using
the MINSPNET algorithm as implemented in ARLEQUIN to show
the relationship among haplotypes (Excoffier et al., 2005), which
was subsequently drawn by hand. Historical demography/spa-
tial expansions were inferred by neutrality testing and mismatch
distribution analysis, as implemented in ARLEQUIN. Deviations
from neutrality were evaluated using F-statistic test and Tajima’s
D. Nucleotide mismatch distributions were applied to assess
population growth and spatial range expansion. A molecular
clock-based time estimate provided an approximate timeframe
for evaluating phylogeographical hypotheses (Excoffier et al.,
2005). Historical demographic expansions were also investigated
by examining frequency distributions of pair-wise differences
between sequences (mismatch distribution) based on three para-
meters: θ0, θ1 (effective population size before and after popula-
tion growth) and τ (time since expansion, expressed in units of
mutational time) (Rogers and Harpending, 1992). The values of τ
were transformed to estimates of real time using expansion with
the equation τ=2×μ×t, where μ is the mutation rate for the whole
sequence under study and t is the time since expansion. In the
present study, a sequence divergence rate of 0.5×10−7–1×10−7 for
each station per year was applied to CR sequences of P. minor
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Fig. 1.   Sampling locations of Pampus minor. XM, Xiamen; ZP,
Zhangpu; TW, Taiwan; ZH, Zhuhai; ZJ, Zhanjiang; BH, Beihai;
WZ, Weizhou Island; HK, Haikou; SY, Sanya; KS, Kuala Selangor;
SK, Mukah. The area of the circle is proportional to sample num-
ber.
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(Bowen et al., 2007). Bayesian skyline plots were created using
BEAST v.8 (Drummond et al., 2012). However, a molecular clock-
based time estimate provided an approximate time frame for
evaluating phylogeographic hypotheses.

3  Results

3.1  Genetic diversity
After being manually compared, the 432–435 bp fragment of

the 5′ end of the CR, including a 70 bp partial segment of the
tRNApro gene with no variable site, was sequenced in 264 indi-
viduals originating from 11 populations. A targeted length of
362–365 bp was obtained after deleting the 70 bp tRNApro se-
quence. All subsequent analyses were based on the 362–365 bp
fragments. There are 44 mutations, 18 parsimony informative
sites, and 26 singleton sites found in the targeted fragment, which
had 41 transitions, 6 transversions, and 5 insertions/deletions.
The ratios of transitions to transversions was 6.8, indicating that
mutations in the CR sequence of P. minor had not reached satur-
ation and were less affected by noise from evolution. A+T con-
tent (67.25%) was significantly higher than G+C content, indicat-
ing a significant AT preference.

The sequence length of all Chinese populations was 363 bp.
For Malaysian populations, due to insertion and deletion, the se-
quence length range was 362–365 bp. The length was primarily
363 bp for the KS population and 364 bp for the SK population
(Fig. 2). As indicated by the results, fish from the Chinese and the
Malaysian populations can be identified by the lengths of some
sequences (362 bp, 364 bp, and 365 bp).

There are 66 haplotypes defined among the 264 individuals.
The number of haplotypes in each population ranged from 7
(TW) to 17 (KS). There are 22 haplotypes (33%) were shared
between 2 or more populations, whereas the remaining haplo-
types (44, 66.7%) were unique. Every population had a unique
haplotype that ranged from 1 (ZP, TW, BH, SY) to 13 (SK) (Table 1).
Greater differences in the composition and distribution of haplo-
types occurred between the Chinese and the Malaysian popula-
tions, and only two haplotypes were shared between the Chinese
and the Malaysian populations.  The shared haplotypes
(21/38=55.3%) were dominant in the Chinese populations,
whereas unique haplotypes (24/30=80%) were dominant in the
Malaysian populations (Fig. 3). The most frequent haplotype,
Hap_4, consisting of 72 sequences, was observed only in the
Chinese populations and is possibly an ancestral haplotype.

Overall, P. minor populations exhibited high haplotype di-
versity (h, 0.907 4±0.013 6) and low nucleotide diversity (π, 0.008 1±
0.004 7). The reason for this phenomenon is that, after the bottle-
neck effect occurs, a large number of new mutations occur in a
small population due to population expansion or rapid popula-
tion growth (Avise et al., 1984; Grant and Bowen, 1998).

