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Marine invertebrates, such as oysters, were once thought to form large, panmictic populations with 
little genetic differentiation due to their high reproductive capacity and dual life stages. However, 
recent studies have shown significant genetic structuring and moderate gene flow across populations, 
influenced by factors like ocean currents, historical climate events, and environmental changes. The 
black-lip oyster (Saccostrea echinata), with its extensive dispersal potential, is ideal for population 
genetics studies. In current study, mitochondrial DNA (COI gene) was utilized to investigate the 
population structure, genetic diversity, and demographic history of S. echinata in the northern South 
China Sea (NSCS) and Beibu Gulf. Results revealed high genetic diversity with 82 haplotypes from 
190 specimens, a star-shaped haplotype network, and significant genetic differentiation, with most 
variation occurring within populations. Genetic analysis identified three distinct genetic groups across 
the sampled regions. Historical demographic analysis indicated population expansion approximately 
44–155 Kya after the Last Glacial Maximum. Genetic structure was shaped by historical climatic events 
causing isolation and secondary contact, as well as contemporary ocean currents influencing gene flow. 
The study highlights the complex interplay of genetic diversity, population structure, and historical 
dynamics in S. echinata, with implications for conservation and aquaculture in the Asia-Pacific region.
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Marine invertebrates, especially oysters, are abundant in numbers, possess high reproductive capabilities, and 
exhibit a dual life history of both planktonic and sessile stages1,2. Traditionally, due to the strong dispersal potential 
of their larvae and the lack of substantial geographic barriers in the marine environment, it was believed that 
these species form a large, panmictic population, leading to genetic homogeneity even across large geographical 
scales. Consequently, these populations generally exhibit minimal genetic divergence and significant gene flow 
among individuals. However, research over the past 30 years has unveiled significant genetic differentiation 
among marine biological populations, revealing an overall genetic structure characterized by moderate spatial 
structuring coupled with pronounced gene flow3–6. Compared to terrestrial organisms, the factors influencing 
the genetic composition of marine organism communities are more complex. While these populations may 
exhibit a potential for high levels of gene flow, the actual rates of gene flow that exist are often much lower. 
Various factors-such as historical events, environmental selection, distance isolation, and rapid evolutionary 
processes can restrict gene flow among populations, even in the lack of apparent physical barriers7,8. Unique 
historical events significantly influence population divergence and speciation. Historical fluctuations in climate 
and environmental conditions can significantly impact the structure of marine biological populations, preserving 
information about these past climatic changes within their genetic framework8,9. Therefore, the genetic structure 
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of a species’ population is probably shaped in the past and is often minimally influenced by contemporary gene 
flow.

At larger spatial scales, ocean currents can significantly influence the population genetic structure, particularly 
among adult sessile species10. Under the influence of ocean currents, dispersal between populations does not 
necessarily align with Euclidean spatial distances, subsequently affecting the isolation-by-distance pattern. 
Consequently, the positive relationship between genetic distance and spatial distance among populations 
may be weakened. Geographically distant populations could experience substantial gene flow due to the 
connectivity provided by certain current pathways, facilitating the dispersal of individuals over long distances. 
This connectivity enhances gene flow among populations situated along these current pathways, resulting in 
increased genetic diversity within populations and reduced differentiation between them, ultimately driving 
homogenization. Furthermore, ocean currents can create circulations and marine features, such as eddies and 
fronts, which can impede the passive dispersal of larvae, thereby serving as significant obstacles to gene flow 
between populations11,12.

The Saccostrea echinata (Quoy and Gaimard, 1835), commonly known as the black-lip oyster, typically 
exhibits a round or elongated shape, characterized by fine growth lines resembling scales, with the edges 
curling into tube-like spines13. This species that live on rocky shores demonstrates good adaptability to varying 
temperatures and salinity and is broadly distributed throughout the Western and Southern Pacific Ocean14. Due 
to its low capital requirements, straightforward aquaculture techniques, and the stability of its hatchery culture, 
it is regarded as a promising candidate for marine aquaculture in the tropical regions of the Asia-Pacific14,15. 
This capability holds significant potential to promote the development and expansion of the oyster aquaculture 
industry across tropical regions of Australia and the Asia-Pacific region14–16. Moreover, its high reproductive 
capacity, substantial spawning output, strong dispersal capabilities, and extended larval planktonic phase 
make S. echinata an ideal subject for studying population genetic diversity, genetic structure, and historical 
dynamics against the backdrop of changing ocean currents. This study was designed to assess the distribution 
of haplotypes, genetic architecture, demographic history, and estimate the expansion timeline of S. echinata in 
the northern South China Sea, utilizing a segment of the mitochondrial cytochrome c oxidase subunit I (COI) 
gene as the molecular marker. Furthermore, it aims to provide reliable data to support the large-scale cultivation 
of S. echinata.

