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In aquaculture, good germplasm resources are nearly decisive for its

development. The hard clam (Mercenaria mercenaria), a significant marine

aquaculture bivalve in China, has flourished quickly since being introduced

from North America in 1997. However, for numerous reasons, it has suffered

from germplasm deterioration and uncertain origins. To address these issues,

seven microsatellite DNA loci (SSRs) and mtCOI were employed to evaluate

germplasm and trace the origins of various Chinese populations. The results of

these two molecular genetic markers revealed weak genetic differentiation

among all Chinese populations, with high genetic diversity observed across

most individuals, except for a few outliers. This suggests an alarming situation

regarding germplasm resources in China. Based on results of traceability analysis,

the most likely areas of origin for the Chinese populations are Chesapeake Bay

and the southern region of Cape Hatteras. This study provides a crucial

theoretical foundation for the cultivation, conservation, and subsequent

introduction of hard clam populations in China, thereby ensuring the

sustainable growth of the hard clam breeding sector.
KEYWORDS

Mercenaria mercenaria, microsatellite, mtDNA COI, germplasm evaluation,
origin tracing
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1 Introduction

In aquaculture, people often introduce exceptional germplasm

from diverse geographic regions to enhance the diversity of local

bivalve species such as Argopecten irradians (Zhan et al., 2005; Wang

et al., 2007) and Crassostrea gigas (Ward et al., 2000; Meistertzheim

et al., 2013; Rohfritsch et al., 2013) are frequently introduced to enrich

the variety of bivalve species in specific areas. With human

intervention, these species can rapidly multiply, leading to the

establishment of large local populations (Song et al., 2006; Wang

et al., 2007). However, beneath this prosperity lies a serious crisis.

High-quality germplasm resources are crucial for genetic

improvement, where genetic diversity and structure play vital roles

in the efficient development of aquaculture (Huang et al., 2002;

Thomson et al., 2007). Genetic variation is a key factor that

influences differences in genetic diversity and structure among

individuals and populations (Ramanatha Rao and Hodgkin, 2002;

Traulsen and Sieber, 2021). Inbreeding can lead to a reduction in

genetic diversity within individuals, impacting the overall germplasm

diversity and resulting in its deterioration (Allendorf and Phelps,

1980; Keller andWaller, 2002), as well as reducing genetic divergence

between individuals and populations.Regrettably, introduced species

often encounter the described issues, leading to the degradation of

their germplasm at the genetic level over time (Wang et al., 2007).

This underscores the importance of carefully managing and

conserving germplasm resources to ensure the long-term

sustainability and success of aquaculture practices.

Since its introduction in 1997, the hard clam (Mercenaria

mercenaria), a Veneroida clam species widely dispersed along the

east coast of North America (Harte, 2001), has rapidly flourished

and become a significant marine aquaculture bivalve species along

the Chinese coast (Hu et al., 2019). However, the introduction of

hard clams from the east coast of North America has resulted in all

current individuals in China being descended from a limited

number of parents in controlled environments through extensive

mixed breeding, multi-generational breeding, and inbreeding. This

situation raises concerns about germplasm degradation and the lack

of information regarding the genetic structure of the population.

Moreover, uncertainties surrounding the population’s origin have

arisen due to the loss of original introduction data and the extensive

mixed breeding that has occurred. These factors pose significant

challenges to the growth of aquaculture practices. To address these

obstacles, we have initiated a comprehensive evaluation of

germplasm and an investigation into the origins of Chinese hard

clam populations. By conducting these studies, we aim to gain

valuable information that will aid in the conservation and

sustainable development of hard clam aquaculture in China.

Genetic diversity and genetic structure play pivotal roles in

population genetic analyses (Ellis and Burke, 2007) and are essential

components when assessing germplasm resources of various

species. These aspects are crucial for evaluating genetic variation

across populations and tracing the origins of species (Tsutsui et al.,

2001; Geleta et al., 2006; Kolbe et al., 2007; Merceron et al., 2017;

Islam et al., 2018; Slim et al., 2019; Zombardo et al., 2021; Kumar

et al., 2022; Khan et al., 2023). Researchers leverage these insights to

develop comprehensive conservation strategies tailored to safeguard
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and explore high-quality germplasm resources (Crozier, 2000;

Pertoldi et al., 2007). Nevertheless, a research gap persists in the

study of the genetic diversity and genetic structure of hard clams in

China, hindering further detailed investigations. Therefore, it is

imperative to conduct thorough genetic evaluations of the species to

fill this knowledge void. By addressing this crucial step, researchers

can set the stage for subsequent in-depth studies that will pave the

way for effective conservation planning and sustainable

management practices for hard clam populations in China.

Due to their high polymorphism, co-dominance, and other

advantageous characteristics, microsatellite loci (SSRs) are

commonly used as molecular genetic markers in population

genetic analyses (Kapoor et al., 2020). SSRs play a crucial role in

genetic evaluations across various bivalve species, such as Ruditapes

philippinarum (Tan et al., 2020; Zheng et al., 2023), Crassostrea

gigas (Kochmann et al., 2012; Lallias et al., 2015; Angles d'Auriac

et al., 2017; Liang et al., 2023), Argopecten irradians (Campanella

et al., 2007; Hemond and Wilbur, 2011), Meretrix meretrix (Gu

et al., 2015; Ye et al., 2020), Meretrix petechialis (Xu et al., 2020),

among others. In addition, the mitochondrial DNA Cytochrome c

Oxidase subunit I (COI) gene, which encodes a protein in mtDNA

(Liu and Zhou, 2017), is extensively utilized as a molecular genetic

marker in the genetic analysis of bivalve species (Stoeckle et al.,

2017; Zheng et al., 2019; Feng et al., 2020; Yi et al., 2021). By

employing multiple molecular markers, including mtDNA COI,

Single Nucleotide Polymorphisms (SNPs), and SSRs, researchers

have investigated the population genetic structure of hard clams

from North America and Tokyo Bay, Japan. These studies have

provided valuable insights into the genetic diversity and structure of

hard clam populations, enhancing our understanding of their

evolutionary history and aiding in conservation efforts.

