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Abstract: The three-spot swimming crab (Portunus sanguinolentus) is mainly distributed in South
East Asia. An analysis of mitochondrial control region partial sequences allows us to determine
the population genetic structure, phylogeography and historical demography of this species in East
Asia. The seven populations, which included 110 individuals, were collected from mainland China
(Shanghai, SH, Xiamen, XM and Hong Kong, HK), Taiwan (Yilan, YL, Taichung, TC, Donggang,
DG) and Singapore (Singapore, SGP). The nucleotide diversity () of all individuals was 0.01149,
with values ranging from 0.00372 (SGP) to 0.01345 (YL). In total, 90 haplotypes have been identified,
which can be divided into two major lineages: lineage A consists of specimens from SH, YL, XM,
TC and DG, and lineage B corresponds to specimen from SGP. From the second to the most recent
interglacial period, population expansion was observed in each lineage. However, a low level of
genetic differentiation was also observed in the three-spotted swimming crab, P. sanguinolentus,
according to Fst values. Our results suggest that several past and present habitat configurations
have shaped the genetic patterns of P. sanguinolentus until now. During Pleistocene glaciations, when
sea levels were low, this species may have moved along the coast from Southeast Asia to China. It
first colonized the Hong Kong area during this era. After sea levels rose and shorelines receded, it
subsequently spread to the coast of mainland China.

Keywords: Portunus sanguinolentus; historical demographic; population structure; population
expansion

1. Introduction

Complex geological events and climatic histories in different regions can help to shape
the current phylogeographic patterns of marine organisms [1,2]. Therefore, climate change,
biology and geography interact to affect the current genetic composition of a specific
species [3]. Paleoclimate changes have contributed to the modern biodiversity patterns of
the Asian continent and nearby islands [4]. Due to the fluctuation of sea levels in East Asia
during the Pleistocene glacial era, the connection between the islands of Luzon, Hainan
and Taiwan to the mainland has been repeatedly changed [5,6]. The Taiwan Strait was
nearly separated from the Pacific Ocean, the South China Sea was completely exposed, and
the main islands of Taiwan were connected to the mainland [7]. Complex geological and
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climatic factors have led to ancient substitution and diffusion events, thus forming a highly
diverse and unique biota [8]. These historical events seem to be the main reason for the
genetic isolation, distribution and genetic structure of East Asian organisms [9].

During the Last Glacial Maximum (LGM), the sea level in the East China Sea was
130-150 m lower than its level at the present, and the sea level in the South China Sea
was 100-120 m lower [10,11]. Therefore, the entire Yellow Sea, Bohai gulf, Tsushima
and Taiwan Strait were exposed, and Japan, South Korea and Taiwan became connected
to mainland China [12]. During the post-glacial period, coastal currents traveled from
mainland China to the South China Sea, and the Chinese coastal stream flowed along Fujian
to Vietnam. In addition, the thermohaline circulation in Singapore waters was important.
Additionally, as many rivers were separated by the sea during the glacial period, but were
connected during the interglacial period, gene flow may have been an inevitable result [13].
The determination of how past and current factors have contributed to observed genetic
structures allows a deeper understanding of a species’ evolutionary history and ecological
adaptation, as well as the formulation of management and conservation strategies [14].

A species’ genetic diversity is often shaped by past and current patterns of habitat
availability and connectivity [2,3,7]. Extant patterns of population genetic diversity may
be primarily shaped by historical processes, such as glaciations, climate changes and
palaeogeographic formations [15-18]. Several recent studies suggested that climate change
might cause significant changes in species distributions and biological richness, and DNA
technology could also be used to track the genetic impact of adaptation [2,3]. Mitochondrial
(mt) DNA has many characteristics, including rapid evolution, minimal recombination and
maternal inheritance, making it suitable for population genetics research [19,20].