Results
Genetic diversity
Following alignment, 190 high-quality COI sequences from S. echinata were retrieved, with each sequence 
measuring 613 base pairs. The mean base composition consisted of 23.76% adenine (A), 16.47% cytosine (C), 
19.47% guanine (G), and 40.3% thymine (T). These analysis uncovered a notably high level of genetic diversity 
in S. echinata, with 190 sequences resulting in 82 distinct haplotypes. The nucleotide diversity averaged 0.00829, 
spanning a range from 0.00446 to 0.01011, and haplotype diversity was 0.896 (ranging from 0.614 to 0.960) 
(Table 1).

The haplotype network of S. echinata from the northern South China Sea (NSCS) and the Beibu Gulf displayed 
a star-like configuration, characterized by a central haplotype (H5) that occurred at a high frequency (26.3%). 
The most frequent haplotypes are distributed across 9 out of the 11 sampling sites. Another haplotype (H18) also 
occurred at an elevated frequency (18.4%), was exclusively distributed in Daya Bay and Pearl River Estuary. All 
haplotypes of S. echinata from the northern South China Sea (NSCS) and the Beibu Gulf likely originated from 
a single ancestral haplotype (Fig. 2). In current study, the 82 haplotype sequences identified have been uploaded 
in GenBank and are accessible via accession numbers PQ782955 to PQ783036. Of the 82 haplotypes identified, 
69 were restricted to specific sampling locations, whereas 13 were distributed across various locations. Notably, 

Sampling sites N H S Hd π

S1 13 6 13 0.641 ± 0.022 0.00577 ± 0.00153

S2 21 10 24 0.776 ± 0.093 0.00834 ± 0.00144

S3 17 10 19 0.838 ± 0.087 0.00758 ± 0.00088

S4 17 10 24 0.794 ± 0.103 0.00801 ± 0.00147

S5 20 12 25 0.811 ± 0.092 0.00804 ± 0.00131

S6 19 11 32 0.830 ± 0.085 0.00950 ± 0.00160

S7 13 8 20 0.808 ± 0.113 0.00732 ± 0.00155

S8 19 8 14 0.614 ± 0.130 0.00446 ± 0.00130

S9 24 17 27 0.960 ± 0.025 0.00958 ± 0.00084

S10 17 8 12 0.779 ± 0.099 0.00482 ± 0.00097

S11 10 8 24 0.933 ± 0.077 0.01011 ± 0.00197

Overall 190 82 77 0.896 ± 0.017 0.00829 ± 0.00044

Table 1.  Measures of genetic diversity of Saccostrea echinata from the Northern South China sea and the Beibu 
Gulf through descriptive statistics using COI sequence data. The geographical locations corresponding to the 
sampling sites listed in the table can be found in Fig. 1. N sample size, H number of haplotypes, S number of 
polymorphic sites, Hd haplotype diversity (± S.D.), π nucleotide diversity (± S.D.).
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two of the more prevalent haplotypes were detected across multiple locations, indicating a broader distribution 
range distribution. This haplotype was detected at S2 and S11, which are more than 780 km apart. The site with 
the highest number of haplotypes is S9, with 17 haplotypes, while the lowest is S1, with 6 distinct haplotypes. 
Notably, site S11 produced 8 distinct haplotypes from just 10 specimens.