Given the considerations outlined, we have chosen to utilize two

molecular genetic markers—SSRs and mtCOI to conduct a

comprehensive genetic assessment of diverse hard clam

populations in both China and North America. This study serves

as a fundamental undertaking for evaluating germplasm and tracing

origins. The primary objectives of this research are threefold: (1)

assess whether the germplasm of Chinese hard clam populations

has undergone any degradation; (2) identify genetic distinctions

among the various Chinese populations; (3) elucidate the ancestral

backgrounds of these populations. The overarching aim of this

study is to ensure the sustained advancement of China’s

aquaculture industry by providing crucial insights and a solid

scientific basis for conserving genetic resources within these

populations. By achieving these goals, we anticipate contributing

significantly to the long-term viability and growth of aquaculture

practices in China while fostering the preservation of valuable

genetic diversity of hard clam populations.
2 Materials and methods

2.1 Sample collection

A total of nine locations across China, comprising Panjin (PJ),

Tianjin (TJ), Tangshan (TS), Lianyungang (LYG), Yancheng (YC),
frontiersin.org
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Zhoushan (ZS), Putian (PT), Zhangzhou (ZZ), and Zhanjiang (ZJ),

as well as three locations along the east coast of North America,

including Commonwealth of Virginia (VI), Lange Eylandt (LE), and

Rhode Island (RL), were sampled during the period from July 2022

to March 2023 (Figure 1, Table 1). Upon collection, dissected

samples had their adductor muscles removed and were

subsequently preserved at -80°C. Meanwhile, live samples were

carefully shipped back to the laboratory under controlled

conditions using dry ice.

All procedures involved in the animal collection, rearing and

dissection were conducted following the Guideline of Ethical

Regulations of Animal Welfare of the Institute of Oceanology,

Chinese Academy of Sciences (IOCAS 2013.3). Our study

protocols were approved by the Animal Welfare Committee of

the IOCAS.
2.2 DNA extraction, amplification, and
sequencing of PCR products

The SteadyPure Universal Genomic DNA Extraction Kit

(Accurate Biotechnology (Hunan) Co.,Ltd., ChangSha, China) is

used to extract total DNA from adductor muscles. 2X Pro Taq

Master Mix Ver. 2 (Accurate Biotechnology (Hunan) Co., Ltd.,

ChangSha, China) is the reagent used for amplification. Reaction

system involves combining 25 ml of 2X Accurate Taq Master Mix,

15 ml of template DNA and RNase-free water, 1 ml of forward
primer, and 1 ml of reverse primer. Reaction conditions are as

follows: Predenaturation at 95°C for 15 minutes, Denaturation at

94°C for 30 seconds, Annealing for 1 minute and 30 seconds,

Extension at 72°C for 1 minute and 30 seconds (a total of 35 cycles),

Final extension at 72°C for 10 minutes.

The mtCOI primers, originally designed by Baker et al. (2008),

have the fo l lowing sequences : Forward pr imer - 5 ’

TTTTCTATTTGGCAGGTCT 3’ and Reverse primer - 5’

CCTAACCCCTACAGGATCAAAA 3’ (Table 2). After annealing

at 48°C, a 528-bp fragment was successfully amplified for further
Frontiers in Marine Science 03
analysis. Subsequently, the PCR products were sent to Tsingke

Biotechnology Co., Ltd. for sequencing using the dideoxy chain-

termination method with ABI 3730xl sequencers.

The SSRs primers, including RUMM17, RUMM18, RUMM20,

RUMM21, RUMM32, RUMM34, and RUMM47 (Table 2), were

designed by Wang et al. (2010). All forward primers were tagged

with a cac sequence tag (5’- cacgacgttgtaaaacgac -3’) and had 6-

carboxyfluorescein (FAM) attached to the 5’ end for identification

purposes. Following primer selection, the PCR products were sent

to Tsingke Biotechnology Co., Ltd. for analysis. Electrophoresis was

conducted using a 3730xl DNA analyzer to visualize and assess the

amplified fragments. Specific microsatellites were chosen based on

the known characteristics such as size range and repeating motifs of

a single microsatellite region, as detailed in the study by Wang

et al. (2010).
2.3 Microsatellite analysis

The raw data obtained was processed and summarized based on

size ranges and repeat base sequences. Various genetic diversity

parameters like the number of alleles (Na), effective number of

alleles (Ae), observed heterozygosity (HO), expected heterozygosity

(He), and others were calculated by GenAlex 6.51b2 (Peakall and

Smouse, 2012). The polymorphic information content (PIC) for

each locus was determined by powdermarker 3.52 (Liu and Muse,

2005) Subsequently, UPGMA dendrograms were generated by

calculating pairwise Nei’s genetic distances between different

populations. The confidence level of these dendrograms was

assessed with 1000 bootstrap replications. The output files (.nwk)

generated from these analyses were further beautified by online tool

iTQL (Letunic and Bork, 2021). Arlequin 3.5 (Excoffier and Lischer,

2010) was employed to compute the FST values (Weir and

Cockerham, 1984) between all populations. Significance testing of

FST values was carried out with 1000 permutations and corrected by

Bonferroni procedure (Rice, 1989). For determining the ideal

population size (K), STURCTURE 2.3.4 (Pritchard et al., 2000)
A B

FIGURE 1

Sampling sites. The red names and asterisks are populations that we collected, the blue names and labels are populations involved in the previous
study (Baker et al., 2008). (A) Collection sites in China. (B) Collection sites in North America.
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was utilized. Individuals were assigned to clusters through Bayesian

model-based clustering methods. The likelihood test LnP(K) was

run for K ranging from 1 to 12, with 15 replicates for each K value.

Parameters like burn-in period length and MCMC reps were set

accordingly, following which mean LnP(K) and Delta K values were

calculated by STURCTURE HARVESTE (Earl and vonHoldt, 2011)

based on the approach established by Evanno et al. (2005) to

determine the optimal K value.
2.4 mtCOI analysis

The North American haplotype sequences from Baker et al.

(2008) were obtained from Genbank (GeneBank accession
Frontiers in Marine Science 04
numbers: EU360354–EU360438), including Charlottetown(PEI),

Patchogue Bay(NY), Mobjack Bay(VA), New River(NC), Wassaw

Sound(GA), Matanzas River(MR), Rattlesnake Isl(RI), Indian River

(IR), Cedar Key(CK) and Seahorse Key(SK)and all sequences were

co-trimmed using Bioedit 7.2.6.1 (Hall, 1999) and subjected to

sequence comparison using CLUSTAL W. DNAsp6 (Rozas et al.,

2017) was used to calculate genetic diversity parameters such as the

number of haplotypes (H), the number of polymorphic sites (S), the

haplotype diversity (Hd), the mean number of nucleotide

differences (k), the number of nucleotide polymorphisms (Pi).

MEGA11 (Tamura et al., 2021), in which the statistical method of

nodal reliability is the Bootstrap method with 1000 repetitions of

the test and the substitution type is Kimura two-parameter distance

matrix (Kimura, 1980; Nei et al., 1998), was used to calculate the
TABLE 2 Primers’ information.

