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Abstract: The yellow grouper (Epinephelus awoara) is distributed in the West Pacific Ocean. Its genetic
structure and demography were investigated using mitochondrial COI, Cyt b, the ND2 gene, the
nuclear RyR3 gene, and 10 microsatellite DNA markers. A total of 120 individuals were collected from
four locations along the coast of southeastern mainland China. High levels of haplotype diversity
(0.968) were observed in mitochondrial DNA, and the average number of alleles ranged from 13.4
to 20.3 in microsatellite DNA data, which showed that all populations exhibited a high level of
genetic diversity. Deficiency of heterozygosity was observed in all populations with positive FIS,
showing that the characteristics of hermaphroditism might also be an underlying cause. The results of
PCA, UPGMA clustering analysis and the significant genetic differentiation found in the Beibu Gulf
population revealed the prevention of gene flow caused by the Qiongzhou Strait. The population
of E. awoara also presented two major lineages, resulting in the appearance of the land bridge of the
Taiwan Strait as a possible factor during the Pleistocene glaciation. Analysis of demographic history
revealed that E. awoara underwent a reduction in effective population size in the past, followed by a
single instantaneous increase in population size.

Keywords: Epinephelus awoara; genetic diversity; genetic differentiation; demographic history

1. Introduction

Phylogeography focuses on the spatial distribution history and phylogenetic compo-
nents of gene lineages between and within related species [1,2]. Genetic differentiation
among populations within species is often attributed to historical climate change or physical
barriers, as well as limited gene flow [3]. Due to the openness of the oceanic environment,
there are few geographical barriers, and it is difficult for marine species to develop geo-
graphically genetic structures compared with inland species [4]. Marine fish have always
been thought to be less genetically differentiated than freshwater fish due to the high
degree of gene flow in marine environments. The dispersal potential of planktonic larvae
and eggs depends on the lack of geographical barriers among populations, contributing
to the low genetic differentiation of marine fish [5,6]. However, the interacting effects of
biotic and abiotic factors in the marine environment, such as ocean currents, spawning
aggregation, larval behavior, and pelagic larval duration, may play an important role in
enhancing the long-distance dispersal of populations or limiting dispersal to distant popu-
lations and shaping the population genetic structure [7–11]. If these factors contribute to
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the isolation between adjacent seawater areas, then the potential for genetic differentiation
between different geographical groups of the same species is increased. Some studies
have even reported that certain populations of reef fish with high dispersal ability still
show high genetic differentiation in the absence of obvious transmission barriers, such as
Acanthurus triostegus [12], Decapterus maruadsi [13], Dascyllus trimaculatus [14].

In the continental margin of the western Pacific Ocean, there are many marginal
basins, including the East China Sea (ECS), South China Sea (SCS), Yellow Sea, and Sea of
Japan [15]. During Plio-Pleistocene glacial cycles, the environmental signals caused by sea
level changes were amplified in the marginal waters of the western Pacific, which resulted
in dramatic changes in the area and configuration of these waters and had a great impact on
the distribution of local marine fish populations [16,17]. Therefore, the southeastern coastal
area of China provides one of the best natural environments for studying how invasive
events, population bottlenecks, prolonged isolation, and subsequent mixing affect the
lineage structure and geographical differentiation of marine species [18]. Previous studies
have shown low levels of genetic differentiation in some marine economic fishes on the
southeastern coast of China, such as Epinephelus coiodes [19], Larimichthys polyactis [20] and
Scomber japonicus [21], revealing that the strong gene flow caused by the lack of geographic
isolation and the rapid spread of planktonic juveniles hindered the genetic differentiation
between populations [22]. However, some studies have also demonstrated genetic dif-
ferences between biogeographic groups. For example, Qiu et al. [23] and Ding et al. [24]
showed that the exposure of the Taiwan Strait land bridge during the Pleistocene ice age
introduced an ecological barrier for gene flow between populations in the East China Sea
and the South China Sea, resulting in the differentiation of the southern and northern sub-
populations in Bostrychus sinensis. Chen et al. [18] discovered genetic differentiation among
the geographic populations of red grouper (E. akaara) and speculated that the differences in
adult settlement habits, reproduction and sex changes of reef fish might prevent gene flow
between populations.

The yellow grouper (Epinephelus awoara), belonging to the genus Epinephelus, is a
warm water, euryhaline inshore bottom fish. They often inhabit areas within 100 m of
estuaries and isobath lines [25]. E. awoara, with a wide distribution in the coastal waters
of Vietnam, China, South Korea, and Japan, is mainly distributed from Jiangsu Province
in the north to Hainan Province and Guangxi Province in southern China and is one of
the main dominant species of grouper fishery in the southern provinces of China [26–28].
The wide geographical distribution of E. awoara makes it a suitable model species for
studying biogeography and genetic subdivision. However, the wild population resources
of E. awoara on the southeast coast of China have fluctuated significantly in recent decades.
Since 2000, the resources of E. awoara have been decreasing, and the population size has
become miniaturized under the influence of overfishing and habitat destruction [29–31].
Although the number of E. awoara caught in the south of the Taiwan Strait of China has
recovered significantly in recent years, its geographical distribution has gradually retreated
southward, and it has been difficult to find in the coastal areas of Jiangsu and Zhejiang
Provinces in mainland China [32]. Previous studies on E. awoara have mainly focused on
aquaculture, bait diseases, physiology and biochemistry, including the growth, nitrogen
excretion and energy budget of juvenile E. awoara under different starvation levels [33]; the
microbial community in the gastrointestinal tract [34]; and the genetic role of macrophage
migration inhibitory factor (MIF) in vibrio parahaemolyticus infection of E. awoara [35].
However, the genetic diversity, genetic structure and other germplasm resources of the
E. awoara population have rarely been investigated. Due to the sedentary nature of the
adult stage, the population of E. awoara may have a unique genetic structure [32]. However,
planktoniceggs and juveniles may promote gene flow between populations through the dif-
fusion of ocean currents [36–38]. Therefore, the exact genetic difference among populations
of E. awoara has not yet been identified. It is difficult to directly estimate the connectivity
between populations due to the complex environment of the ocean, but molecular markers
and correlation analysis techniques provide us with an indirect opportunity to estimate the
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interrelationships between populations [39]. Upadhyay et al. [40] compared the genetic
diversity levels of Guangdong and Xiamen populations of E. awoara using the random
amplified polymorphic DNA (RAPD) method and identified gene flow between the two
populations that was mainly affected by the migration of larvae and young fishes during
the floating period and the dispersal of adults with ocean currents. Zhao et al. [41] used the
FIASCO (Fast Isolation by AFLP of Sequences Containing Repeats) method to construct a
dinucleotide-enriched genomic library of E. awoara and developed 12 novel polymorphic
microsatellite loci for E. awoara. However, it is worth mentioning that due to the shortcom-
ings of the sampling groups and research methods, the previously obtained results may
not exactly reveal the reality.