The results of AMOVA indicated that there was a significant difference in genetic structure between the 
northern South China Sea (NSCS) and the Beibu Gulf. Approximately 9.75% of the overall mitochondrial DNA 
genetic variation stems from five distinct sampling regions: Daya Bay (S1, S2), Pearl River Estuary (S3, S4), 
Huangmaohai Bay (S5, S6), the eastern regions of Leizhou Peninsula (S7, S11), and the Beibu Gulf (S8, S9, S10). 
In other words, the S. echinata populations in the NSCS exhibit significant genetic structuring, albeit small in 
scale. A significant portion (90.1%) of the overall genetic variance was attributed to differences occurring within 
populations. (Table 2). The mean genetic differentiation ΦST of S. echinata within the NSCS and the Beibu Gulf 
was 0.133 ranging from − 0.043 to 0.233. Additionally, S. echinata showed significant pairwise ΦST values among 
the five different sampling regions, Daya Bay (S1, S2), Pearl River Estuary (S3, S4), Huangmaohai Bay (S5, S6), 
eastern regions of Leizhou Peninsula (S7, S11), and Beibu Gulf (S8, S9, S10) (Table 3). PCoA analysis indicated 
that the genetic structure of the population was spatially divided into three distinct groups (Fig. 3). The first 
dimension accounted for 32% of the total variance, whereas the second dimension accounted for 20%. The 
number of effective migrants per generation between the five regions was shown in Fig. 4. The highest number 
of effective migrants per generation was observed from the Huangmaohai Bay population (S5, S6) toward the 
eastern Leizhou Peninsula population (S7, S11), reaching 47.3. The lowest number of effective migrants per 
generation was observed from the Beibu Gulf (S8, S9, S10) toward the Daya Bay population (S1, S2), only 0.62. 
(see Supplementary table).

Historical demography
For S. echinata in the northern South China Sea (NSCS) and Beibu Gulf, both Tajima’s D and Fu’s Fs values 
exhibited statistically significant negative results (Tajima’s D = −1.013, p < 0.05; Fu’s Fs =−1.75, p < 0.05) (Table 4). 
These significant negative results indicate that the population may have undergone recent expansion, leading to 
an accumulation of low-frequency variants. The non-significant Raggedness Index and SSD also indicate that 
the actual data fit well with the population expansion model, showing no significant deviation from expected 
patterns (Table 4). The mismatch distribution displayed a bimodal distribution pattern (Fig. 5), which indicates 
that the S. echinata population had undergone historical isolation and secondary contact, possibly due to 
geographic or environmental barriers, followed by re-mixing due to environmental changes or migration. In 
the context of the historical demographic analysis, all samples were integrated, resulting in a τ value of 7.606 
(95% confidence interval: 2.167–22.803). Considering that mitochondrial genes in oysters mutate at a rate of 2% 
within each million-year timeframe, the estimated expansion period for S. echinata in the NSCS and Beibu Gulf 
is believed to be between 44 and 155 thousand years ago. According to the Bayesian skyline plot (BSP) analysis, 
the haplotypes of S. echinata in this study converged around 200 Kya, assuming a mitochondrial gene mutation 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11

S1 0

S2 −0.03054 0

S3 0.1942 0.16281 0

S4 0.15436 0.13081 −0.00236 0

S5 −0.04305 −0.01088 0.14291 0.11878 0

S6 −0.02055 −0.01663 0.18155 0.13206 −0.01706 0

S7 0.16585 0.1344 0.00622 −0.0413 0.122 0.13181 0

S8 0.23305 0.19041 0.10411 −0.00497 0.17843 0.17051 −0.01402 0

S9 0.15364 0.13469 −0.0204 −0.01768 0.11505 0.13593 −0.00988 0.05866 0

S10 0.21894 0.18155 0.04467 −0.01145 0.17328 0.18817 −0.03271 −0.00675 0.03888 0

S11 0.16037 0.12342 0.05211 −0.0256 0.11401 0.08604 −0.02876 −0.00796 −0.00985 0.03385 0

Table 3.  Pairwise differentiation ΦST of Saccostrea echinata sampled from Northern South China sea and the 
Beibu Gulf based on COI sequence data. Bold indicates significant pairwise ΦST.

 

Source of variation d.f. Sum of squares Variance components Percentage of variation p

Among groups 4 47.125 0.253 9.75 < 0.005

Among population within groups 6 14.442 0.004 0.15 < 0.005

Within populations 179 418.717 2.339 90.1 < 0.005

Total 189 480.284 2.596

Table 2.  Results of the analysis of molecular variance (AMOVA), partitioning overall mitochondrial DNA 
(ΦST, using an infinite allele model) within and among groups.
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rate of 2% p within each million-year timeframe17. Moreover, a sustained population expansion was observed 
between 30 and 50 Kya (Fig. 6).

The geographical locations corresponding to the sampling sites listed in the table can be found in Fig. 1.SSD 
sum of squared deviation, R index Raggedness index.