Locus Primer Sequences Type
Return temperature

(°C)
Reference

RUMM021
F:GACCAGACGGATGGACAGAC
R:CAGGGGTCTTGAAAGTCAGTG

SSRs 60

Wang et al. (2010), Hargrove
et al. (2015)

RUMM018
F:AAGGGTATATTTCCCATTGTGG
R:TCGCAACCATTCATACTACCC

SSRs 59

RUMM047
F:CTGTCCTCACCGAGCAAATAC
R:GGTTAGAAAGCCGCTGTACG

SSRs 60

RUMM032
F:TTCTTCCCTCTATGTTACCAACG
R:GTGTTCGGTGAAGTTTGTGG

SSRs 59

RUMM034
F:GGATAACGATGGGATGATGG
R:TCTACATCAACGACGACAACG

SSRs 60

RUMM020
F:AAATTCTGTCAAGGGGAAAAG
R:CCTTCCCTACTGCAAACATTC

SSRs 58

RUMM017
F:CGGAAAGTGTTGAAATGATGG
R:TGCAAAACCTCAACTTCTTCG

SSRs 60

mtCOI
F:TTTTCTATTTGGGCAGGTCT
R:CCTAACCCTACAGGATCAAAA

COI 48 Baker et al. (2008)
TABLE 1 Sampling sites’ information.

Locality Code Latitude and longitude Number of samples Source Time

PanJin PJ 121°49′03″E,40°47′56″N 7 China 2022.07

Tianjin TJ 117°28′41″E,38°35′62″N 20 China 2022.07

Tangshan TS 110°19′28″E,20°56′84″N 29 China 2023.03

Lianyungang LYG 117°43′19″E,23°52′73″N 30 China 2023.03

Yancheng YC 121°41′39″E,31°13′61″N 29 China 2023.03

Zhoushan ZS 120°45′91″E,33°08′15″N 30 China 2023.03

Putian PT 117°34′82″E,39°18′25″N 21 China 2022.07

Zhangzhou ZZ 120°16′89″E,34°20′27″N 29 China 2022.11

Zhanjiang ZJ 118°38′23″E,24°42′95″N 27 China 2023.03

Lange Eylandt LE 73°8′6″W,40°47′21″N 20 USA 2023.03

Rhode Island RL 71°25’73″W,41°49’17 ″N 20 USA 2023.03

Commonwealth of Virginia VI 75°47′69″W,37°43′16″N 18 USA 2023.03
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pairwise Nei’s genetic distances between various populations, which

was used for building the unrooted population tree by Phylip’s

(Felsenstein, 1993) Subprogram Fitch and then was beatified by

online program iTQL (Letunic and Bork, 2021). To analyze the

genealogical relationships among haplotypes, haplotype networks

were built using Arlequin 3.5 (Excoffier and Lischer, 2010) and

Popart 1.7 (Leigh et al., 2015). All haplotypes were annotated, with

previously uploaded haplotype sequences using the original serial

numbers for annotation and newly discovered haplotype

occurrences using Roman numerals. The components of variance

between populations, between individuals, and within individuals

were estimated using Molecular Variance Scores (AMOVA) on the

Chinese and North American populations using Arlequin 3.5

(Excoffier and Lischer, 2010). The FST (Weir and Cockerham,

1984) between all groups was also calculated by this software, the

significance of the FST was tested using 1000 permutations and

corrected with the Bonferroni procedure (Rice, 1989). According to

the geographic isolation of east coast of the North America (Engle

and Summers, 1999; Baker et al., 2008; Ropp et al., 2023), we

categorized the 12 North American populations into 6 groups:

Group 1 for PEI, Group 2 for NY-RL (NY, LE, and RL), Group 3 for

VI and VA, Group 4 for NC-RI (NC, GA, MR, and RI), Group 5 for

IR, and Group 6 for CK and SK.

3 Results

3.1 Genetic diversity

3.1.1 Genetic diversity based on SSRs
The seven SSRs loci utilized in this study exhibited a substantial

degree of polymorphism. The highest polymorphic information

content (PIC) was observed at RUMM18 (0.9417), while the lowest

was noted at RUMM20 (0.5648), with a mean PIC value of 0.7475

(Table S1). This diversity indicated that all loci could be effectively

employed for further investigations. Further examination revealed

that RUMM018 possessed the highest number of alleles (Na),

followed by RUMM032 and RUMM034, whereas RUMM020 had

the lowest Na across various populations and loci (Supplementary

Table S2). These findings align with the PIC results obtained.
Frontiers in Marine Science 05
PJ was excluded from the comparison due to low values

resulting from a small sample size. Excluding PJ, the allele

number (Na) in Chinese populations ranged from 8.571 to

11.429, while effective number of alleles (Ae) varied between 4.338

and 5.386, Shannon’s Index(I) ranged from1.596 to 1.800, Observed

heterozygosity (HO) ranged from 0.465 to 0.545, and expected

heterozygosity (He) ranged from 0.693 to 0.761 (Table 3).

Interestingly, genetic diversity indicators remained consistently

stable across the three North American groups, with VI

displaying the lowest value for each parameter and LE exhibiting

the highest values (Table 3). This trend suggests that among the

North American populations, the level of genetic diversity is LE >

RL > VI. Upon evaluating the relevant parameters separately for

Chinese and North American populations, it was noted that

although the North American populations showcased higher

levels of genetic diversity, there were no significant distinctions

between the two groups (Table 4). This finding indicates that

genetic diversity levels within Chinese populations were generally

similar and remained high, except in cases like TJ and PJ where

variability was noticeably lower.
3.2.1 Genetic diversity based on mtDNA COI
A total of 38 haplotypes were identified upon analyzing 278

samples from the partial COI region (Table 5). Among these, twenty-

six haplotypes (I-XII, 1, 3, 9, 11, 12, 14, 15, 19, 29, 33, 38, 39, 62, and

81) were detected in nine Chinese populations. Notably, twelve of

these haplotypes (I-XII) had not been documented in previous

studies, so there are specific haplotypes of Chinese populations.

Apart from these specific: Hap I–XII haplotypes, Hap 1 was

ubiquitous across all populations and exhibited the highest number

of occurrences. The remaining haplotypes were distributed among

multiple populations as reported by Baker et al. (2008).

Based on the haplotype network (Figure 2), it is evident that Hap

1 serves as the ancestral haplotype, with all subsequent haplotypes

descending from H1. The newly discovered haplotypes in this study,

HapI to HapXII, are derived from various North American

haplotypes subsequent to the introduction of hard clams to China.

Due to the significantly smaller sample size of PJ compared to the

other populations, a comparison involving PJ and the remaining
TABLE 3 Sampling sites’ information.