3.2  Genetic structure
A NJ tree was constructed based on the 66 CR haplotypes of P.

minor. The results indicated that two differentiated haplotype
lineages existed within P. minor with low bootstrap values. A
phylogenetic structure corresponding to geographical locations
was not detected (Fig. 4). Lineage A was built on 36 haplotypes
(112 individuals), whereas Lineage B was composed of 30 haplo-
types (52 individuals) (Fig. 4). No obvious difference was ob-
served in haplotype composition between the two lineages.
However, each haplotype lineage contained a small branch that
was composed of only Chinese individuals or only Malaysian in-
dividuals.

Based on the 66 haplotypes of P. minor, a haplotype network
diagram was constructed using MST methods (Fig. 5). The res-
ults indicated that all sequences showed multiple primary haplo-
types, and the other haplotypes exhibited a radial distribution

Table 1.   Information and molecular indices for Pampus minor based on mitochondrial DNA control region sequences

Country ID Population
Number of
individuals

Date
Number of
haplotypes

Number of
unique

haplotypes
h π k

China XM Xiamen 24 Apr. 2017   8 5 0.771 7±0.065 4 0.003 7±0.002 7 1.351 4±0.866 5

ZP Zhangpu 24 Apr. 2017 10 1 0.887 7±0.036 5 0.006 5±0.004 1 2.373 1±1.338 7

TW Taiwan 24 Oct. 2017   7 1 0.822 5±0.045 8 0.006 8±0.004 2 2.456 5±1.376 6

ZH Zhuhai 24 Dec. 2016 12 3 0.757 2±0.094 1 0.004 3±0.003 0 1.565 2±0.966 9

ZJ Zhanjiang 24 Dec. 2017 11 2 0.840 6±0.062 9 0.004 6±0.003 1 1.663 0±1.012 4

BH Beihai 24 Nov. 2016 10 1 0.862 3±0.044 8 0.004 7±0.003 2 1.710 1±1.034 3

WZ Weizhou Island 24 Nov. 2016   9 2 0.739 1±0.088 4 0.002 8±0.002 2 1.018 2±0.706 6

HK Haikou 24 Dec. 2016 11 2 0.786 2±0.082 6 0.003 8±0.002 7 1.391 3±0.885 3

SY Sanya 24 Dec. 2016 10 1 0.858 7±0.052 2 0.004 5±0.003 0 1.619 6±0.992 2

Malaysia KS Kuala Selangor 24 May 2016 17 12   0.938 4±0.039 4 0.009 5±0.005 6 3.485 5±1.841 0

SK Mukah 24 May 2016 16 13   0.894 9±0.058 0 0.008 0±0.004 9 2.942 0±1.596 4

Total 264   – 66 43   0.907 4±0.013 6 0.008 1±0.004 7 2.947 7±1.548 7

          Note: h, haplotype diversity; π, nucleotide diversity; k, mean number of pairwise differences.
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Fig. 2.   The frequency of different sequence lengths in 11 popula-
tions of Pampus minor.
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around the main haplotypes with weak phylogenetic structure.
The frequency distribution (Fig. 4) of the two major haplotype
lineages indicates that no significant difference existed in haplo-
type lineages among different geographical populations. In other
words, no geographical structure was present, indicating that
some gene exchange occurred.

Based on the Tamura-Nei model with a gamma distribution
(TrN+G model), the net genetic distance between the two major
haplotype lineages was 0.002 8. Based on the rates of divergence
of mitochondrial DNA at 5%–10% per million years, the diver-
gence between Lineage A and Lineage B occurred approximately
28×103–56×103 a ago.

According to the F-statistic test value (FST), the genetic differ-
ence between populations was classified as low (–1, 0.15], medi-
um (0.15, 0.25], and high (0.25, 1) (Fig. 6), respectively. Greater
fluctuation occurred in the pairwise FST in P. minor populations.
In addition, pairwise FST values between Chinese and Malaysian
populations were higher than 0.25, indicating significant differ-
entiation (Wright, 1965), which was statistically significant. Pair-
wise FST values between Xiamen and other populations were rel-
atively high, and differences were statistically significant. Other
than the Xiamen population, the pairwise FST values among
Chinese populations were lower than 0.25, indicating little and
moderate differentiation with statistically insignificant differ-
ences (Fig. 6). Negative pairwise FST values were observed among
P. minor populations, indicating that the differentiation within
populations was greater than that among populations (Aris-Bro-
sou and Excoffier, 1996).

AMOVA was used to examine the genetic structure in P.
minor populations (Table 2). All populations were subjected to
analysis as one gene pool. The results indicated that significant
genetic differentiation existed within populations (ΦST=0.36,
P<0.01), with 64.48% of the total genetic variation, while 35.52%
existed among populations.