Discussion
Mitochondrial DNA, due to its maternal inheritance, high mutation rate, and simple genome structure, has 
become a widely used tool in phylogenetic construction, population genetics studies, particularly for analyzing 
population history, migration patterns, and genetic diversity18–20. In our study, mitochondrial DNA was 
utilized to explore the population genetic structure of S. echinata, revealing high haplotype diversity, significant 
population structure differentiation, and complex dispersal and population history dynamics. Genetic diversity 
constitutes a fundamental pillar in facilitating a species’ ability to thrive and adapt in response to environmental 
transformations, combat diseases, and propel evolution. It enhances population adaptability and survival, 
reduces the risk of inbreeding depression, and helps maintain ecosystem stability and functionality, which are 
critical for the species’ long-term survival and evolution21–23. In our case, 190 specimens yield 82 haplotypes. 
The genetic diversity of S. echinata is characterized by high haplotype and nucleotide diversity, with an average 
nucleotide diversity of 0.00829 (> 0.005) and haplotype diversity of 0.896 (> 0.5)24. These values exceed those 
reported in other oyster and bivalve species. For instance, Crassostrea gigas and Crassostrea sikamea with 
haplotype diversity values of 0.423 and 0.730, respectively, and nucleotide diversity values of 0.002 and 0.00425. 
Similarly, the Japanese scallop exhibits haplotype diversity of 0.817 and nucleotide diversity of 0.00826. Sites 
with relatively high haplotype diversity were located in Huangmaohai Bay (S5 and S6), Beibu Gulf (S9), and the 
eastern Leizhou Peninsula (particularly in southeastern region of Hainan Island, S11). Usually, high haplotype 
diversity within oyster population or other sessile organisms are often attributed to a combination of factors. 
These include a large effective population size, which facilitates the retention of genetic variation, and the high 
mutation rate of mitochondrial DNA, which generates new haplotypes over time. Additionally, the admixture 
of populations from distinct origins further enhances genetic variation, leading to higher haplotype diversity 
(0.546–0.996)25–27. The genetic diversity level of S. echinata regarding COI polymorphisms was consistent with 
similar bivalves’ study28,29. Other studies have reported a genetic diversity pattern in co-distributed oysters, 
characterized by some populations exhibiting high haplotype diversity (H, 0.737–0.996) but low nucleotide 
diversity (π, 0.001–0.004)25, and others displaying both high haplotype diversity (H, 0.546 -1.000) and high 
nucleotide diversity (π, 0.005–0.009)30. These studies speculated that this pattern may result from contemporary 
evolutionary forces, such as gene infiltration caused by the introduction of different strains, habitat discontinuity, 
and population instability25,30.

In our study, both the AMOVA and PCoA analysis indicated a relatively clear genetic differentiation of S. 
echinata between the habitats in the northern South China Sea (NSCS) and the Beibu Gulf (Table 2; Fig. 3). 
The genetic structure of population was spatially separated into three groups. The populations at the S1 and 
S2 sites in Daya Bay had similar genetic structure. S3, S4 in Pearl River Estuary and S5, S6 in Huangmaohai 
Bay had similar population’s genetic structure. Previous research had demonstrated that the population genetic 
structure of bivalves typically exhibits high genetic diversity and considerable population differentiation28. First, 
bivalves generally show high haplotype diversity (H), particularly in species with wide distributions or strong 
adaptability. This is mainly attributed to their high reproductive capacity and the substantially elevated mutation 
rate evident in mitochondrial DNA (See the discussion above). Although S. echinata has a prolonged planktonic 
larval phase, spawning during the rainy season (summer) aligns with monsoon-driven currents. Localities 
outside these dominant dispersal corridors (e.g., Beibu Gulf) receive fewer migrants, leading to isolation. Larval 
retention mechanisms or settlement preferences in specific microhabitats could further limit gene flow. Second, 
the genetic structure of bivalve populations is influenced by geographic isolation and gene flow. In areas with 
connected habitats or coastal regions, genetic differentiation between populations is usually low. In contrast, 