Parameters/Population PJ TJ TS LYG YC ZS PT ZZ ZJ LE RL VI

Na 6.000 8.571 11.000 9.429 11.429 10.714 9.143 10.286 9.714 11.571 11.286 8.429

Ae 4.345 4.338 4.724 4.727 4.848 5.386 4.896 5.125 4.587 6.088 5.597 3.381

I 1.477 1.596 1.785 1.674 1.723 1.800 1.758 1.770 1.715 1.939 1.846 1.458

He 0.684 0.693 0.751 0.719 0.704 0.744 0.761 0.735 0.733 0.768 0.725 0.634

HO 0.567 0.465 0.520 0.476 0.538 0.485 0.487 0.545 0.476 0.557 0.514 0.437
frontier
Genetic diversity parameters based on 7 SSRs in every population.
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populations was not conducted. Among the nine populations in

China, YC exhibited the highest number of haplotypes (12), while PT

had the lowest number (6). The consistency in the number of

haplotypes across Chinese populations suggests significant

haplotype sharing among different groups, indicating extensive

gene flow and interactions among communities in China.

Haplotype diversity (Hd) ranged from 0.706 (ZS) to 0.8890 (TJ);

average nucleotide differences (k) ranged from 2.563 (ZS) to 4.005

(ZZ); and nucleotide polymorphism (Pi) varied from 0.488 (ZS) to

0.00778 (ZZ). Noteworthy is that ZS, PT, and TS displayed lower

genetic diversity levels, with ZS showing the least genetic diversity

compared to the other populations (Table 5).

In the three North American populations, a total of twelve

haplotypes were identified (Hap8, 13, 41, 42, 50, 53, 86, 87, 88, 89,

90, and 91), where Hap86 to Hap91 were novel specific haplotypes.

Haplotypes 86 and 87 were found in LE, while 88 to 91 were present

in RL. The majority of haplotypes observed in VI were common

across most populations. Regarding genetic diversity, VI exhibited

the lowest level of genetic diversity, while LE showed the highest
Frontiers in Marine Science 06
amount of genetic diversity, with RL falling in between these two

extremes (Table 5).
3.3 Population genetic structure

Due to the limited sample size of PJ, there was a concern that it

might introduce bias into the results pertaining to genetic structure.

As a result, PJ was not included in this phase of the analysis.

Subsequently, when referring to all Chinese populations except for

PJ in later descriptions, they will be denoted as CN.

3.3.1 Genetic structure based on SSRs
The population structure was examined using STRUCTURE 2.3.4

through a Bayesian cluster analysis, yielding a peak at dK=2. The results
(Figures 3A–C) indicate that at dK values of 3, 4, and 5, the North

American populations exhibit significant genetic differentiation from

CN.Moreover, while VI is also exist the genetic differentiated fromCN,

its differentiation is less pronounced compared to LE and RL, hinting

that VI might be one of the potential origins of CN. However, when

comparing the genetic differences between various Chinese

populations, most genetic disparities were found to be minimal or

insignificant except ZZ and LYG.

The majority of pairwise FST values between populations don’t

exhibit highly significant differences (*P < 0.0009), with VI-ZJ

displaying the greatest difference (0.08445) and ZS-ZJ showing the

smallest (0.00123). Chinese populations, especially VI, were found to be

distantly related to North American groups. The UPGMA dendrogram

(Figure 4) constructed using pairwise Nei’s genetic distances (Table 6)

among various populations also reflected similar result, grouping

populations into two groups based on their geographic distribution.

While genetic differentiation within CN was minor, there were outlier

examples like TJ that stood out as more distinct, likely due to reduced
TABLE 5 Genetic diversity parameter based on mtCOI.

Group n H S Hd k p Haplotypes

PJ 7 5 9 0.8571 3.143 0.00610 I(1), 1(3), II(1), 12(1), 38(1)

TJ 20 10 17 0.8890 3.537 0.00674 1(11), 38(1), 15(4), 9(4), 3(4), IV(1), V(1), 39(2), 29(1), VI(1)

TS 29 9 16 0.7440 2.591 0.00503 1(14), 15(1), 9(5), 3(2), III(2), V(2), XI(1), 62(1), XII(1)

LYG 30 11 16 0.8250 3.766 0.00731 1(10), II(1), 12(1), 9(7), 3(5), V(1), 14(1), 19(1), 81(1), X(1), 11(1)

YC 29 12 19 0.8520 3.680 0.00715 1(10), 12(3), 9(5), 3(2), III(1), V(2), VI(1), VII(1), 14(1), VIII(1), XI(1), 33(1)

ZS 30 10 17 0.7060 2.563 0.00488 1(16), 38(1), 15(1), 9(4), 3(1), V(2), 39(1), 19(1), 81(2), IX(1)

PT 21 6 13 0.7762 3.029 0.00588 1(9), 12(4), 15(2), 9(3), 3(2), III(1)

ZZ 29 9 16 0.8301 4.005 0.00778 1(9), 9(7), 3(4), III(4), IV(1), V(1), VII(1), 14(1), VIII(1)

ZJ 27 9 15 0.8006 3.225 0.00626 1(11), 12(1), 38(1), 9(5), 3(2), III(3), V(1), 19(2), 81(1)

Chinese populations 222 26 34 0.795 3.286 0.00637 I-XII, 1, 3, 9, 11, 12, 14, 15, 19, 29, 33, 38, 39, 62, 81

LE 20 10 17 0.832 3.289 0.00639 1(8), 9(2), 33(1), 86(1), 42(3), 53(1), 41(1), 87(1), 13(1), 50(1)

RL 18 9 11 0.837 2.301 0.00447 1(7), 33(1), 41(3), 13(2), 88(1), 89(1), 90(1), 91(1), 8(1)

VI 18 4 7 0.477 1.353 0.00263 1(13), 12(1), 62(2), 41(2)
sample size(n), number of Haplotypes (H), Polymorphic loci (S), haplotype diversity (Hd), Average number of differences (k), Nucleotide diversity (p). The value has been highlighted in bold
indicates a higher value in Chinese populations, the value has been highlighted in bold and red indicates a higher value in North American populations.
TABLE 4 Genetic diversity parameters in two populations.

populations
VI-RL

(North American)
PJ-

ZJ(China)
P

value

Na 10.429 9.587

0.934

Ae 5.022 4.775

I 1.748 1.700

Ho 0.503 0.507

He 0.709 0.725

uHe 0.729 0.744
uHe: Unbiased Expected Heterozygosity. The value has been highlighted in bold indicates a
higher value.
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gene flow with other populations. The UPGMA dendrogram results

aligned with previous findings indicating weaker genetic differentiation

between VI and CN; however, FST results revealed that LE and CN

showed less differentiation.

3.3.2 Genetic structure based on mtDNA COI
The AMOVA analysis conducted on Chinese and North

American populations individually demonstrated that the Among

Populations Variance component of the North American population

was notably higher compared to that of CN. This discrepancy

suggests that there was weaker genetic differentiation among

distinct populations in China (Table 7). This finding was further

supported by the pairwise FST values between the two populations.