To further confirm the genetic structure of P. minor popula-
tions, the 11 populations were separated into 2, 4 and 6 gene
pools according to their geographical locations. All results indic-
ated that the genetic variation among groups was greater but not
statistically significant (P>0.05). Statistically significant genetic
variation primarily came from within populations (P<0.01), and
the genetic differentiation among populations within groups was
significant.

3.3  Historical demography
Although two haplotype lineages were detected in the P.

minor populations, no significant geographical structure was ob-
served for these two lineages, indicating that genetic variation
may not have yet reached equilibrium after population differenti-
ation. Since apparent differentiation was found between the P.
minor populations, analysis of historic dynamics was performed
for each haplotype lineage. The nucleotide mismatch distribu-
tion of all sequences was unimodal, and similar results were
found in both lineages (Fig. 7). The results of the sums of the
squared deviations and Harpending’s raggedness index were
statistically insignificant (P>0.05) (Table 3), suggesting that no
significant deviation was found from the expected distribution
under the population expansion model. Therefore, the mis-
match distribution test can be used to analyze the historic dy-
namics of the populations. The results of the neutrality test,
which yielded negative values in FST and the Tajima’S D test for
each lineage, and the overall populations with statistical signific-
ance (P<0.05) of the Bayesian skyline plot indicated that P. minor
has experienced population expansion.

The τ value from the nucleotide mismatch distribution
provided an estimate of the time of population expansion. The τ
of Lineage A was greater than that of Lineage B, which was 3.432
(95%CI: 1.742–5.369) and 1.451 (95%CI: 0.457–3.082), respect-
ively (Table 3). CI is the confidence internal. According to the se-
quence divergence rate of 0.5×10−7–1×10−7 per site for each year
and the τ values, the estimated times of expansion for Lineages A
and B were 95×103–189×103 a and 40×103–80×103 a ago, respect-
ively, during the late Pleistocene. The ratios of θ1 (after expan-
sion) and θ0 (before expansion) reached infinity, suggesting that
the effective maternal population size of P. minor underwent rap-
id growth.

Bayesian skyline plots revealed a detailed demographic his-
tory of population size changes, from that both Lineages A and B
underwent population expansion in the late Pleistocene. The ef-
fective population size of Lineage A increased sharply after the
last glacial maximum approximately 1.2×105 a before the present,
and the effective population size of Lineage B increased slowly
from 7.5×104 a ago (Fig. 8).

4  Discussion
Genetic diversity is the basis of species diversity and ecologic-
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Fig. 3.   Composition and distribution of 66 haplotypes in Chinese and Malaysian populations of Pampus minor.
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al diversity. The degree of genetic diversity can directly impact

the adaptivity of species to the environment. A higher diversity

suggests that a species has a greater potential to evolve and great-

er ability to adapt to environmental changes (Rosel et al., 1995).

Meanwhile, genetic diversity and population structure are the

fundamental information needed for fishery management and

resource restoration. Therefore, we evaluated the genetic di-

versity, the current genetic structure, and historic dynamics us-

ing mitochondrial CR. The molecular phylogeographic results

provide a scientific basis for the division of conservation units

and the development of measures for resource protection.

4.1  Genetic diversity
Haplotype diversity (h) and nucleotide diversity (π) are two

critical indicators for assessing the genetic diversity of a species.
The results of our study indicate that examined P. minor popula-
tions have high h and low π. This type of fish population may
have experienced an expansion event in its history. Expansion
refers to rapid growth from a small effective population to a large
population within a short period of time. During the process of
expansion, haplotype diversity increases with the increasing pop-
ulations. However, not enough time has passed for variation to
accumulate in the nucleotides; therefore, the pattern of higher h
and lower nucleotide diversity is formed (Grant and Bowen,
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Fig. 4.   Neighbor joining tree of control region haplotypes in Pampus minor. Bootstrap supports of larger than 50 in 1 000 replicates
are shown.
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1998).
Although the pomfret fishery resources are declining due to

overfishing (Jin et al., 2005), relatively large resources and effect-

ive populations explain the high genetic diversity identified
among P. minor populations. This characteristic is more obvious
among Malaysian populations that experience less overfishing.
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Fig. 5.   Unrooted minimum spanning tree showing the genetic relationship among CR haplotypes of Pampus minor. Circle size is
proportional to haplotype frequency. Perpendicular tick marks on the lines joining haplotypes represent the number of nucleotide
substitutions.
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Fig. 6.   Neighbor joining cluster tree (left), FST (right, below diagonal), and exact P test (right, above diagonal) of Pampus minor. The
genetic difference between populations was classified as low (–1, 0.15], medium (0.15, 0.25] and high (0.25, 1) according to the FST