To conduct a more systematic and comprehensive assessment of the wild resources
of E. awoara in offshore China, the geographical distribution of samples and the number
of molecular markers analyzed were significantly increased in our study compared to
the studies from Upadhyay et al. [40] and Zhao et al. [41]. We systematically analyzed
the genetic diversity, genetic structure and population history dynamics for four wild
populations of E. awoara distributed in the northern Taiwan Strait (MB), southern Taiwan
Strait (MN), Guangdong Sea (DYW) and Beibu Gulf (BBW) of China using mitochondrial
and nuclear gene sequence analysis techniques and microsatellite molecular markers. Our
study addresses a comparative multimarker analysis of the phylogeographic structure and
historical demography in E. awoara to test for common natural histories and environmental
climatic factors (i.e., phylogeographic breaks), which may provide useful reference mate-
rials for the protection of the existing wild resources of E. awoara and the formulation of
relevant fishery policies, as well as a theoretical basis and guidance for the conservation
and breeding of parents of the green grouper in the aquaculture industry.

2. Materials and Methods
2.1. Sample Collection, Microsatellite Genotyping, and Mitochondrial and Nuclear Sequencing

In 2019, a total of 120 E. awoara individuals were collected from 4 different locations
along the southeastern coast of mainland China, including 33 individuals in Ningde (the
northern Fujian population (MB)), 36 individuals in Xiamen (the southern Fujian population
(MN)), 34 individuals in Shenzhen (the Daya Bay population (DYW)) and 17 individuals in
Weizhou Island (the Beibu Gulf population (BBW)) (Table 1; Figure 1). After morphological
measurement of all samples, a piece of muscle from the base of the dorsal fin was removed,
stored in anhydrous ethanol, and stored at −20 ◦C, until DNA extraction.

Table 1. Summary statistics for genetic variation of E. awoara from four different locations.

Sampling Site
(Population Code)

N a
mtDNA RyR3 Microsatellite

h b H c θπ
d θω

e H b H c θπ
d θω

e Aa f AR
g HO

h HE
i FIS

j HWE k

Ningde (MB) 33 30 0.994 0.0044 0.0083 5 0.173 0.00032 0.0010 20.3 ± 1.248 14.71 0.836 ± 0.035 0.917 ± 0.007 0.103 0.156
Xiamen (MN) 36 27 0.971 0.0037 0.0061 5 0.366 0.00061 0.0013 18.8 ± 1.356 15.64 0.826 ± 0.036 0.907 ± 0.010 0.104 0.223

Shenzhen (DYW) 34 27 0.980 0.0033 0.0059 6 0.169 0.00031 0.0016 19.9 ± 1.676 15.80 0.858 ± 0.036 0.908 ± 0.010 0.070 0.419
Weizhou (BBW) 17 11 0.926 0.0034 0.0037 6 0.410 0.00084 0.0015 13.4 ± 0.806 15.46 0.876 ± 0.045 0.870 ± 0.045 0.023 0.079

Mean 82 0.968 0.0037 0.0060 0.280 0.00052 0.0013 18.1 ± 0.769 15.40 0.849 ± 0.019 0.900 ± 0.006

a Number of samples. b Number of haplotype. c Haplotype diversity. d Current nucleotide diversity. e Historic
nucleotide diversity. f Average number of alleles with standard deviation. g Mean allelic richness. h Mean
observed heterozygosity with standard deviation. i Mean expected heterozygosity with standard deviation.
j Mean level of inbreeding observed. k Hardy–Weinberg equilibrium.