sites

Tajima’s D Fu’s Fs Mismatch distribution

D p Fs p τ (95% CI) SSD SSD p R index R index p

S1 −0.639 0.297 0.34 0.593 7.828 (0.377, 60.828) 0.07856 0.2 0.16963 0.22

S2 −0.89 0.184 −0.613 0.097 8.252 (2.479, 12.611) 0.06982 0.04 0.11676 0.06

S3 −0.682 0.268 −1.769 0.017 6.449 (1.705, 8.904) 0.04146 0.1 0.07721 0.18

S4 −1.237 0.04 −1.578 0.007 8.08 (2.805, 10.914) 0.04762 0.15 0.12684 0.05

S5 −1.162 0.028 −2.732 0.102 7.818 (2.584, 10.957) 0.04852 0.13 0.07812 0.23

S6 −1.449 0.029 −1.397 0.026 8.232 (2.439, 10.979) 0.03966 0.1 0.04949 0.23

S7 −1.299 0.015 −1.015 0.269 7.479 (1.457, 10.551) 0.04579 0.24 0.09024 0.29

S8 −1.175 0.141 −1.278 0.024 7.303 (0.299, 93.303) 0.05282 0.41 0.12674 0.55

S9 −0.704 0.279 −6.438 0.006 7.375 (4.312, 9.414) 0.01105 0.28 0.02115 0.5

S10 −0.627 0.067 −1.346 0.052 6.689 (0.453, 10.432) 0.02223 0.58 0.04163 0.83

S11 −1.279 0.132 −1.425 0.161 8.156 (4.926, 11.938) 0.06576 0.06 0.15358 0.05

total −1.013 0.0463 −1.75 0.015 7.606 (2.167, 22.803) 0.04757 0.20818 0.09558 0.29

Table 4.  Mismatch distribution, Tajima’s D and Fu’s Fs statistics for Saccostrea echinata.
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regions with geographic barriers or environmental gradients, such as variations in salinity or temperature, often 
demonstrate a pronounced and significant genetic divergence25,31. The Beibu Gulf ’s isolation is exacerbated by 
its distinct marine environment, which differs in salinity, temperature, and sediment composition from NSCS 
habitats. These environmental gradients may act as ecological barriers, reducing the survival or settlement of 
dispersing larvae even if some physical exchange occurs. Similarly, Daya Bay’s unique hydrographic conditions 

Fig. 1.  A map illustrating the study region with 11 sampling locations in the northern South China Sea and 
the Beibu Gulf. This map was created using QGIS software, version 3.34.4-Prizren, which can be downloaded 
at https://qgis.org.
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(e.g., lower salinity influenced by freshwater input) may create a localized adaptive environment, further 
differentiating its populations from others. As a result, the highest pairwise differentiation (ΦST) was observed 
between S1 (Daya Bay) and S8 (Beibu Gulf). Third, bivalves typically undergo reproductive dispersal during their 
larval stage, which facilitates gene flow. However, factors including ocean currents, habitat fragmentation, and 
environmental variability may limit gene exchange, leading to the formation of regional genetic structures31,32. 
The highest effective number of migrants per generation was observed from the Huangmaohai Bay population 
(S5, S6) toward the eastern Leizhou Peninsula population (S7, S11), reaching 47.3. This indicates that there 
is significant dispersal between these two regions. The basic biology of S. echinata indicated that its breeding 
season was concentrated during the rainy season (summer), with high reproductive capacity, and its larvae 
had a longer planktonic period and stronger dispersal ability33. In the summer (from May to October), the sea 
currents between Huangmaohai Bay, the Pearl River Estuary, and the western Leizhou Peninsula are primarily 
influenced by the southeast monsoon, with the currents generally flowing from south to north. Water flows 
from the South China Sea toward the Pearl River Estuary, passes through Huangmaohai Bay, enters the western 
Guangdong region, and continues flowing northward, ultimately affecting the western Leizhou Peninsula. These 
coastal currents may carry the planktonic larvae of S. echinata, facilitating long-distance dispersal20,34. The last, 
historical events such as climate changes and sea level fluctuations have had a profound effect on the genetic 
structure of bivalve populations. Ice ages or climatic shifts may cause population bottlenecks or expansions, 
affecting the distribution of genetic diversity and genetic differentiation patterns. This issue is inherently complex 
and warrants a more thorough examination.