The three-spotted swimming crabs of the species Portunus sanguinolentus, which have
been documented from East Africa to Hawaii, are widely distributed throughout the Indo-
Pacific region [21-23]. P. sanguinolentus is one of the major crab species in China’s East
and South China Sea. This crab species is highly valuable in China, and its exports have
increased since the 1990s. On the northern continental shelf of the South China Sea, crabs
were analyzed for their composition and distribution in quantitative terms. P. sanguinolentus
accounted for almost 30% of catches among all crab species [24]. After P. trituberculatus,
P. sanguinolentus ranked high among the economically important crab species of the East
China Sea in 1998 and 1999 [25]. However, fishing pressure has resulted in a decrease in
the yield of P. sanguinolentus over the past few years [26].

Genetic diversity and its relationship to population genetic structure can be used to
manage and protect a commercially important species [27,28]. Functional genetic diversity
in an exploited marine species is relevant to fisheries management. Many studies on the
reproductive biology [29], fisheries biology [30] and ecology [31] of P. sanguinolentus have
been conducted. It is crucial to manage crab resources based on these data. By contrast,
there is little information about the phylogeography and population genetic structure
of P. sanguinolentus from Southeast Asia, East Asia and Northeast Asia. Using mtDNA
fragments from the control region (D-loop) gene, we discovered the genetic structure of
Southeast, East and Northeast Asia’s three-spotted swimmer crab populations, along with
their historical demography.

2. Materials and Methods
2.1. Sample Collection

Specimens were collected in public and open waters between December 2018 and
October 2019 by utilizing five decoy pitfalls in each coastal and estuarine location from
17:00 to 7:30 successively, working three days a week. Seven populations that included
110 individuals from mainland China (Shanghai, SH, Xiamen, XM and Hong Kong, HK),
Taiwan (Yilan, YL, Taichung, TC, Donggang, DG) and Singapore (Singapore, SGP) were
collected (Figure 1; Table 1). DNA was extracted from the specimens after freezing or icing
and kept at —75 °C immediately after capture.
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Figure 1. Sampling localities of Portunus sanguinolentus and haplotype frequencies in East Asia. In
Table 1, the numbers of lineages A and B are also shown.
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Table 1. Codes of sampling sites, sample sizes (1), number of haplotypes (1), gene diversity (h),
nucleotide diversity (7r) and Tajima’s D and Fu’s Fs statistics for seven populations of Portunus
sanguinolentus in East Asia.

Code Sample Site n nh Lineagel Lineage2  h Diversity 7t Diversity Tajima’s D Fu’s Fs
SH Shanghai, China 18 14 18 0 0.961 £ 0.034  0.00478 £ 0.00097 —-1.8221 * —7.429 *
TC Taichung, Taiwan 25 25 25 0 1.000 +0.011  0.00818 =+ 0.00818 —1.6345 —22.885  **
XM Xiamen, China 18 11 18 0 0.856 & 0.079 0.00372 + 0.00110 —1.7473 —4.134
DG Donggang, Taiwan 16 13 16 0 0.967 +0.036  0.00596 + 0.00088 —0.9149 -5.639  *
HK Hong Kong, China 11 11 11 0 1.000 + 0.039 0.00652 + 0.00078 —0.7909 —6.454 *
YL Yilan, Taiwan 15 15 15 0 1.000 £ 0.024  0.00909 + 0.00111 —0.9552 —8.867 **
SGP Singapore, Singapore 7 7 0 7 1.000 +0.076  0.01345 4 0.00173 1.0533 —1.300
Lineage A 103 83 0.987 £ 0.006  0.00780 =+ 0.00054 —2.1899 ** 114956 **
Lineage B 7 7 1.000 +0.076  0.01345 & 0.00173 1.0533 —1.300
Total 110 90 0.988 & 0.005 0.01149 + 0.00135 —2.04282 * —105.649 **

*p <0.05 *p<0.01.