Genomic DNA was extracted by the guanidine isothiocyanate method [42]. We
used primers designed from the mitochondrial complete genome of E. awoara (Gen-
Bank Accession No MT269921): COI-F (5′-TTCTTCTCGACTAATCACAAAGACA-3′),
COI-R (5′-CAGACTATACCCATGTAACCGAAC-3′), Cytb-F (5′-TCAACCAACCACAAA
GACATTGGGAC-3′), Cytb-R (5′-TAGACTTCTGGGTGGCCAAAGAATCA-3′), ND2-F (5′-
AAGGGCCACTTTGATAGAGTG-3′), ND2-R (5′-GTRAGTRYGGGGGYTTTTGCYCA-3′),
RyR3-F (5′-TGACAGCTTCAGAGAGTATGACCCT-3′), and RyR3-R (5′-GCCAGTGAAG
AGCATCCAGAAGAAG-3′). The mitochondrial cytochrome c oxidase subunit I gene (COI),
cytochrome b oxidase subunit gene (Cyt b), NADH dehydrogenase subunit 2 gene (ND2)
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and nuclear ryanodine receptor gene (RyR3) were amplified by polymerase chain reaction
(PCR). PCR was performed in 25 µL volume reactions containing 1 µL template DNA,
7.5 µL 10× buffer, 1.5 µL dNTPs (2.5 mmol·L−1), 1 µL primer (10 pmol·µL−1), 1.5 µL Taq
enzyme (10 U·L−1) (TAKARA Products, Beijing, China), and 12.5 µL ddH2O. The PCR
conditions were as follows: predenaturation for 5 min at 94 ◦C; 35 cycles of denaturation at
94 ◦C for 30 s, annealing at 52 ◦C (COI, Cyt b, ND2)/56 ◦C (RyR3) for 30 s, and extension at
72 ◦C for 1 min 30 s; and a final extension at 72 ◦C for 10 min. The amplified products were
detected by 1% agarose gel electrophoresis. PCR products were recovered and purified by
gel cutting and sequenced by Xiamen Borui Biotechnology Co. (Xiamen, China). A total of
10 microsatellite loci were redesigned from a previous study [43] (Table S1). The 5′ ends of
all forward primers were labeled with FAM, HEX and ROX fluorescence groups. The PCR
system was 15 µL, including approximately 0.8 µL template DNA, 1.5 µL 10× PCR buffer,
0.9 µL MgCl2 solution (25 mmol/µL), 1 µL dNTPs (2 mmol/µL), 1.5 µL upstream primer
(10 pmol/µL), 1.5 µL downstream primer (10 pmol/µL), 0.2 µL rTaq enzyme (5 U/µL), and
7.6 µL sterilized deionized water. The reaction conditions were as follows: predenaturation
for 5 min at 94 ◦C; 35 cycles of 30 s of denaturation at 94 ◦C, 30 s of renaturation at the
respective annealing temperature, 1 min of extension at 72 ◦C, and 10 min of final extension
at 72 ◦C after the cycle. The amplified products were detected by 1% agarose gel elec-
trophoresis, and the qualified PCR products were sent to Qingdao Huada Bioengineering
Co., Ltd. (Qingdao, China) for genotyping.
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Figure 1. Map of the southern coast of mainland China illustrating the sampling locations of
Epinephelus awoara. KC: Kuroshio Current; KCB: Kuroshio Current Branch; CCC: China Coastal
Current. Sampling site: Ningde, Xiamen, Shenzhen, Weizhou Island. Geographic population code:
MB, MN, DYW, BBW. Numbers in the buckets are the number of individuals collected. The sampling
site/geographic population code is described in Table 1.
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2.2. Data Analysis
2.2.1. Sequence Analysis

The COI, Cyt b and ND2 genes of the mtDNA sequences were edited and aligned
using CLUSTRAL W, as implemented in MEGA X [44]. These three genes (COI, Cyt b,
ND2) were concatenated for analysis. The haplotype number (Nh), haplotype diversity
(h) and nucleotide diversity (θπ and θω) were calculated using DnaSP ver.5.0 [45]. The
phylogenetic relationship was constructed with the maximum likelihood method (ML)
in the PHYML ver. 3.0 network server [46], using MrBayes ver. 3.2.7 software [47] for
Bayesian inference (BI) and MEGA X [44] for neighbor-joining (NJ). The Akaike information
standard (AIC) and program PhyML 3.0 with Smart Model Selection (http://www.atgc-
montpellier.fr/phyml-sms/ (accessed on 7 August 2021)) [48] were used for intelligent
selection of the best fitting nucleotide substitution model. The haplotype network was
inferred using the TCS algorithm as implemented in PopART v.1.7 software [49].

The levels of genetic differentiation between populations (pairwise FST values) and
analysis of molecular variance (AMOVA) were conducted using Arlequin v. 3.5 [50], and
10,000 permutation steps were used for statistical significance analysis for each group
comparison. In the AMOVA, the population was divided into five scenarios according to
geographical barriers: (1) Scenario I: four geographic population (MB, MN, DYW, BBW)
(2) Scenario II: the southern population (MN, DYW, BBW) and the northern population
(MB) with the Taiwan Strait as the main dividing line; (3) Scenario III: the South China
Sea Group (MB, MN) and the East China Sea Group (DYW, BBW); (4) Scenario IV: the
southern group (BBW) and the northern population (MB, MN, DYW) separated by the
Qiongzhou Strait; (5) Scenario V: the northern group (MB), the middle group (MN, DYW)
and the southern group (BBW) divided by the Taiwan Strait and Qiongzhou Strait. In
addition, isolation by distance (IBD) was tested using IBD 1.52 for Windows [51]. To test
whether genetic differentiation increased with geographic distance, we used Google Earth
combined with coordinate point information to measure the geographical distance between
sampling locations.

Historical demographic scenarios were analyzed by neutral tests (Tajima’s D test [52]
and Fu’s Fs test [53]) and mismatch distribution tests using DnaSP v. 5.0 [45]. The effective
population size over time was evaluated by a Bayesian skyline plot (BSP) using BEAST
v. 1.8.2 [54]. The tests were run for >200,000,000 MCMCS generations to ensure the
convergence of all parameters (ESSs > 200), and the first 10% of samples from each chain
were discarded as burn in. Plots for each analysis were generated using Tracer v.1.6 [55]. In
this study, a mutation rate of 1.2% per million years by Bermingham (1997) and Kumazawa
(2002) was calibrated for the mtDNA COI, Cyt b, and ND 2 genes [56,57].