value, represented as L, M and H, respectively. The “*” sign indicates a significance level of 0.05, whereas “**” indicates a significance
level of 0.01.
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Pampus minor is a widespread species and has high adaptivity to

food sources. Spawning grounds are different according to the

locations of the fish, and heterogeneity also exists in its habitat

(Wu et al., 2012). Life history traits, environmental heterogeneity,

and large population size are the critical factors that allow stable

population and high h among fishes of the continental shelf

Table 2.   AMOVA of Pampus minor populations based on mitochondrial sequences of control region
Source of variation Statistic squares sum Proportion/% Φstatistic P

One gene pool (XM, ZP, TW, ZH, ZJ, BH, WZ, HK, SY, KS and SK)

Among populations 139.49 35.52 ΦST=0.36 0.00

Within populations 248.13 64.48

Two gene pools (XM, ZP, TW, ZH, ZJ, BH, WZ, HK and SY) (KS and SK)

Among groups   88.66 27.35 ΦCT=0.43 0.06

Among populations within groups   50.84   8.71 ΦSC=0.17 0.00

Within populations 248.13 63.94 ΦST=0.56 0.00

Four gene pools (TW) (XM, ZP, ZH, ZJ, BH and WZ) (HK and SY) (KS and SK)

Among groups   95.85 27.95 ΦCT=0.28 0.07

Among populations within groups   43.64 13.15 ΦSC=0.18 0.00

Within populations 248.13 58.91 ΦST=0.41 0.00

Six gene pools (TW) (XM, ZP, ZH and ZJ) (BH and WZ) (HK and SY) (KS) (SK)

Among groups 110.63 25.25 ΦCT=0.25 0.07

Among populations within groups   28.87 12.65 ΦSC=0.17 0.00

Within populations 248.13 62.11 ΦST=0.38 0.00

      Note: The proportion refers to significant genetic differentiation existed within populations. Φ refers to the differentiation index within
different types, Φstatistic refers to the statistical test within different types, ΦST is the value of genetic differentiation within populations, ΦCT is
the value of genetic differentiation among groups, and ΦSC is the value of genetic differentiation among populations among groups.
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Fig. 7.   Nucleotide mismatch distributions of control region of Pampus minor haplotypes.

Table 3.   Summary of molecular diversity, neutral test, and goodness-of-fit test for P. minor

Number NH h±SD π±SD k±SD
Tajima’s D test F-statistic test Goodness-of-fit test

D P FST P τ θ0 θ1 SSD HRI

Lineage A 112 36 0.922 1±0.011 3 0.008 5±0.004 9 3.089 3±1.617 4 –1.618 0.029 –25.874 0.000 3.432 0.104 16.406 0.003 2* 0.023 9*

Lineage B 152 30 0.762 2±0.035 8 0.005 2±0.003 3 1.882 3±1.081 7 –1.576 0.021 –24.142 0.000 1.451 0.130 11.568 0.002 2* 0.034 6*

All 264 66 0.907 4±0.013 6 0.008 1±0.004 7 2.947 7±1.548 7 –1.778 0.008 –26.145 0.000 1.396 0.000 99 999 0.069 0* 0.018 0*

          Note: NH, numbers of haplotypes; h, haplotype diversity; π, nucleotide diversity; k, average number of pairwise differences; SSD, the sums
of the squared deviations; HRI, Harpending’s raggedness index; τ, time since expansion, expressed in units of mutational time; *P>0.05.
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(Stepien, 1999). Therefore, the natural selection stress en-
countered by the species is relatively small, resulting in the accu-
mulation of greater gene mutation and genetic diversity.

With more genetic variation, some individuals within a popu-
lation are more likely to possess variations that are suited to the
environment (Sun and Tang, 2018). Malaysia is located in a lower
latitude region, with higher water temperature and a more di-
verse habitat, compared to those of China. Because of the mon-
soon, a rich amount of plankton is carried by the tide, providing
better food sources. Therefore, the Malaysian P. minor popula-
tions are under low natural selection stress and can accumulate
many genetic variations that can further evolve into genetic di-
versity (Fig. 2 and Fig. 3).