The pairwise genetic distances and pairwise FST between

distinct groups in China and North America, along with the

unrooted population tree based on the Kimura two-parameter

distance matrix, can be used to determine the link between the

populations and the genetic difference. (Figure 5, Table 8). The

results from (Table 8) revealed that genetic distances among

Chinese populations ranged from 0.00511 to 0.00772, while

pairwise FST varied from -0.01907 to 0.04207. Across all

populations, genetic distances spanned from 0.00331 to 0.00942,

with FST ranging from -0.03456 to 0.15275. A few significant

differences were noted in the pairwise FST values of all

populations, indicating no strong relationship between any North

American population and CN (*P < 0.0002). The unrooted
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population tree displayed a distant relationship between CN and

specific North American Groups 1 and 2, suggesting it is

improbable that CN originates from these geographic populations

as these groups. Furthermore, the clustering of CN populations

together in the tree suggests minimal genetic differentiation among

them, although there are discernible differences, which aligns with

the earlier findings.

Considering all the outcomes, the genetic differentiation among

all Chinese populations is notably weak, leading us to treat them

collectively in subsequent analyses. Post the calculation of pairwise

FST values between CN and the six groups specified in the Materials

and methods, we observed the highest pairwise FST value in A

(0.06854) and the lowest in C (0.01980) (Table 9). Additionally, we

conducted pairwise FST calculations between CN and VA

independently to explore if the results from Group 3 were linked

to VI haplotypes. The findings revealed that the presence and

quantity of VI haplotypes did not impact the results of C.

Consequently, Group 3 and 6 exhibit closer affinities with CN

based on the analysis.

Building upon the results mentioned earlier, we categorized all

groups into three classes to assess their proximity to the Chinese

groups. Group 3 and 6 were assigned to the first class denoted by a blue

circle, indicating the closest affinities, whereas Group 4 and 5 were

positioned in the second class marked by a green circle. Lastly, Group 1

and 2 were allocated to the third class represented by a yellow circle in

the diagram (Figure 1), signifying the most distant affinities.
FIGURE 2

Statistical parsimony network of the mtCOI haplotypes detected in the 278 samples. Circle size indicates frequency. The population origins of the
haplotypes were indicated by colors.
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4 Discussion

The hard clam, a widely distributed species native to the east

coast of North America, has been subjected to genetic scrutiny.

Hargrove et al. (2015) employed SSRs to assess genetic diversity

within cultured populations in contrast to wild populations in

Florida. Baker et al. and Ropp et al. examined the genetic makeup

of populations along the east coast of North America using mtCOI

and SNP analyses (Baker et al., 2008; Ropp et al., 2023).

Additionally, Murakami-Sugihara et al. (2012) scrutinized

populations in Tokyo Bay utilizing mtCOI, drawing on previous

work by Baker et al. (2008). This study employs SSRs and mtCOI to
Frontiers in Marine Science 08
probe the genetic diversity and structure of nine populations

spanning south to north along the Chinese coast, alongside three

populations from northern North America (LE, RL, and VI). The

aim is to compare these findings with those from the studies

mentioned above to evaluate the germplasm of CN and track

its origins.
4.1 Loci polymorphism

The Polymorphism Information Content (PIC) index serves as

a crucial metric for assessing the level of polymorphism in markers

(Nagy et al., 2012). This value indicates a marker’s ability to reveal

population polymorphism (Serrote et al., 2020), with values

exceeding 0.5 suggesting high informativeness (Botstein et al.,

1980). The utilization of SSRs for genetic diversity and structure

analysis in other bivalve species has gained prominence recently.

Jiang et al. employed 29 SSRs, revealing a PIC range of 0.341–0.910

in Ruditapes philippinarum (Jiang et al., 2018). An et al. utilized

nine microsatellite markers to compare genetic diversity in wild and

cultured Crassostrea gigas populations in Korea, yielding PIC values

ranging from 0.77–0.96 (An et al., 2013). Zhan et al. developed

microsatellite markers with PIC values spanning from 0.2128 to

0.7843 using expressed sequence tags from Argopecten irradians

(Zhan et al., 2005). Lu et al. established three EST-SSR markers with
FIGURE 4

Unweighted pair group method with arithmetic mean (UPGMA)
dendrogram based on different populations’ Pairwise Nei’s genetic
distance. The pink titles are American populations and the orange
titles are Chinese populations.
A

B

C

FIGURE 3

The results of population STURCTURE analysis (A) The population structure of All samples when dK is 3. (B)The population structure of All samples
when dK is 4. (C) The population structure of All samples when dK is 5.
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QTL for Meretrix meretrix growth, showcasing PIC values ranging

from 0.7963–0.8438 (Lu et al., 2013). In our investigation, the PIC

values range from 0.5810 to 0.9417, with a mean of 0.7475. It

appears that the seven microsatellite markers employed in this

study exhibit higher polymorphism levels compared to other

bivalve species and loci studied previously.
4.2 Genetic diversity

4.2.1 Differences in number of different alleles
of loci

New alleles can arise from genetic variation in individuals or

groups, playing a crucial role in genetic diversity (Allendorf, 1986).

Assessing differences in allele numbers can help determine if there

has been a decline in genetic diversity (Allendorf and Phelps, 1980).

Notably, the RUMM018 locus exhibits the highest number of alleles

on SSRs, both in the populations under our scrutiny and in the

study conducted by Hargrove et al. (2015). In our analysis, the

number of alleles at other loci besides RUMM018 is significantly

lower than that found at RUMM018, while this trend is also
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observed in the study by Hargrove et al. (2015) although the

difference is not as pronounced as in our investigation. Apart

from RUMM018, RUMM032 and RUMM034 showcase the

highest allele counts in our study, distinctly surpassing the others.

Conversely, in the research by Hargrove et al., RUMM032 and

RUMM034 exhibit fewer alleles and are not notably different from

the remaining loci. This suggests that, compared to the Florida

populations, RUMM032 and RUMM034 show more specificity

within the populations under our examination.
FIGURE 5

Using Kimura two-parameter distance to construct unrooted
population tree. based on Genetic distance between the different
populations in China and North America.; The pink titles are
American groups and the orange titles are Chinese groups.
TABLE 6 Pairwise FST values and pairwise Genetic distance between different populations in China and the North America by SSRs.