As sessile organisms inhabiting coastal zones, oysters are highly sensitive to changes in the coastal environment, 
which directly influence their distribution range. Climatic fluctuations during glacial and interglacial periods, 
accompanied by significant sea-level changes, have profoundly shaped coastal habitats. Sea-level drops can lead 
to the isolation of populations, while subsequent rises enable habitat expansion and promote secondary contact 
or mixing among previously separated populations25,30. The northern South China Sea (NSCS) and the Beibu 
Gulf have undergone substantial modifications due to the Pleistocene glacial and interglacial cycles, especially 
during the period of the Last Glacial Maximum (LGM), which transpired around 20 millennia ago, representing 
a pivotal moment in Earth’s geological history. During glacial periods, much of the northern South China 
Sea (NSCS) shelf was exposed, and the Beibu Gulf was integrated into the South China mainland, becoming 
an essential component thereof. Prior to subsequent geological transformations that significantly altered the 
regional landscape, Hainan Island was integrally connected to the extensive mainland of China35. Based on 
the genetic patterns observed in our data, we inferred that the population of S. echinata likely underwent an 
expansion subsequent to the last glacial maximum (LGM). The estimated timing of this expansion ranges from 
approximately 44 to 155 Kya, potentially occurring during the last interglacial maximum around 115 Kya and 
continuing into the post-LGM period. It is worth noting that the mismatch distribution displayed a dual-peak 

Fig. 2.  A haplotype network was constructed for Saccostrea echinata based on genetic differences found in the 
nucleotides of the cytochrome c oxidase subunit I (COI) gene. The size of each circle denotes the frequency of 
individuals sharing a specific haplotype, with every circle representing a unique genetic variation. Each small 
dot on the haplotype branch represents a single mutation.
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pattern (Fig. 5), suggesting that the S. echinata population experienced historical isolation, followed by secondary 
contact and re-colonization. During the last glacial maximum, lower sea levels likely caused geographic isolation 
of populations, promoting genetic differentiation as they evolved independently. As the climate warmed and 
sea levels rose in the post-LGM period, these isolated populations may have reunited, facilitating gene flow and 
the mixing of previously separated genetic lineages. The bimodal distribution reflected this process, with one 
peak representing the initial isolation and the other indicating the subsequent re-expansion and admixture of 
populations. Similar patterns have been observed and confirmed in other marine regions as well. For instance, 
Reeb and Avise36discovered a significant genetic structure along the eastern coastline of Florida, despite the 
absence of clear isolation barriers, with mitochondrial DNA differences reaching 3%. This genetic differentiation 
was attributed to the glacial periods when lowered sea levels caused coastal estuaries to dry up, leading to 
population isolation. Similarly, research on the Gulf of Mexico stone crab showed that eastern and western 
populations became isolated during the Pliocene and Pleistocene due to sea-level fluctuations, which resulted in 
allopatric speciation. Today, these two species are widely distributed across the southeastern United States, with 
a broad hybrid zone forming along the Gulf of Mexico37. During the Pleistocene, significant changes occurred in 
the marine fauna of the tropical Pacific region. While sea surface temperatures remained relatively stable during 
the ice ages, sea levels fluctuated by over 150 m38. These fluctuating sea levels, combined with the formation 
and disappearance of coral reefs and islands, caused marine species dependent on island habitats to repeatedly 
experience local extinction and re-colonization. This process has shaped the current species composition and 
population genetic structure39,40.

Materials and methods
Study area
The South China Sea (SCS), situated in the northwestern Pacific Ocean, is the largest semi-enclosed sea in the 
tropical and subtropical regions, covering an area of approximately 3.3 million square kilometers. The northern 

Fig. 3.  Biplot of principle coordination analysis showing the linearized pairwise ΦST. Solid circles represent 
the sampling locations in the Pearl River Estuary and Huangmaohai Bay, open circle represents the sampling 
locations in Daya Bay, and solid triangles represent the sampling locations in eastern Leizhou Peninsula and 
Beibu Gulf.
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portion, known as the northern South China Sea (NSCS), lies mainly within the subtropical zone and forms the 
first step of the SCS’s three-tiered continental shelf. It is bordered by mainland China, the Indo-China Peninsula, 
Luzon Island, and Taiwan Island. The Beibu Gulf, partially enclosed gulf whose area is about 128,000 square 
kilometers, extends naturally to the west of the region. The NSCS links to the East China Sea (ECS) through the 
Taiwan Strait and connects to the western Pacific via the Luzon Strait41,42.