Generally, habitat expansion is important for the distribution
of genetic diversity of a species. The genetic diversity of the de-
rived populations tends to be lower than that of the ancestral
populations. The results of our study show that the genetic di-
versity of HK and SY groups from the glacial refugium in the
South China Sea was not higher than that in other Chinese popu-
lations. Additionally, the genetic diversity of all Chinese popula-
tions was lower than that of the Malaysian populations. This res-
ult can be attributed to the higher fishing pressure endured by
the Chinese populations. Overfishing can result in greater pres-
sure on the genetic information that has been preserved, which
then leads to a loss in genetic diversity (Allendorf et al., 2008).

4.2  Genetic structure
Two lineages were identified among P. minor populations

based on NJ tree and MST results. However, there is no signific-
ant frequency difference in the different geographic populations
between the two major lineages in Chinese and Malaysian popu-
lations. In other words, the phylogenetic structure does not cor-
respond to geographical location. Similar characteristics have
been found among P. argenteus populations (Li et al., 2017). The
FST results among P. minor populations indicate that significant
differentiation exists between Chinese and Malaysian popula-
tions. AMOVA results suggest that the variation within popula-
tions is the primary contributor to the genetic differentiation
(Table 2). Various studies have shown that marine fishes can
spread over large areas. Eggs, juveniles, and adults can travel
long distances with the assistance of ocean currents. Therefore,
frequent gene exchange can occur between populations located
far apart. As a result, the genetic differentiation within a wide
area may be low (Grant and Bowen, 1998; Lecomte et al., 2004;
Sun and Tang, 2018). Genetic differentiation between the

Chinese and Malaysian populations studied in our research may
correlate to the geographical distance. The physical barriers of
the Wallacea Trough and Strait of Malacca may be the main
factors contributing to the observed genetic differentiation. The
same characteristics were observed among the P. chinensis popu-
lations (Li et al., 2019a). For the Chinese populations, other than
the Xiamen population, genetic differentiation among popula-
tions was insignificant. The ecological and geographical barriers
formed by the Leizhou Peninsula, Hainan Island, Zhujiang River
Diluted Water, and Taiwan Strait do not result in segregation in
the phylogeographic pattern of P. minor. The insignificant genet-
ic differentiation in P. minor may be correlated to life history
traits, such as spreading during the pelagic period, recent popu-
lation expansion, and transportation through currents. Popula-
tion expansion occurred later for P. minor, and the newly de-
veloped population after the expansion may not have had suffi-
cient time to reach a balance between migration and drift. In the
regions with P. minor, the northward currents, such as the South-
west Monsoon Drift, the South China Sea Warm Current, and the
coastal currents in eastern Guangdong and eastern Hainan Is-
land (Li et al., 2000; Ge, 2010; Qiao, 2012), can assist northward
migration of eggs and juveniles from the southern population.
Likewise, southward currents, such as the Northeast Monsoon
Drift, coastal currents around Guangdong, Fujian and Zhejiang,
and the Kuroshio South China Sea branch of the Kuroshio Cur-
rent (Li et al., 2000; Ge, 2010; Qiao, 2012), can facilitate south-
ward migration of the northern population. Gene exchange can
occur for the population along the Leizhou Peninsula and Hain-
an Island because these fish can migrate through the Qiongzhou
Strait through residual currents (current daily variations, both
eastward or westward) (Qiao, 2012; Gao, 2013).

Interesting results were observed in the Xiamen population.
Differentiation of this population from the other populations is
significant, suggesting that the existence strategy among the pop-
ulations is asymmetric. We re-examined sample sources and data
analysis results to eliminate the effects of these factors. This spe-
cies was first found as far north as the coast of Xiamen, and its
geographical distribution is southward from the Taiwan Strait
(Liu and Li, 1998). Therefore, the Xiamen population can be con-
sidered a marginal population along the northern boundary of
the distribution of P. minor. Studies on adaptive evolution have
shown that the marginal populations of a species are more sens-
itive to environmental changes, which results in significant popu-
lation differentiation. Genetic variation correlated with adaptive
evolution can more easily be detected (Bridle and Vines, 2007).