TJ TS LYG YC ZS PT ZZ ZJ LE RL VI

TJ 0.00000 0.20041 0.19272 0.17843 0.21393 0.16363 0.25731 0.23587 0.26763 0.32296 0.21684

TS 0.02345 0.00000 0.14494 0.11410 0.15250 0.15007 0.15406 0.17036 0.24368 0.27034 0.21193

LYG 0.02087 0.00949 0.00000 0.14069 0.12613 0.16855 0.13005 0.16677 0.27582 0.28155 0.22341

YC 0.02152 0.01284 0.01256 0.00000 0.15045 0.16916 0.13288 0.13566 0.20855 0.23190 0.21065

ZS 0.03892 0.02019 0.01573 0.01982 0.00000 0.19755 0.14840 0.14825 0.22571 0.25509 0.24346

PT 0.02337 0.00282 0.01846 0.01257 0.01199 0.00000 0.17623 0.19637 0.27046 0.29828 0.24152

ZZ 0.04361 0.01769 0.01483 0.01148 0.00607 0.01115 0.00000 0.17443 0.27045 0.26284 0.25078

ZJ 0.05349 0.02487 0.01795 0.02421 0.00123 0.01699 0.01245 0.00000 0.25013 0.27397 0.27101

LE 0.03051 0.02127 0.02568 0.01511 0.01373 0.01252 0.01599 0.02200 0.00000 0.26619 0.27553

RL 0.04212 0.04311 0.03980 0.03032 0.02221 0.02189 0.02234 0.04529 0.01871 0.00000 0.28507

VI 0.04016 0.05462 0.04879 0.05119 0.06408 0.05785 0.05594 0.08445 0.05361 0.04585 0.00000
fr
The Pairwise FST values below the diagonal and the pairwise genetic distance above the diagonal. Significant values after a Bonferroni correction (*P < 0.0009) are highlighted in bold.
TABLE 7 The Analysis of molecular variance (AMOVA) results of CN and
North American populations based on mtCOI.

Source
of variation

Percentage
of variation

FST
P

value

a: CN

Among populations 0.40 0.00142 0.41544

Within populations 99.60

b: North American populations

Among populations 5.64 0.05644 0.00000

Within populations 94.36
(a) results for the CN (b) results for the North American populations.
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TABLE 8 Pairwise FST values and pairwise Genetic distance between different populations in China and the North America by mtDNA COI.

RL VI PEI NY VA NC GA MR RI IR CK SK

0.00560 0.00482 0.00530 0.00614 0.00661 0.00708 0.00712 0.00675 0.00712 0.00695 0.00824 0.00650

0.00528 0.00423 0.00506 0.00622 0.00626 0.00668 0.00693 0.00638 0.00689 0.00685 0.00797 0.00632

0.00667 0.00604 0.00664 0.00745 0.00757 0.00755 0.00753 0.00731 0.00746 0.00744 0.00896 0.00727

0.00599 0.00543 0.00590 0.00666 0.00692 0.00755 0.00761 0.00716 0.00752 0.00742 0.00853 0.00697

0.00484 0.00388 0.00457 0.00562 0.00580 0.00635 0.00663 0.00598 0.00657 0.00647 0.00754 0.00594

0.00516 0.00447 0.00493 0.00575 0.00614 0.00673 0.00683 0.00636 0.00679 0.00663 0.00777 0.00616

0.00698 0.00636 0.00703 0.00791 0.00787 0.00812 0.00822 0.00782 0.00809 0.00815 0.00942 0.00777

0.00551 0.00473 0.00532 0.00624 0.00644 0.00701 0.00721 0.00664 0.00711 0.00703 0.00812 0.00655

0.00525 0.00480 0.00514 0.00574 0.00638 0.00768 0.00771 0.00707 0.00764 0.00741 0.00806 0.00670

0.00369 0.00413 0.00492 0.00549 0.00661 0.00666 0.00608 0.00666 0.00642 0.00723 0.00573

0.05147 0.00331 0.00449 0.00486 0.00582 0.00597 0.00539 0.00602 0.00584 0.00661 0.00508

0.03865 0.06292 0.00464 0.00533 0.00650 0.00648 0.00600 0.00655 0.00628 0.00703 0.00549

0.02033 0.11540 0.05384 0.00612 0.00755 0.00741 0.00691 0.00740 0.00707 0.00774 0.00632

-0.00845* 0.03532 0.04193 0.03114 0.00778 0.00789 0.00718 0.00778 0.00762 0.00825 0.00688

0.07038 0.07056 0.11446 0.13274 0.06910 0.00756 0.00755 0.00761 0.00762 0.00885 0.00727

0.10314 0.12789 0.14455 0.14354 0.10717 0.00483 0.00751 0.00728 0.00724 0.00908 0.00707

0.02548 0.04687 0.08089 0.08486 0.02054 -0.00501* 0.01846 0.00746 0.00744 0.00865 0.00697

0.08704 0.11954 0.13895 0.12748 0.07985 -0.00634* -0.02096* -0.00422* 0.00733 0.00902 0.00713

0.06660 0.10652 0.11167 0.09813 0.07254 0.00200 -0.01830* 0.00227 -0.02438* 0.00884 0.00698

0.07161 0.12054 0.12624 0.09155 0.05807 0.05853 0.10692 0.05929 0.08480 0.07842 0.00825

0.01457 0.06432 0.05701 0.04522 0.01721 -0.00360* -0.00273* -0.02051* -0.01221* -0.02210* 0.03943

Bonferroni correction (*P <0.0002) are highlighted in bold.
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TJ TS LYG YC ZS PT ZZ ZJ LE

TJ 0.00617 0.00755 0.00708 0.00599 0.00638 0.00762 0.00658 0.00654

TS 0.00629 0.00682 0.00647 0.00511 0.00573 0.00689 0.00581 0.00630

LYG 0.02136 0.03756 0.00750 0.00668 0.00698 0.00772 0.00713 0.00748

YC -0.01463* 0.01090 -0.00676 0.00624 0.00654 0.00767 0.00675 0.00684

ZS -0.00899* -0.01776* 0.04207 0.00509 0.00552 0.00668 0.00556 0.00580

PT 0.03554 0.00388 0.00839 -0.02944* -0.00713* 0.00705 0.00603 0.00604

ZZ 0.02245 0.01399 -0.01169* -0.01014* 0.03085 0.00784 0.00713 0.00786

ZJ -0.01414* -0.01313* 0.01455 -0.01907* -0.01758* -0.02564* -0.00685* 0.00641

LE 0.00351 0.05812 0.05465 -0.00092* 0.03055 -0.01350* 0.05620 0.01254

RL 0.00199 0.05653 0.07598 0.01396 0.02997 -0.00627* 0.07422 0.02181 -0.02135*

VI 0.03676 0.02001 0.12575 0.07019 0.01991 0.04934 0.10997 0.04426 0.07002

PEI 0.04239 0.09751 0.15275 0.07790 0.06883 0.04708 0.14932 0.07256 0.04658

NY 0.03379 0.13548 0.13112 0.05789 0.09456 0.03489 0.13899 0.07480 -0.00203*

VA -0.00270* 0.02694 0.05430 -0.00606* 0.00703 -0.01652* 0.04295 -0.00253* -0.01587*

NC 0.01762 0.02172 0.01324 0.02469 0.03893 0.02081 0.02109 0.02436 0.07329

GA 0.03697 0.08045 0.02995* 0.05267 0.09419 0.05108 0.05817 0.06924 0.10289

MR -0.01543* -0.00120* -0.00995* -0.01095* -0.00189* -0.01811* 0.00045 -0.01204* 0.02570

RI 0.01796 0.05682 -0.00006* 0.02359 0.06720 0.02623 0.02447 0.03776 0.07912

IR 0.01093 0.06362 0.01129 0.02357 0.06662 0.01889 0.04104 0.04000 0.06345

CK 0.04789 0.09784 0.07068 0.04712 0.08332 0.04214 0.08014 0.06040 0.05016

SK -0.03456* 0.02660 0.00542 -0.01158* 0.01928 -0.02724* 0.02237 0.00139 0.01171

The Pairwise FST values below the diagonal and the pairwise genetic distance above the diagonal. Significant values after
 a