The PHASE algorithm in DnaSP v. 5.0 software [45] was used to resolve the haplotype
phases of the RyR3 sequences, and CLUSTRAL W software as implemented in MEGA X [44]
was used to edit and align the RyR3 sequences. Genetic diversity parameters, phylogenetic
clustering, population genetic differentiation and AMOVA molecular variance analysis
were performed using the same software and procedures as used for the mtDNA data.

2.2.2. Microsatellite DNA Analysis

To assess possible genotyping errors, the presence of null alleles, and allelic dropout,
all loci were examined using Micro-Checker [58]. The number of alleles (NA), observed het-
erozygosity (HO), expected heterozygosity (HE) and Hardy-Weinberg equilibrium (HWE)
of each population were calculated using Arlequin v. 3.5. The allele richness (AR) and
inbreeding coefficient (FIS) of each population were calculated using FSTAT v. 2.9.3 soft-
ware [59]. Population genetic differentiation parameters (pairwise FST and RST values)
and AMOVA molecular variance analysis were performed using the same software and
program as used for the mtDNA data.

STRUCTURE ver. 2.2.3 [60] was used for Bayesian cluster analysis of microsatellite
DNA data to determine the optimal number of genetically homogeneous groups. A burn-
in of 50,000 in periods was followed by 100,000 iterations of the Markov Chain Monte

http://www.atgc-montpellier.fr/phyml-sms/
http://www.atgc-montpellier.fr/phyml-sms/
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Carlo (MCMC) simulations. The number of individual clusters (K) was set to 1–6, with
10 iterations for each particular value of k. Structure Harvester Web v. 0.6.94 [61] was used
to determine the optimal values of k. In addition, principal component analysis (PCA) based
on standardized covariance of genetic distance between populations was performed by
GenAlEx v.6.503 [62] to reveal genetic variation patterns between populations and provide
diversified graphic descriptions of allelic differences between populations. The method
based on Nei’s DA Distance [63] was applied to calculate the genetic distances among all
populations and create a tree using the arithmetic mean (UPGMA) method of unweighted
pairwise grouping with 1000 repeated bootstrap analyses by using POPULATIONS v.1.2.28.

We used Bottleneck v.1.2.02 [64] with the infinite allele model (IAM), stepwise mutation
model (SMM), and two-phase model (TPM) to investigate whether any population had
recently experienced a reduction in effective population size. The use of the two-phase
model (TPM) included a 70% stepwise mutation model (SMM) and a 30% infinite allele
model (IAM).

2.2.3. DIY-ABC Analysis

Because of the demographic history complexity, we used an approximate Bayesian
computation (ABC) method to investigate the possible historical demographic scenarios
of E. awoara using the program DIYABC v.2.0.4 [65]. We followed the recommendation by
Cabrera and Palsboll [66] to define the five possible demographic scenarios of E. awoara
(Figure 2). In Scenario 1 (CON model), a constant population size was maintained over
time. In Scenario 2 (INC model), the population experienced a recent bottleneck event.
In Scenario 3 (DEC model), the population expanded recently. In Scenario 4 (DECINC
model), the populations expanded and then experienced a single instantaneous decrease
in population size. In Scenario 5 (INCDEC model), the populations experienced a bottle-
neck event followed by a single instantaneous increase in population size. We simulated
three million datasets for each scenario and included all summary statistics computed by
DIYABC software for mtDNA, nuclear DNA and microsatellite markers [65]. The posterior
probability of each scenario was obtained by the logistic regression approach.
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3. Result
3.1. Mitochondrial DNA

A total of 82 haplotypes were obtained from 2295-bp concatenated mtDNA (COI + Cyt
b + ND2) sequences of 120 E. awoara. Eight haplotypes were shared, of which two haplo-
types were shared by four populations (Hap13, Hap23), one haplotype was shared by three
populations (Hap07), and five haplotypes were shared by two populations (Hap08, Hap22,
Hap35, Hap41, Hap49) (Table S2). The haplotype diversity (h) of each population ranged
from 0.926 (BBW) to 0.994 (MB), and the average haplotype diversity value was 0.968. The
nucleotide diversity (θπ) of each population ranged from 0.0033 (DYW) to 0.0083 (MB), and
the average value of nucleotide diversity was 0.0037 (Table 1). The historical nucleotide di-
versity was higher than the current genetic diversity (θω (0.0060) > θπ (0.0037)), indicating
that the population of E. awoara showed a pattern of decline [67].

The pairwise FST values between populations ranged from −0.0203 (between MN
and BBW) to 0.0121 (between DYW and BBW), with a mean value of 0.0135, and the
FST values were low and nonsignificant, indicating that there was no significant genetic
differentiation among populations (Table 2). The IBD analysis of all populations showed no
significant correlation between geographical distance and population genetic differentiation
(R = −0.3416, p = 0.709). Five possible geographically separated scenarios were tested using
analysis of molecular variance (AMOVA). The results showed that the genetic variation
among groups was low in five scenarios: Scenario I (−0.57%), Scenario II (−0.14%), Scenario
III (0.42%), Scenario IV (0.11%) and Scenario V (−0.45%), indicating the absence of a
potential barrier hindering the gene flow among groups. In addition, the variation among
populations also showed a low level (−0.53%~−0.22%) (Table 3).

Table 2. Matrix of pairwise FST among four populations based on microsatellite DNA (below
diagonal) and mitochondrial gene (above diagonal) in E. awoara.