Fig. 4.  Migration estimates were obtained using the maximum likelihood method implemented in 
MIGRATE-N 4.43. This analysis estimated recent migration rates and self-replenishment among five regions: 
Daya Bay, Pearl River Estuary, Huangmaohai Bay, the eastern Leizhou Peninsula, and Beibu Gulf, based on 
cytochrome oxidase subunit I (COI) sequences. Migration rates (M) were estimated using a Metropolis-
Hastings MCMC approach, with a static mutation-scaled model. The analysis included four independent 
MCMC chains, each with 1,000,000 steps, a burn-in of 200,000 steps, and sampling every 100 iterations. 
Convergence was assessed using Gelman-Rubin diagnostics and effective sample size (ESS) values. The color 
of each line corresponds to the region of origin, representing gene flow from that specific area. The thickness 
of the lines reflects the magnitude of migration rates (M), while numerical values indicate the estimated 
migration rates (M) between regions.
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Sample collection
In the northern South China Sea (NSCS), 5 sampling regions including 11 sampling sites were established in 
the rocky intertidal zones extending from Daya Bay to Hainan Island, specifically located at Daya Bay (S1, S2), 
Pearl River Estuary (S3, S4), Huangmaohai Bay (S5, S6), eastern regions of Leizhou Peninsula (S7, S11), and 
Beibu Gulf (S8, S9, S10). During the dry season (November to February of the following year), populations of S. 
echinata (the black-lip oyster) were collected (Fig. 1). Spatial coordinates (latitude and longitude) were recorded 
during the field surveys, and 10–24 samples were obtained from each site for morphological identification and 
subsequent DNA analysis. The adductor muscle tissue from each oyster was subsequently removed and stored 
at -20 °C.

DNA extraction, PCR amplification, and sequencing
Genomic DNA was extracted from the adductor muscle tissue of specimens preserved at -20°C using the 
TIANamp Marine Animals DNA Kit (TIANGEN, China). In accordance with the manufacturer’s protocol, the 
DNA concentration of each sample was measured using a NanoDrop ND-1000 UV-Vis Spectrophotometer 
(NanoDrop Technologies, USA). DNA samples with A260/A280 ratios between 1.8 and 2.0 were chosen as 
templates for PCR amplification. A fragment of the mitochondrial COI gene was amplified utilizing a pair of 
universal primers designed for broad taxonomic coverage CO1490F (5’-GGT CAA CAA ATC ATA AAG ATA 
TTG G-3’) and CO2198R (5’-TAA ACT TCA GGG TGA CCA AAA AAT CA-3’)43.

The PCR reaction was carried out in a total volume of 20 µL, which included 2 µL of 10× PCR buffer, 0.2 µL of 
each primer at 25 µM, 0.8 µL of dNTPs at 10 µM, 2 µL of DNA template, 0.2 µL of Taq DNA polymerase supplied 
by Takara Bio Inc., and 14.6 µL of distilled water. The amplification protocol involved an initial denaturation at 
95 °C for 3 min, succeeded by 35 cycles consisting of denaturation at 95 °C for 45 s, annealing at 55 °C for 60 s, 
and extension at 72 °C for 2 min. The process ended with a terminal extension at 72 °C for 3 min. The reactions 
were carried out utilizing an Applied Biosystems 2720 Thermal Cycler from the United States. All selected PCR 
products were further processed for bidirectional sequencing on an ABI 3730XL sequencer.

Genetic analysis
The sequences underwent preliminary processing for visualization and assembly within BioEdit, after which 
they were automatically aligned utilizing the default settings44. For uniformity, we excluded the first 20 and last 
10 base pairs from incomplete sequences. Post-alignment, ambiguous regions were trimmed. Genetic diversity 

Fig. 5.  Expected mismatch distributions under sudden expansion model (line) and observed mismatch 
distributions (bars) of COI for Saccostrea echinata from the northern South China Sea and the Beibu Gulf.
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metrics for the COI sequences, such as the number of haplotypes (H), polymorphic sites (S), haplotype diversity 
(Hd), and nucleotide diversity (π), were determined using DnaSP version 5.0 45.