https://doi.org/10.3389/fmars.2024.1362003
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang et al. 10.3389/fmars.2024.1362003
On mtCOI, the count of haplotypes identified in CN (26) is

notably lower than that of North American populations (91) and

more aligned with Tokyo Bay populations (44). However, it’s

important to consider that the actual disparity may be greater

when factoring in the number of samples and sampling sites due to

a positive correlation between the number of haplotypes and

samples (Wang et al., 2017; Zheng et al., 2019). Similar to the A-

TJ haplotypes observed in Tokyo Bay populations (Murakami-

Sugihara et al., 2012) (A-TJ, GeneBank accession numbers:

AB670719-AB670734, AB685193-AB685212), haplotypes I-XII

are specific to CN. These haplotypes (I-XII, A-TJ) emerged from

the North American populations post-successful migration, yet the

count of endemic haplotypes in the two populations significantly

differs (12:36). Furthermore, the disparity in haplotype numbers

between Chinese and North American populations is remarkable,

despite the common trend of alien populations encountering

reduced genetic diversity due to loss of genetic variation following

successful migration (Roman and Darling, 2007).
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In exploring this phenomenon, we believe there are two

potential reasons at play. The first explanation could be attributed

to differences in genetic variation. However, parameters like Hd, k,

and Pi in the former are not notably lower compared to the latter

two. Generally, higher parameter values signify greater genetic

diversity (Frankham et al., 2002; Hughes et al., 2008), suggesting

that CN remains relatively on par with the other populations

regarding genetic variation. The second reason likely involves

environmental factors. Diverse environmental conditions serve as

significant drivers of genetic differentiation among populations

(Riginos and Nachman, 2001; Lee and Mitchell-Olds, 2011;

Kijewski et al., 2019). When juxtaposed with Tokyo Bay and the

Florida peninsula, the Chinese coast is similar with the east coast of

North America concerning temperature, salinity, and other

environmental aspects, potentially leading to less variation. Yet,

these typical environmental conditions encompass a wide range of

factors, including temperature and salinity. Therefore, further

comprehensive studies will be required in the future to pinpoint

the specific factors contributing to this observed phenomenon.

4.2.2 Genetic diversity of Mercenaria mercenaria
between different geographical populations

Cape Hatteras in North Carolina is recognized as a significant

biogeographic barrier (Engle and Summers, 1999). Building on this

information, the North American populations under study

presently and previously (Hargrove et al., 2015) can be classified

into two main groups: populations situated north of Cape Hatteras

and populations in Florida. Various genetic diversity parameters

serve to gauge the extent of genetic variety, where a higher

parameter value generally indicates greater genetic diversity

(Frankham et al., 2002; Hughes et al., 2008). Regarding the

genetic diversity of SSRs, populations located north of Cape

Hatteras exhibit the highest levels, followed by CN, and then the

populations in Florida (Table 3).

When looking at mtCOI, despite the genetic diversity being

relatively consistent across geographical populations, there are

specific populations within CN, such as PT, ZS, and TS, that

exhibit lower diversity. Our speculation is that these particular

populations have suffered due to intensive farming practices,

leading to increased inbreeding in comparison to the remaining

two wild populations (Avise et al., 1987; Hedgecock et al., 1992;

Hedgecock, 1994). This heightened inbreeding can result in a

gradual loss of genetic variations, creating a detrimental cycle.

Such a situation could pose a significant threat to the germplasm

resources crucial for aquaculture.

Considering the results from SSRs and mtCOI, we observe that

CN showcases a higher level of genetic diversity, with minimal

disparity compared to North American populations. Notably,

specific groups within CN exhibit elevated diversity levels, such as

YC. However, conversely, there are still populations facing challenges,

like PT. In recent years, advancements in internet accessibility and

transportation have facilitated increased intermixing among

populations from different locations to enhance offspring quality
TABLE 9 The AMOVA results of CN and all Groups.

Source
of variation

Percentage
of variation

FST
P

value

A: CN and Group 1

Among populations 7.27 0.07269 0.00000

Within populations 92.73

B: CN and Group 2

Among populations 5.82 0.05819 0.00000

Within populations 94.18

C: CN and Group 3

Among populations 2.22 0.02223 0.01564

Within populations 97.78

D: CN and Group 4

Among populations 2.82 0.02818 0.00098

Within populations 97.18

E: CN and Group 5

Among populations 3.74 0.03742 0.00978

Within populations 96.26

F: CN and Group 6

Among populations 3.21 0.03207 0.01075

Within populations 96.79

G: CN and VA

Among populations 1.64 0.01643 0.09482

Within populations 98.36
(A): CN and Group 1(PEI). (B): CN and Group 2(NY, LE and RL). (C): CN and Group 3(VI
and VA). (D): CN and Group 4(NC, GA, MR and RI). (E): CN and Group 5(IR). (F): CN and
Group 6(CK and SK). (G): CN and VA.
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and gene flow in various aquaculture species (Zhang et al., 2007; Li

et al., 2011; Ye et al., 2020; Ma et al., 2022). Our speculation regarding

PT, identified as the oldest population in our study, centers on two

potential reasons for its low genetic diversity: firstly, inherent limited

genetic variation within the population itself, and secondly, historical

practices that discouraged extensive mixing, hindering adequate gene

flow over many years.

The founder effect, as explained by Nei et al. (1975), entails a

reduction in genetic diversity occurring when alien species invade

an area and establish a new geographic population. While this

phenomenon is prevalent in numerous marine species (Lindholm

et al., 2005; Marescaux et al., 2016), there exist instances where

reductions in genetic diversity are less pronounced (Roman and

Darling, 2007; Meistertzheim et al., 2013). This study appears to

align more with the latter category. Upon analyzing the data, we

note that the genetic diversity in CN is higher in SSRs compared to

Florida populations but lower in mtCOI. We believe we have now

discerned the reasons behind this disparity after considering both

the introduction history and genetic structure aspects. One

plausible explanation for this lies in the hybrid nature of CN due

to the incorporation of various populations from different North

American regions. The diverse origins of the founders initially

contributed to higher genetic variability in Chinese populations,

even though the founder effect might render Chinese populations

less genetically diverse than their North American counterparts.