MB MN DYW BBW

MB −0.0104 −0.0055 −0.0070
MN 0.0090 *** −0.0005 −0.0203

DYW 0.0039 0.0060 * 0.0121
BBW 0.0235 *** 0.0180 *** 0.0208 ***

* p < 0.05, *** p < 0.001 for indices of population differentiation, FST.

The phylogenetic clustering tree constructed based on three algorithms (NJ, ML and
Bayesian) supported the formation of two major lineages (I and II) (Figure S1), but no
clustering corresponding to the sampling location was detected. Eighty-two haplotypes
were roughly divided into two branches, with each haplotype having no obvious geograph-
ical distribution pattern and each population haplotype clustering across it. In addition,
the star-like structure of a haplotype network indicated a sudden population expansion
of E. awoara (Figure 3). Significant negative Tajima’s D and Fu’s Fs values (D = −2.096,
P = 0.000; Fs = −24.585, P = 0.000) indicate that the E.awoara populations experienced
a recent demographic expansion. The unimodal mismatch distribution showed similar
results (Figure S2), and the Bayesian skyline plots revealed that the population of E. awoara
remained stable for a period of time, with a continuous growth trend beginning approxi-
mately 100,000 years ago and rapid expansion beginning approximately 50,000 years ago
(Figure 4).
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Table 3. Analysis of molecular variance (AMOVA) for E. awoara populations based on mtDNA,
nuDNA and microsatellite DNA.

Source of Variation mtDNA nuDNA Microsatellite

Variance
Components

Percentage
Variation p Variance

Components
Percentage
Variation p Variance

Components
Percentage
Variation p

1. Scenario I: Four groups (MB) (MN) (DYW) (BBW)

Among groups −0.0244 −0.57 0.6657 0.0022 1.37 0.0391 0.0453 0.97 0.4024

Among individuals
within populations 4.3226 100.57 0.0000 0.1555 98.63 0.0000 0.3832 8.24 0.0000

Within individuals 4.2246 90.79 0.0000

2. Scenario II: Two groups (MB) (MN, DYW, BBW) [divided by the Taiwan Strait]

Among groups −0.0059 −0.14 0.7429 −0.0025 −1.61 1.0000 −0.0110 −0.24 0.5063

Among populations
within groups −0.0212 −0.49 0.4565 0.0035 2.26 0.0342 0.0514 1.11 0.0000

Among individuals
within populations 4.3226 100.63 0.6618 0.1555 99.35 0.0352 0.3832 8.24 0.0000

Within individuals 4.2246 90.89 0.0000

3. Scenario III: Two groups (MB, MN) (DYW, BBW)

Among groups −0.0179 −0.42 0.6804 −0.0020 −1.27 1.0000 −0.0171 −0.37 1.0000

Among populations
within groups −0.0125 −0.29 0.4976 0.0035 2.22 0.0127 0.0567 1.22 0.0000

Among individuals
within populations 4.3226 100.71 0.6383 0.1555 99.04 0.0264 0.3832 8.25 0.0000

Within individuals 4.2246 90.90 0.0000

4. Scenario IV: Two groups (MB, MN, DYW) (BBW) [divided by the Qiongzhou Strait]

Among groups −0.0049 −0.11 0.5132 0.0066 4.07 0.2463 0.0635 1.35 0.2452

Among populations
within groups −0.0228 −0.53 0.6471 0.0000 −0.01 0.3500 0.0240 0.51 0.0011

Among individuals
within populations 4.3226 100.64 0.6540 0.1555 95.94 0.0274 0.3832 8.16 0.0000

Within individuals 4.2246 89.97 0.0000

5. Scenario V: Three groups (MB) (MN, DYW) (BBW) [divided by the Taiwan Strait and Qiongzhou Strait]

Among groups −0.0193 −0.45 0.8348 0.0026 1.67 0.3636 0.0299 0.64 0.3277

Among populations
within groups −0.0096 −0.22 0.3803 0.0001 0.09 0.3558 0.0222 0.48 0.0233

Among individuals
within populations 4.3226 100.67 0.6461 0.1555 98.24 0.0303 0.3832 8.22 0.0000

Within individuals 4.2246 90.66 0.0000

Significant scores (p < 0.05) are shown in bold.
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Figure 4. Bayesian skyline plot of the effective population sizes through time for Epinephelus awoara.
The y-axis is the product of effective population size (Ne) and generation length in a log scale while
the x-axis is the time scale before present in units of million years ago.

3.2. Nuclear DNA

A total of 240 RyR3 sequences were obtained from 120 E. awoara RyR3 individuals for
genetic analysis. The total sequence length was 649 bp, and 9 haplotypes were detected,
among which 3 haplotypes (Hap01, Hap02, Hap03) were found in all populations. One
haplotype (Hap04) was found in three populations, and two haplotypes (Hap06 and Hap07)
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appeared in two populations (Table S3). The haplotype diversity of the RyR3 sequence
ranged from 0.169 (DYW) to 0.410 (BBW), and the average haplotype diversity (h = 0.280)
was lower than that of mitochondria (h = 0.968). The nucleotide diversity ranged from
0.00031 (DYW) to 0.00084 (BBW), and the mean nucleotide diversity θω = 0.00052 (Table 1).

The pairwise FST values between populations ranged from −0.0015 (between DYW
and MB) to 0.0460 (between DYW and BBW) in the RyR3 gene, with a mean value of 0.017
(Table S4). There was no significant genetic differentiation between populations (p > 0.05),
except for the DYW and BBW populations. Although the DYW and BBW populations
were geographically adjacent, they still showed higher genetic differentiation. Molecular
analysis of variance (AMOVA) was used to test the five possible geographically separated
scenarios, and the genetic differences among each geographically separated group were
as follows: Scenario I (1.37%), Scenario II (−1.61%), Scenario III (−1.27%), Scenario IV
(4.07%) and Scenario V (1.67%). In Scenarios I to V, only−0.01%~–2.26% genetic differences
between populations were detected (Table 3).