2.2. DNA Extraction, PCR and Sequencing

Using the QIAamp DNA Mini Kit, we extracted total genomic DNA from the pereopod
muscle [32]. The mitochondrial DNA were amplified and sequenced. The control region
fragments of mtDNA were then amplified and sequenced. The control region sequence was
amplified using YEN-F (5'- GCA AAT ACA CGC AAT AAC TCT CAT AC -3') and YEN-B
(5'- TGT AAA TCC GTT ACG AAT AAT ATA GG -3') primers. Thermal loop measurements
were carried out using a Geneamp 2400 thermal loop device (Perkin Elmer, Norwalk, CT,
USA). In the PCR reaction, a total of 39 denatured rings were run at 95 °C for 50 s, the
annealing step was completed at 50 °C for 1 min, and the extension was completed at 72 °C
for 1.5 min. The first and last loops included an initial denaturation step of 5 min at 95 °C
and a final extension of 10 min at 72 °C, respectively. By separating PCR products on 1.5%
agarose gel electrophoresis, purifying them with a gene clean Il kit (Bio101), and sequencing
them with an ABI 377 DNA sequencer, we were able to identify mRNAs identified in the
PCR products.

2.3. Analyses of Sequences

Megalign (DNASTAR, LaserGene, WI, USA) was used to align all sequences. The
number, base composition, haplotype and nucleotide diversity [33] of variable and parsi-
mony information sites were identified using calculations that were performed with DnaSP
version 5.00 [34]. Some sequences of the control region genes were concatenated in the fol-
lowing analysis. Using MEGA 6, the neighbor-joining (NJ) and maximum likelihood (ML)
methods were applied to analyze the geographic characteristics of the control area [35,36].
The phylogenetic relationships of all haplotypes were assessed using bootstrap analysis of
1000 replicates. Using the optimal substitution model determined using MEGA, networks
were constructed using the median-joining method in Fluxus-Engineering networks ver-
sion 4.6.1.3. In the ARLEQUIN program, the frequency distribution of pairwise differences
(mismatch distribution) between sequences was examined for historical demographic ex-
pansion [7,37]. We used the formula A = um [38] to estimate the approximate age of the
population or lineage, where A represents the age of the population or lineage, 7 represents
the nucleotide diversity and p is 4 (mutation rate) x generation time; formula t = 2uT [39]
estimates the approximate date of population expansion, where T represents the time
since the expansion, T is the extension time, and 2y is y# (the mutation rate) x generation
time X the number of bases sequenced. The mutation rate of the nucleotide of the D-loop is
3.6% per myr, which is the average mutation rate of fish [40]. In the analysis of divergence
rates, a mean mutation rate of 3.6% per myr was applied to the divergence rates of all of the
D-loop sequences, and a generation time of one year was assumed [41,42]. The ARLEQUIN
software version 3.5 was used to estimate pair-wise Fgr statistics in order to assess the
genetic differentiation between two populations [43]. We assessed the structure of the
population by molecular analysis of variance (AMOVA in ARLEQUIN; [44]) as well as by
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constructing a dendrogram for each point in our sample using an unweighted arithmetic
mean based on Fgy values (UPGMA).

UPGMA trees for these seven populations provide information about their groupings.
Hypothetical display groups with ¢ maxima that are significantly different from random
tissues from similar populations are most likely to represent geographical subdivisions [45].
The permutation test was used for evaluation, and the significance test of the results, was
evaluated via 10,000 random permutation tests. By testing for deviations from neutrality,
Tajima’s D [46] can indicate if a population expansion had previously occurred. We also
used Fu'’s Fs test [47] to evaluate the evidence for population expansion by DnaSP. In
order to determine whether the population is expanding, DnaSP was used; as a measure of
deviation from neutrality, we used Tajima’s D test [46], which indicates whether population
expansions occurred previously. Fu’s Fs test [47] was used to determine whether DnaSP
evidence indicated population expansion. Additionally, using DnaSP, we examined, by
way of mismatch analysis, the frequency distribution of the nucleotide differences with
respect to frequency. Geographic distances were paired 1000 times to determine significance
levels, and the significance level was determined using the pairwise Fst value and paired
geographic distance values. The Mantel test [48] was used to test distance isolation. The
approximate geographical distance between sampling sites was used as the minimum
distance map.

3. Results and Discussions
Biological Information and Growth Estimation

We sequenced 110 specimens and obtained the following results. For the control
region of 864 bp, we found 57 variable sites and 71 parsimony informative sites, totaling
90 distinct haplotypes (51 Dataset). GeneBank accession numbers OL692628-OL692737
contain all of the sequences deposited. Among the seven populations evaluated, the
nucleotide compositions had an AT bias (with G + C content of 33.7%). The haplotypic
diversity (k) of all seven populations was 0.988, with values ranging from 0.856 (XM) to
1.000 (YL, TC, HK and SGP) (Table 1).