Despite experiencing reductions due to mixed breeding, multi-

generational breeding, and inbreeding leading to allele loss

(Allendorf and Phelps, 1980), the current genetic diversity

remains relatively high due to the initial rich genetic pool.

Conversely, the Florida population faces significant challenges in

genetic flow owing to its geographic isolation and southernmost

location (Engle and Summers, 1999; Baker et al., 2008; Ropp et al.,

2023) from the rest of North America. Hence, CN exhibits slightly

greater genetic diversity in SSRs compared to Florida populations.

Concerning mtCOI, while it may marginally lag behind in

comparison, specific populations within CN still exhibit notable

genetic diversity. Combined with the above results, we conclude

that the germplasm of hard clam in China has not been seriously

degraded and still has a high level of genetic diversity.

Across two molecular genetic markers, VI, originating from the

Commonwealth of Virginia in the United States, exhibits the lowest

levels of genetic diversity. While VA, as mentioned in the study by

Baker et al. (2008), was also collected from the same region,

significant differences in genetic diversity between the two

populations prompt us to propose two potential reasons for this

occurrence. Firstly, in contrast to VA sourced from a wild population,

VI may have originated from a cultivated population. Consequently,

VI likely experienced less gene flow compared with wild populations,

and the process of cultivation typically leads to diminished genetic

diversity (Avise et al., 1987; Hedgecock et al., 1992; Hedgecock, 1994).

Secondly, geographic distribution plays a crucial role. Research by

Ropp et al. (2023) highlights that the Commonwealth of Virginia

encompasses an isolated bay known as Chesapeake Bay. Species

inhabiting this region encounter challenges in engaging in gene flow
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with populations in the mid-Atlantic region (spanning from New

York State to Virginia), which is how the differences between VI and

VA came into existence. In essence, as a farmed species, limited

interaction with other populations may be the primary contributing

factor to its reduced genetic diversity.
4.3 Germplasm evaluation

Genetic structure analysis plays a vital role in evaluating

germplasm, as highlighted by several studies (Djè et al., 2000;

Cordeiro et al., 2003; Schnell et al., 2003; Zhebentyayeva et al.,

2003; Chao et al., 2007; Shehzad et al., 2009; Szamosi et al., 2010). It

enables the examination of connections and differentiations among

various groups and individuals (Lessa, 1990), thereby providing

insights into the optimal structures for utilization in breeding

programs (Brown, 1978).

On SSRs, despite classifying individuals and populations into

different groups, results consistently showed minimal genetic

differences across CN. VI exhibited less variations from CN in the

STRUCTURE analysis, hinting at a possible origin relationship

between them. The UPGMA dendrogram, based on pairwise Nei’s

genetic distances among populations, echoed these conclusions.

Except for PJ, populations from China and North America were

distinctly grouped. Combined with the results of pairwise FST, we

speculate LE and RL are distantly related to CN but we’ll need to

verify that later.

In mtCOI, we observed similar trends where CN populations

were predominantly grouped with minimal variation between them.

As mentioned earlier, in the context of modern transportation and

internet connectivity, cultivated species often migrate from their

original locations to new areas. We believe this phenomenon is the

primary factor influencing the population structure of Mercenaria

mercenaria. The second significant aspect is historical introduction.

All current individuals in China are descendants of a small number

of specimens brought from North America (Hu et al., 2019),

resulting in initial minimal genetic differences among different

Chinese populations. In our view, the historical introduction

plays a pivotal role in shaping these outcomes, while the

migration process simply facilitates this pattern.

In the preceding discussion on genetic diversity, we highlighted

the absence of significant degradation in germplasm of hard clam in

China. However, upon considering this aspect alongside the

following section, it becomes apparent that the germplasm quality

remains satisfactory, the limited genetic differentiation between

populations indicates an unfavorable situation.
4.4 The origin of Chinese hard clams

Based on the above results discussed, we have deduced that

there exists minimal genetic differentiation among various Chinese

populations, suggesting they can be treated collectively when we

trace their origin. Drawing from previous research indicating
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geographic isolation (Engle and Summers, 1999; Baker et al., 2008;

Ropp et al., 2023), we divided North American populations into six

groups (Group 1-6) and calculate the pairwise FST between CN with

them. Our findings reveal that Group 3 exhibits a closer relationship

to CN compared to Group 2, aligning with our earlier observations

from SSRs where VI is more similar to CN than LE and RL. After

combining the maps, we find the regions north of Cape Hatteras are

genetically very different from the CN, while the regions south are

much smaller, with the exception of Group 3. This suggests Cape

Hatteras acts as a barrier to gene flow, indicating a probable

southern origin for CN. Despite not introducing hard clams from

certain sites in this region, gene flow has led to some relatedness

with those locations. Regarding Chesapeake Bay, although located

north of Cape Hatteras, its strong association with CN implies prior

introduction of hard clams to this area.

Due to the limited number of haplotype types (1, 12, 41, 62) and

the prevalence of shared haplotypes in VI, these haplotypes are also

more dominant in CN. This leads us to suspect that the pronounced

connection between Group 3 and CN may be influenced by the

haplotype distribution in VI. To confirm this hypothesis, we

recalculated the pairwise FST between CN and VA in Group G.

Surprisingly, even after excluding VI from the analysis, the pairwise

FST value between CN and Group 3 remains lower than that of CN

with the other groups. This additional finding further supports our

conclusion that Chesapeake Bay serves as one of the origin points.

The traceability findings indicate that LE and RL exhibit a

considerable genetic differences with CN, suggesting that the

geographic populations where they are present may not have

been previously introduced to China. Moreover, these populations

display a notable level of genetic diversity, positioning them as

valuable germplasm resources. Consequently, it is highly probable

that LE and RL could play a pivotal role in improving the current

status of hard clam germplasm in China.
5 Conclusion

In this study, we assessed the germplasm and traced the origin

of the hard clam population in China using two molecular genetic

markers, SSRs, and mtCOI. The results revealed that the Chinese

subpopulation maintains a higher level of genetic diversity

compared to populations in North America and Tokyo Bay. Due

to extensive mixing, inbreeding, and multi-generational breeding,

there is minimal genetic differentiation among individuals within

this population, this suggests that the germplasm of hard clam in

China is a cause for concern. Nonetheless, certain populations such

as LYG exhibit significant genetic variance from others and harbor

substantial genetic diversity, representing valuable germplasm

resources. To enhance the genetic pool of germplasm in China, it

remains essential to introduce high-quality populations from North

America. Among the populations introduced in this study, LE and

RL are identified as promising resources. The probable areas of

origin for the Chinese populations are suggested to be Chesapeake

Bay and south of Cape Hatteras. These insights will aid in furthering

research and conservation efforts related to the genetic diversity and

origins of hard clam populations in China.
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