3.3. Microsatellite DNA

No evidence of null alleles, large allele dropout, or stuttering was found using Micro-
Checker v. 2.2.3. A total of 272 alleles were detected at 10 loci of 120 E. awoara individuals,
of which 49 were only present in a single population. The average number of alleles ranged
from 13.40 (BBW) to 20.30 (MB), with an average of 18.10. The average allele richness (AR)
ranged from 14.71 (MB) to 15.80 (DYW), with an average of 15.40. The average expected
heterozygosity was 0.849, ranging from 0.826 (MN) to 0.876 (BBW), and the observed
heterozygosity was 0.870 (BBW) to 0.917 (MB), with an average of 0.900. The heterozygote
deficiency of all populations was reflected in the positive FIS, ranging from 0.023 (BBW) to
0.104 (MN) (Table 1).

All 10 microsatellite loci that were detected were polymorphic and characterized by
the number of alleles (N) ranging from 18 (Qsby-72) to 34 (Qsby-11, Qsby-70), with an
average of 27. The average allele richness (AR) ranged from 11.647 (Qsby72) to 18.762
(Qsby-65), with an average of 15.003. The average observed heterozygosity (HE) ranged
from 0.879 (Qsby-60) to 0.953 (Qsby-65), with an average of 0.924. The average expected
heterozygosity (HO) ranged from 0.653 (Qsby-11) to 0.924 (Qsby-70), with an average of
0.845. Four microsatellite marker loci (Qsby9, Qsby-24, Qsby-60, and Qsby-71) showed
heterozygous excess (FIS < 0), and the rest showed a deficiency of heterozygotes (Table S5).

The pairwise FST values ranged from 0.0039 (MB and DYW) to 0.0235 (MB and BBW),
in which the FST values between the BBW population and the other populations were larger
than those of other populations, and the differentiation was significant (p < 0.001) (Table 2).
The AMOVA results showed that 91% of the variation occurred within individuals, i.e.,
one group (Scenario I, 90.79), two groups (Scenario II, 90.89%), two groups (Scenario III,
90.90%), three groups (Scenario IV, 89.97%) and three groups (Scenario V, 90.66%) (Table 3).
In addition, a relatively low proportion of genetic variability was found among the groups,
Scenario I (0.97%), Scenario II (−0.24%), Scenario III (−0.37%), and Scenario IV (1.35%),
Scenario V (0.64%), indicating that there was no geographical barrier among the groups.
Only a low proportion of genetic variation partitioning was found among populations
within groups (0.48%~1.22%), which indicated that the genetic differences were mainly
concentrated within populations, and there was almost no variation between populations.
These results were also consistent with the findings obtained for mitochondrial and nuclear
genes (Table 3).

STRUCTURE clustering analysis was conducted using microsatellite DNA data to as-
sign individuals to the population based on the estimated individual mixing ratio and to de-
termine the most likely population number (i.e., k value) required to interpret the observed
genotypes. The results of STRUCTURE showed that the four populations were divided
into two different genetic groups (K = 1, LnP(K) = −6960.600; Stdev LnP(K) = 1.308; K = 2,
LnP(K) = −6971.330, Stdev LnP(K) = 14.258, Delta K = 3.0937; K = 3, LnP(K) = −7026.170,
Stdev LnP(K) = 289.217, Delta K = 0.3221), and all the sampled individuals showed mixing
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between the two groups (Figure 5). The PCA plot showed that the four populations were
divided into two clusters (Figure 6), among which MB, DYW and MN were one group and
BBW was another group. The variance of the first principal component and the second
principal component of microsatellite DNA was 71.01% and 18.38%, respectively, making
up a total of 89.39%, using the genetic distance between populations to study the population
pattern. The cluster-based method algorithms were employed to build a phylogenetic tree
with UPGMA for the microsatellite DNA markers and showed differences between the
BBW population and the other three populations (Figure 7).
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Bottelneck software results showed that all four populations had a typical L-type
distribution of allelic frequencies in the mode-shift indicator, which suggests a stable popu-
lation. Under the IAM model, all populations showed significant loss of heterozygosity,
indicating that genetic bottlenecks were detected in E. awoara due to mutation-drift equilib-
rium. Under the TPM, only the MN population showed a significant loss of heterozygosity,
and under the SMM, none of the populations showed a significant loss of heterozygosity.
Therefore, we suggest that the studied populations of E. awoara experienced a recent genetic
bottleneck (Table S6).
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We used the five scenarios of ABC analysis to determine the possible demographic
history of E. awoara. In the ABC modeling, Scenario 5 (INCDEC model) was highly
favored (posterior probability = 0.6023 [0.5445, 0.6601]) over Scenario 2 (INC model)
(posterior probability = 0.3370 [0.2486, 0.4254]) and Scenario 1 (CON model) (posterior
probability = 0.0606 [0.0000, 0.1930]). This scenario indicated that E. awoara experienced a
reduction in the effective population size in the past, followed by a single instantaneous
increase in population size.

4. Discussion
4.1. Genetic Diversity

Protecting the population genetic diversity of marine fish is an important part of
marine fishery management and policy-making [68]. Genetic diversity plays an important
role in the ability of a species to respond to environmental changes via genetic or phenotypic
variation [69]. High genetic diversity increases or maintains the adaptability of a population
to an unpredictable environment, which is the basis for the stability of each population and
the entire ecosystem [70].