A nucleotide diversity of 0.011 was found across all populations (7r), with values
ranging from 0.004 (XM) to 0.013 (SGP) (Table 1). A total of 90 haplotypes was detected in
110 samples. The most common genotype was shared by 11 individuals across 3 popula-
tions, including XM (7), SH (3) and SGP (3).

We used the T92 model to explain the best-fitting modes of our data. The model was
used for both NJ and ML rebuilding as well as for the AMOVA study. Both NJ and ML trees
had very similar results (Figure 2). Two distinct lineages were identified (A and B). Based
on the NJ and ML trees, the bootstrap values were 99 and 100, respectively, for lineages A
and B. The network of all specimens (Figure 3) confirms the findings of these phylogenetic
trees. In lineage A, two sub-lineages were found. Figure 1 and Table 1 show the distribution
of specimens of lineages A and B for different populations. Lineage A included all the
individuals from SH, YL, TC, XM, DG and HK, and all the individuals from SGP were only
involved in lineage B.

Accordingly, lineages A and B had haplotype diversities (h) of 0.987 and 1.000, respec-
tively, and the nucleotide diversity () of each was respectively 0.008 and 0.013 (Table 1).
The T values of lineages A and B were 4.035/2 and 8.136/2 generations, respectively
(Table 1). The T values of lineages A and B were 4.035/2u and 8.136/2p generations, re-
spectively, using an average mutation rate of 3.6%/myr and a generation time of 1 year.
For lineage A, the time of expansion was approximately 160,022 years ago, and for lineage
B, it was approximately 322,744 years ago. The Fst values within the seven populations
were all significant (Table 2). In terms of the UPGMA tree of these seven sampling areas,
two major groups were identified (Figure 4); the first group includes XM, TC, SH, DG, HK
and YL, and the second group includes SG.
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Figure 2. Neighbor-joining (NJ) tree based on control region gene sequences with bootstrap values

)

(NJ/ML, respectively) for P. sanguinolentus.

Table 2. The matrices shown below show pairwise Fsr (below diagonal) and p values (above diagonal)
for seven populations of P. sanguinolentus in East Asia.

SH YL XM TC DG HK SGP

- 0.000 0.000 0.000 0.000 0.000 0.000
YL 0.354 - 0.000 0.000 0.000 0.000 0.000
XM 0.063 0.342 - 0.036 0.000 0.000 0.000
TC 0.055 0.242 0.030 - 0.000 0.000 0.000
DG 0.182 0.274 0.136 0.075 - 0.000 0.000
HK 0.321 0.153 0.315 0.198 0.167 - 0.000
SGP 0.790 0.734 0.822 0.742 0.767 0.739 -

SH
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Figure 3. The haplotype network of Portunus sanguinolentus in all sampling sites.
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Figure 4. The relationships between seven sampling sites are shown in an UPGMA tree.

It is possible to further divide the first group into two subgroups. One of the subgroups
of the first group included the XM, TC, SH and DG populations; the second subgroup
included the HK and YL populations. According to the UPGMA trees, five different
groupings could be detected among the seven populations listed in Table 3. Based on the
AMOVA analysis, the Fg7 for seven pair-wise population was 0.4259, indicating significant
heterogeneity in at least one case. Significant values of ®c1 were observed in all groupings.
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Table 3. The results of AMOVA for P. sanguinolentus in seven populations in East Asia.