108

107

106

105

104

103

0 150 000 300 000

Generation time/a

450 000 600 000

E
ff

ec
ti

v
e 

p
o
p
u
la

ti
o
n
 s

iz
e

a b
108

107

106

105

104

103

E
ff

ec
ti

v
e 

p
o
p
u
la

ti
o
n
 s

iz
e

0 100 000 200 000

Generation time/a

300 000 400 000

 

Fig. 8.   Bayesian skyline plots showing the change of effective population size following with generation time for P. minor based on
control region sequences. The upper and lower limits of the blue lines represent the 95% confidence intervals of highest posterior
densities analysis. The black line represents median estimates of effective population size following with generation time.
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These phenomena were supported by the characteristics ob-
served in the Xiamen population. The results obtained also sup-
port the idea that the marginal effect of a single species can assist
analysis of the genetic structure and evolution of the entire popu-
lation within a finite temporal and spatial domain. Xiamen is a
peninsula, and freshwater from the Jiulong River enters the re-
gion from the southwest, whereas the Jinmen Islands form a bar-
rier on the outside. Therefore, the hydrological environment in
the region varies widely and is complicated (Jing et al., 2011).
These environmental factors may be the cause for differentiation
of the Xiamen population.

4.3  Patterns of demographic history
The phylogeographic pattern and genetic structure of a mar-

ine organism are correlated with specific geological or environ-
mental factors. These phenomena are supported by results from
various studies (Liu et al., 2007; Shen et al., 2011; Han et al., 2012;
Li et al., 2017). Among the various environmental factors, segreg-
ation caused by the Pleistocene ice age may represent the
primary factor for the systematic differentiation of species. Nuc-
leotide mismatch distribution (Fig. 7) and neutrality test results
suggest that population expansion occurred for P. minor during
the late Pleistocene, which is in accordance with some historic
geological events. During the glacial maxima, the sea level of the
South China Sea dropped approximately 100–140 m, and the
South China Sea was turned into a semi-blocked inland sea, giv-
ing many marine organisms a glacial refugium. The drop in sea
level caused the exposure of most of the continental shelves
(Wang, 1999; Lambeck et al., 2002). Part of the Chinese coast
turned into land, whereas Malaysia became part of the Sunda-
land. Climatic oscillations during this period may have greatly in-
fluenced the shapes of the present geographical distributions and
genetic structures of species (Avise, 1998; Hewitt, 2000). With the
harsh environment during the glacial period, the distribution and
number of P. minor may have declined. With rising temperat-
ures during the interglacial period, sea level rose, and many
near-shore habitats were developed. The remaining P. minor in-
dividuals in the glacial refugium may then have rapidly expan-
ded.

During the late Pleistocene (before the P. minor population
expansion), the East Asia monsoon was enhanced, which pro-
moted rainfall to the South China Sea. Therefore, the inflow cur-
rent increased, which transported land-originated food sources
to the ecological systems in the South China Sea, especially the
near-sea regions. As a result, the surface-water paleoproductivity
of the South China Sea increased (He et al., 2015). Additionally,
in the last glacial maximum (after population expansion), the
winter monsoon increased, which generated an upwelling cur-
rent. With the increased land-originated food sources, the sur-
face-water paleoproductivity of the region was boosted (Jian et
al., 1999; He et al., 2014). Significantly increased paleoproductiv-
ity may have driven the rapid growth of fishes in the middle-to-
surface water layers (Pauly and Christensen, 1995; Gong et al.,
2011), resulting in P. minor population expansion. A large num-
ber of individuals then re-inhabited the northern continental
shelf of the South China Sea, as well as the offshore shelf of
Malaysia. The migrated population then adapted to differential
habitats of the diverse seas. Many mutations could have formed
during this process, allowing the accumulation of haplotype di-
versity and the formation of unique haplotypes. However, not
enough time has passed for the accumulation of nucleotide di-
versity. These results of haplotype distribution, AMOVA and FST

further suggest that these populations accumulated genetic vari-

ation while adapting to their environment. With the progression
of time, differentiation between Chinese and Malaysian popula-
tions was inevitable. These expected results were confirmed by
the genetic structure of P. chinensis because significant genetic
differentiation is also shown in the mitochondrial (CR) and nuc-
lear genes of its populations from China and Pakistan (Li et al.,
2019a).

5  Conservation implications for fishery management
The results reported herein revealed a correlation between

low genetic diversity of the Chinese populations and high over-
fishing along the Chinese coast. Therefore, efforts should be
made to protect P. minor fishery resources. A marine reserve area
should be developed around the spawning grounds of P. minor
along the coast. To protect fishery resources, the use of a bottom
trawls, gillnets, and fixed nets should be forbidden in that area.
Thereby, we will avoid the severe consequences of a decline in
resources such as that seen for traditional commercial fishes,
such as the large yellow croaker (Larimichthys crocea), small yel-
low croaker (Larimichthys polyactis), and hairtail (Trichiurus
haumela).
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