In our study, three molecular markers were used to analyze the genetic diversity of
four populations of E. awoara from the southeast coast of China. Mitochondrial DNA has
many attributes that make it suitable for population genetic studies, including its rapid
rate of evolution, lack of recombination, and maternal inheritance [71]. Investigating the
key determinants of genetic diversity, as well as phylogeographic patterns, would help
to design comprehensive conservation schemes when protecting biodiversity in marine
fish. Analysis of mtDNA showed that, compared with other common marine economic
species in coastal China (Mugil cephalus (h = 0.7398, π = 0.0449) [72]; Salanx ariakensis
(h = 0.9475, π = 0.0075) [73]; B. sinensis (h = 0.7707, π = 0.0013) [23]; E. japonicus (h = 0.958,
π = 0.0064) [74]), the population of E. awoara exhibited higher haplotype diversity (h = 0.968)
and lower nucleotide diversity (π = 0.0037). The high haplotype diversity and low nu-
cleotide diversity of the E. awoara population were similar to those observed for other
marine fish in the South China Sea, suggesting that the population may have experienced a
rapid demographic expansion from a small effective population in a short period of time
in history.

Microsatellite DNA is an allelic genotype pattern and has a high mutation rate, so it is
more suitable for monitoring population structure at present. Our study showed that the
average number of alleles (Na) in four populations of E. awoara ranged from 13.4 (BBW) to
20.3 (MB), which was generally higher than that of other marine fishes in the coastal areas of
mainland China (Lepturacanthus savala (Na = 10.3~14.0) [75]; Scombridae (Na = 7.455~8.818) [76];
L. polyactis (Na = 10.43~13.71) [20]; Acanthopagrus schlegelii (Na = 5.43~8.00) [77]; Sebastiscus
marmoratus (Na = 2~12) [78]), which showed high genetic diversity. We also found that the
expected heterozygosity of the four populations was higher than the observed heterozygosity,
and the FIS value was positive, showing a deficiency of heterozygotes. But our results of
Hardy–Weinberg equilibrium test is not significant, so we can not confirm the existence of
inbreeding or the deficiency of heterozygotes in E. awoara’s populations. In some previous
studies, we found that marine fish populations off the coast of mainland China generally
showed a slight heterozygote deficiency [20,76,77], which might be related to the reduction
in effective population size caused by overfishing and the imbalance in the sex ratio [79].
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The larvae of E. awoara show the characteristics of hermaphroditism, and the first sexual
maturity occurs at approximately 2~3 years of age, showing the female phase. The body
length ranges from 210 to 240 mm, and more than 50% of mature females are 6 years old,
with a body length of 24 cm [80]. Female E. awoara in the northern sea of Zhejiang, China,
can be sexually translatable when the body length reaches 250–400 mm, and some of them
can be transformed into males; when the body length is greater than 420 mm, almost all of
them are male [81]. As a result, large male groupers are more likely to be caught. In Hong
Kong, the size of E. awoara has decreased from 20 to 38 cm in the 1960s to 17 to 27 cm in the
2000s, showing a decrease of 16 to 29 percent, according to a survey of wild caught samples. A
market survey conducted in Hong Kong between November 2004 and January 2006 recorded
a total of 401 wild catch samples, almost all of which (97%) were immature, with an average
length of only 22 cm [82]. These findings suggest that large males of E. awoara experience
greater fishing pressure. Therefore, the lack of males leads to an imbalance in the sex ratio in
the population of E. awoara and the overfishing still have large possibility to cause inbreeding
leading to the deviation from the Hardy–Weinberg equilibrium.

Previous studies have indicated that fluctuations in population size caused by bi-
ological or abiotic environmental changes would affect the level of diversity of most
organisms [83,84]. For example, negative effects of climate change, diseases, and human
activities on population size would lead to a rapid decline in heterozygosity [85]. Because of
the increase in fishing pressure and the destruction of the ecological environment in recent
decades, the biomass of E. awoara has decreased sharply. However, our results showed
that the genetic diversity of the E. awoara population remained at a high level, indicating
that the fluctuation in population size was not the main factor affecting the diversity of
E. awoara. Romiguier et al. [86] investigated genome-wide genetic diversity patterns of
90 different animals from different taxa and found that any variables that might be related
to the population history of a species did not significantly affect their genetic diversity,
while closely related species tended to have similar levels of genetic diversity. In fact,
there is a strong correlation between genetic diversity and the life history characteristics
of species, such as body weight, longevity and reproductive strategies [87]. The influence
of life history traits on genetic diversity was mediated by the effective population size,
NE [86]. One theory suggests that the minimum population size is the most important
factor for the long-term mean (NE) [88]. Species with a selection breeding strategy, such
as E. awoara, can produce many offspring in a productive event, which makes it easier for
them to maintain a minimum sustainable sizable species density under the high strength of
environmental stress or human influence.