Population Grouping %erli;ctei oolf Pe\r/;i?::i%z()f ®-Statistics v (M(;;:IE:; reme
One group Group 1{SH, YL, TC, XM, DG, HK, SGP} AP 42.59 $gr =0.42592 i
WP 57.41
Two groups Group 1{SH, YL, TC, XM, DG, HK} AG 75.19 Ocr =0.75194 b
Group 2 {SGP} AP/WG 4.45 g =0.17932 o
WP 20.36 Ogr = 0.79643 b
Three groups Group 1 {SH, XM, TC, DG} AG 52.28 Ocr =0.52277 xohk
Group 2 {HK, YL} AP/WG 4.27 dge =0.08937 b
Group 3 {SGP} WP 43.46 Ogr =0.56542 o
Four groups Group 1{SH, XM, TC} AG 45.71 Ocr = 0.45707 bl
Group 2 {DG} AP/WG 4.05 Oge =0.07457 o
Group 3{HK, YL} WP 50.24 Ogr = 0.49755 .
Group 4{SGP}
Five groups Group 1{SH} AG 40.23 et = 0.40227 ok
Group 2 {XM, TC} AP/WG 5.16 Dge =0.08627 b
Group 3{DG} WP 54.62 Ogr = 0.45384 e

Group 4{HK, YL}

Group 5{SGP}

0.12

0.08

0.04

0.2

0.15

0.1

AG is the among-group component of variance; AP/WG is the among-populations/within-group component of
variance; and WP is the within-population component of variance. *** p < 0.001 by the permutation test.

Based on the AMOVA analysis, the Fsr for each pair-wise population was 0.4259,
indicating that there was significant heterogeneity in at least one paired population. All
®ct values were observed to reach significance. According to the study, grouping 2 had
the highest ¢t (0.7519), and two groups could properly be divided into the following
populations: the first group included SH, YL, TC, XM, DG and HK, whereas the second
group included the SGP one. There were also significant ®ct values among different
groups, indicating that it may also have happened among populations that there was
an additional genetic discontinuity. Table 1 shows that values of Tajima’s D were non-
significant, except for SH (Table 1). Tajima’s D values were significant across each lineage
and across the entire sample. Fu’s Fs tests were significant for the SH, TC, DG, HK and
YL populations. The bimodal distribution of mismatched specimens was obtained for
all specimens (Figure 5), with one mode representing differences between lineages and
another mode representing differences within lineages. For lineage A or B, a unimodal
distribution was obtained.

Exp

---0-- Obs
B Exp
\N ---o-- Obs
‘B'a-e»e-e-e-e-a-e-e-a-e-o
10 20 30
Pairwise differences
-0
.: Exp
@ ---0-- Obs

20 40 60
Pairwise differences

10
Pairwise differences

20 30

Figure 5. A sudden expansion model of the swimming crab P. sanguinolentus predicts the observed
pair-wise differences and mismatch distributions.
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4. Discussions

The present study found two distinct lineages of P. sanguinolentus in East Asia (A and
B), which agrees with the previous study [49]. Despite the fact that all seven populations
did include individuals from lineages A and B, two distinct lineages (Figures 1-3) were
detected. The SH, YL, TC, XM, DG and HK populations were only found to belong to
lineage A, and the SGP population was only represented by individuals from lineage B.

All the populations of lineage A (the XM, SH and TC populations) shared the same
most common allele, indicating that they were ancestrally related. There is evidence that
populations containing ancestral genotypes tend to retain a higher level of haplotype
and nucleotide diversity over time [50-52]. Compared to lineage A (7t = 0.008), nucleotide
diversity (7t = 0.013; h = 1.000) in lineage B was significantly higher than haplotype diversity
(h =0.987). This indicates that lineage B is older than lineage A. Estimates are 160,022 and
322,744 years for the extension of lineages A and B, respectively.

The matching distribution of two different lineages indicates that a smaller population
existed before the bottleneck or expansion of lineage A (Figure 5) [39]. According to this
image, lineage A may have undergone expansion more recently than lineage B. This is also
corroborated by the fact that the pairwise distribution pattern shifts toward being displaced
to the right in Figure 5. Based on these findings, lineage A expanded for a longer period
than lineage B. In other words, lineage B only experienced gene flow exchanges but did
not experience population expansion. Since there are few samples, it is likely that there are
multiple peaks in pair-wise differences and the expected distribution of mismatches for
lineage B.