To graphically illustrate the relationships among mtDNA haplotypes for each S. echinata individual, a 
haplotype network was built utilizing Haploviewer46. This software converts traditional phylogenetic trees 
(maximum likelihood tree and Bayesian inference tree) into haplotype genealogies, thereby facilitating the 
analysis of genetic relationships. The phylogenetic tree was built using the maximum likelihood method in 
PhyML 3.0, employing the GTR substitution model incorporating four distinct categories of gamma-distributed 
rate variations47. The GTR model is one of the most flexible and widely used models in phylogenetic analysis 
because it allows for unequal rates of substitution among all nucleotide pairs. To evaluate the degree of seascape 
genetic structure in S. echinata, the molecular differentiation among sites was determined systematically 
utilizing mitochondrial DNA markers (ΦST, based on the infinite allele model) and carried out an Analysis 
of Molecular Variance (AMOVA) to explore the intricate distribution and patterns of genetic variation. Both 
analysis were performed using Arlequin version 3.5 48. Genetic differentiation was assessed by the AMOVA at 
three hierarchical levels, which included the regional level (Daya Bay, Pearl River Estuary, Huangmaohai Bay, 
eastern areas of Leizhou Peninsula, and Beibu Gulf), within each region among populations and within specific 
populations.

Principal coordinate analysis (PCoA), utilized linearized pairwise ΦST values (as ΦST /(1−ΦST)), was 
employed to assess geographical variability in genetic structure as described by Slatkin49. This approach was 
used to evaluate differences in population genetic structure among regions in the northern South China Sea 
(NSCS). The ‘cmdscale’ function, sourced from the ‘vegan’ package was employed to conduct PCoA within the R 
statistical environment (https://www.r-project.org)50. To estimate effective population sizes and migration rates 
among regions in the NSCS, we used MIGRATE-N 4.43. We ran 4 independent Markov Chain Monte Carlo 
(MCMC) chains, each with 1,000,000 iterations, discarding the first 200,000 iterations as burn-in. Parameters 
were sampled every 100 iterations. The migration rates between populations were allowed to vary, and both 
migration rates and population sizes were treated as parameters to be estimated. Divergence times were estimated 
from the data without prior constraints. Convergence was assessed using the Gelman-Rubin diagnostic, which 
was < 1.1 for all parameters, indicating adequate convergence. The effective sample size (ESS) for migration rates 
was > 2000, indicating good mixing of the chains. The final migration rate estimates were reported with 95% 
credible intervals51,52. The computed parameters were subsequently presented as Pij = θiMij, where  Pij denotes 
the effective number of migrants from population i to population j, Mij is determined by mij/µ (mij, indicating 

Fig. 6.  The demographic trends of Saccostrea echinata in the northern South China Sea and the Beibu Gulf 
are depicted through a Bayesian skyline plot. The dark solid line represents the median estimate based on the 
assumption of a per site mutate at a rate of 2% per million years, with the dashed lines indicating the 95% 
highest posterior density (HPD) limits.
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the immigration rate from population i to population j, and µ, the mutation rate per generation), θ represents the 
size of the population adjusted by the mutation rate51,52.

Inferring the demographic history
To evaluate population demographic changes in S. echinata, such as expansions or bottlenecks, the analysis 
of Tajima’s D and Fu’s Fs statistics was conducted with Arlequin 3.5 48,53,54. To investigate whether the data 
for S. echinata in the northern South China Sea (NSCS) matched the results anticipated by the neutral 
theory framework, potentially pointing to a population bottleneck or expansion, this analysis utilized 10,000 
permutations. According to neutral markers, negative Tajima’s D and Fu’s Fs values may be suggestive of a 
population expansion event. We then assessed the smoothness of the haplotype mismatch distribution analysis 
conducted with a sudden expansion model55. To evaluate the fit between the observed and expected mismatch 
distributions under the sudden expansion model, we conducted parametric bootstrapping with 1000 replicates 
using Arlequin 3.5. For this assessment, we employed the level of unevenness alongside the cumulative squared 
deviations56.

The timeframe associated with the population expansion for S. echinata in the northern South China Sea 
(NSCS) was additionally estimated. The analysis of the mismatch distribution using the τ (tau) statistic formed 
part of this process, with the τ value subsequently translated into actual time (t) in years through the equation 
τ = 2ut55. In this context, u denotes the mutation rate of the sequence, calculated using the formula u = 2µk, 
where µ represents the per-generation mutation rate of the mitochondrial DNA gene, and k represents the total 
number of nucleotides within the sequence. We adopted a mutation rate of 2% per million years17,36,57,58, were 
chosen for analysis of mtDNA. Furthermore, the demographic history of S. echinata was evaluated utilizing a 
Bayesian skyline plot (BSP) implemented in BEAST 1.8.0 59.

Data availability
Sequence data that support the findings of this study have been deposited in the GenBank and are accessible via 
accession numbers PQ782955 to PQ783036.
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