4.2. Population Structure

Molecular variance analysis (AMOVA) of the five scenarios showed that most of the
genetic variation resided within the population, and there was no significant genetic dif-
ferentiation among the groups. In addition, we were unable to find obvious geographic
clusters from the “star-like” haplotype network, indicating a lack of population structure.
However, the results of the pairwise population FST showed higher significant differen-
tiation between the BBW population and the other populations in microsatellite DNA
data. The pairwise FST test revealed no genetic differences among populations except the
BBW and DYW populations in mtDNA. AMOVA revealed that 4.07% of the total genetic
variance was found among groups (Scenario IV) in microsatellite DNA, suggesting that the
Qiongzhou Strait might be a possible physical barrier. The results of PCA and UPGMA
also revealed that the BBW population was separated from the other populations by the
Qiongzhou strait. Considering the biological characteristics of the adult E. awoara settling
in deep water without long-distance migration, the migration of the individual mainly
depends on the larval and young fish at the plankton stage or living in shallow water [89].
For juvenile E. awoara lacking autonomous swimming ability, ocean current is the most
important factor affecting its migration. The eastern entrance of the Qiongzhou Strait
was mainly influenced by semidiurnal tide waves from the South China Sea, while the
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western entrance was influenced by diurnal tide waves from the Beibu Gulf [90]. The tidal
current between the two independent tidal wave systems was strong, forming eddies at
the entrance of the Qiongzhou Strait [91] and, thus, causing a certain degree of gene flow
barrier for E. awoara, which mainly depended on the individual diffusion driven by the
water flow during the plankton period. However, due to the interaction between the east
and west sides of the Qiongzhou Strait, the direction of the residual current is from east
to west throughout the year, except for the flow into the South China Sea from the Beibu
Gulf in summer under the influence of the southwest monsoon [90]. Thus, the degree
of differentiation is relatively low. In addition, regardless of the stage of the life history
of E. awoara, we should not overlook its ability to swim through the Qiongzhou Strait to
a certain extent, which further limits its genetic differentiation to a low level. However,
in the eastern Qiongzhou Strait, due to the lack of an obvious geographical barrier and
the transportation effect of the Kuroshio branch and South China Sea surface current [92],
suitable conditions existed for extensive gene flow among the three geographical popula-
tions, so no genetic differentiation was found. Similarly, restricted gene flow between the
Beibu Gulf and the South China Sea has been reported in other marine organisms, such
as Monodonta labio [93], Gobiopterus lacustris [94], P. argenteus [95], and L. savala [75]. We
found a large difference in genetic differentiation between populations on both sides of the
Qiongzhou Strait among species that lacked autonomous swimming ability and relied on
ocean current diffusion, which confirmed that ocean currents hindered organisms from
crossing the Qiongzhou Strait to some extent.

Our study suggested that the population of E. awoara also presented two major lineages,
and the existing populations were all mixed populations of two clusters. During the ice
age from the Eocene to the end of the Pleistocene, the decline in sea level connected the
two sides of the Taiwan Strait and formed a land bridge [96], which geographically blocked
gene exchange between the marine communities north and south of the strait. Previous
studies have reported the populations of many species isolated by the land bridge of the
Taiwan Strait throughout history, such as Chelon haematocheilus [97], Terapon jarbua [98],
B. sinensis [23,24], and L. savala [75]. Because of the distribution of E. awoara, we can
consider the appearance of the land bridge of the Taiwan Strait as a possible factor in the
historical divergence between the southern population (MN, DYW, BBW) and the northern
population (MB) of the Taiwan Strait.

4.3. Demographic History and DIY-ABC

In our study, Tajima’s D and Fu’s Fs neutral tests and mismatch distribution tests
showed that the population of E. awoara experienced population expansion. The pattern of
the haplotype network is star-like, which also fits the typical pattern of population expan-
sion. A Bayesian skyline plot (BSP) showed that the population size of E. awoara remained
stable for a period of time and a continuous growth trend occurred from approximately
100,000 years ago to a rapid expansion from approximately 50,000 years ago. The above
results suggest that the late Pleistocene may have had an important influence on shaping
the population history of E. awoara. Over the past million years, periodic fluctuations
in the global climate have occurred. It is dominated by a series of large glacial and in-
terglacial periods [99]. The rise and fall of sea level and climate change are considered
to have a great impact on the geographical distribution and population size of marine
species, thereby leading to great variation in the genetic structure and historical dynamics
of marine biological communities [100], especially over the edge of the northwestern Pacific
Ocean [16]. In addition, changes in nutrient concentrations, water temperature and the
availability of a suitable habitat could all participate as factors regulating the population
numbers of marine species [101]. These factors may contribute to the fluctuation in the size
of the E. awoara population. Upon their departure from harsh conditions, rapid expansion
might occur. Several previous studies on marine organisms on the southeastern coast
of China have reported similar population expansion events, such as those occurring in
L. savala [75], B. sinensis [23,24], Tridacna maxima [102], and Scatophagus argus [103]. How-
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ever, the historical nucleotide diversity was higher than the current genetic diversity based
on mtDNA data, indicating that the population of E. awoara showed a pattern of decline [67].
According to a bottleneck analysis based on microsatellite DNA, all E. awoara populations
experienced a recent bottleneck. Thus, the present results showed that E. awoara presented
a complex demographic history. In our approximate Bayesian computation (ABC) analysis,
the demographic history of all E. awoara populations underwent a decline in population
size following a recent population expansion. Following the late Pleistocene, we postu-
late that the sea level fluctuations of various scales within glacial periods promoted the
bottleneck and recent population expansion in E. awoara. Today, E. awoara populations
are threatened by severe climate change, habitat destruction and overfishing. Although
their populations have historically expanded, like many other marine creatures, they have
shrunk in recent times.
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and ND2 sequence (Hap01–Hap82); Table S3: The distribution information of the shared haplotypes
of RyR3 sequence (Hap01–Hap82); Table S4: Matrix of pairwise FST among four populations based
on RyR3 gene; Table S5: Characteristics and genetic diversity indices for ten microsatellite loci in
Epinephelus awoara; Table S6: Bottleneck results for four populations based on Wilcoxon’s signed-rank
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COI Cyt b and ND2 gene in Epinephelus awoara.
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