The currents in the planktonic larval stage of P. sanguinolentus in the study area include
the offshore warm current of China and the South China Sea warm current. Therefore,
offshore plankton larvae may be transported along the ocean currents, which bring low
salinity to the south along the coast of China [53,54]. Genetic exchange in the marine
environment may be due to the high transmission capacity of P. sanguinolentus larvae and
the lack of physical barriers. The lack of genetic structure in marine ecosystems is usually
due to limitations of physical barriers, larvae dispersal abilities and their ability to swim
long distances [55]. Similar results have often appeared in previous studies; for example,
the red crab Charybdis feriata found on the coast of the China Sea also demonstrated the
phenomenon of low genetic differentiation [56]. The evolutionary age of lineage B is much
older than lineage A (approximately 160,022 and 322,744 years ago, respectively), because
during the Last Glacial Maxima, the continents of China and SE Asia were an exposed
landmass [57]. After sea levels rose, these coastlines were immersed by the sea again,
and lineage A developed in Northeast Asia and Southeast Asia. Probably after lineage A
developed, it dispersed via the South China Sea warm currents and China coastal current
to HK, XM, DG, TC and SH waters. Therefore, the oldest and youngest populations were
those from SPG and XM, respectively.

Furthermore, the distribution limit of lineage B probably could not extend to the
Indian Ocean through the Malacca Strait. During the glacial maxima, the sunda shelf
was blocked [58]. After the sea level rose, lineage B could invade the new coastlines but
their larvae could not travel through the Malacca Strait to the Indian Ocean. A similar
pattern was also revealed for the tiger prawn, where there was a sharp genetic break at the
west coast of the Malacca Strait [58]. Then, lineage B was probably only distributed in the
South China Sea, and did not extend to the West Pacific (lineage A). Marine species were
restricted into relatively confined areas as a result of habitat destruction, which resulted in
the mixing of populations and reduced genetic variation [59]. After LGM, the distribution
of three-spot swimming crabs gradually extended, corresponding to the rise of the sea
level of the East China Sea. The swimming crab migrates from the inshore to the offshore
as it reaches a certain size or life stage, but the distance is limited [60]. In this species,
therefore, gene flow occurs primarily through larval dispersal. Ocean currents play a key
role in dispersal. The life span of P. sanguinolentus is about 1-2 years. It usually inhabits
sandy marine habitats at depths of 10-80 m [61-63]. The larvae drift with the ocean current.
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After 15-18 days, the hatched zoeae transform into giant crabs called juvenile crabs, which
gradually transition to living on the bottom of the sea [29]. Therefore, the planktonic larval
stage of crabs may have an impact on determining the genetic structure. Coastal currents
shifted from mainland China to the South China Sea during the post-glacial period. The
Chinese coastal stream flows along Fujian to Vietnam. The role of thermohaline circulation
in the waters of Singapore is an important function. However, the interaction between
the DG sample in Taiwan and the coastal current in China was not obvious in lineage A,
resulting in the formation of the isolated group of lineage B.

Based on the above discussions, the expansion path of lineage A was carried by the
Kuroshio Current from the southern end to Taiwan and then divided into three tributaries:
one flowed through the east of Taiwan, one flowed to the west, forming the HK and YL
populations that are relatively similar, and the last one flowed up the Taiwan Strait and the
coastal waters of China to SH. For Lineage B, this means that SGP did not expand, but only
formed a gene flow interaction. However, other marine organisms demonstrated similar
patterns with two main lineages. As examples, barnacles [64,65] and intertidal crabs [66]
have different lineages in the East, Northeast and Southeast Asia Sea and their populations
in East and Northeast Asia are much younger. It is phylogeography important for the
management and conservation of the commercial species of P. sanguinolentus along Asian
coasts to determine where it originated from and its genetic structure.

5. Conclusions

Based on our study, we found two major lineages (A and B) among the three spot
crab populations in East Asia. Lineage B is generally older than lineage A. The A and
B lineages of the three-spotted swimming crab P. sanguinolentus underwent population
expansion approximately during the Pleistocene glacial period (approximately 160,022
and 322,744 years ago, respectively). The genetic structure of P. sanguinolentus in East Asia
may have been affected during the Pleistocene Glacial Maxima and due to ocean currents
that blocked larval dispersal pathways, resulting in the evolution of lineage B into a single
population, with marine species confined to relatively narrow areas, resulting in mixed
populations with reduced genetic variation.
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