
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Kwang-Sik Albert Choi,
Jeju National University, Republic of Korea

REVIEWED BY

Youji Wang,
Shanghai Ocean University, China
Sozos Michaelides,
Concordia University, Canada

*CORRESPONDENCE

Hanhan Yao

yaohanhan1020@126.com

Lin He

helin@zwu.edu.cn

†These authors have contributed equally to
this work

RECEIVED 23 December 2023

ACCEPTED 12 March 2024
PUBLISHED 25 March 2024

CITATION

Wang S, Shi Y, Dong Y, Meng Y, Yao H and
He L (2024) Molecular identification of
Sinonovacula constricta, Sinonovacula
rivularis and their interspecific hybrids
using microsatellite markers.
Front. Mar. Sci. 11:1360596.
doi: 10.3389/fmars.2024.1360596

COPYRIGHT

© 2024 Wang, Shi, Dong, Meng, Yao and He.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

TYPE Brief Research Report

PUBLISHED 25 March 2024

DOI 10.3389/fmars.2024.1360596
Molecular identification of
Sinonovacula constricta,
Sinonovacula rivularis and their
interspecific hybrids using
microsatellite markers
Shasha Wang1†, Yi Shi1†, Yinghui Dong1,2, Yiping Meng1,
Hanhan Yao1* and Lin He1*

1Zhejiang Key Laboratory of Aquatic Germplasm Resources, College of Biological and Environmental
Sciences, Zhejiang Wanli University, Ningbo, China, 2Ninghai Institute of Mariculture Breeding and
Seed Industry, Zhejiang Wanli University, Ninghai, China
The razor clam Sinonovacula constricta, is one of the most commercially

important cultured bivalves in China and Southeast Asia, while S. rivularis is its

closer relatives discovered more than a decade ago. In order to obtain offspring

with faster growth rate and stronger salt tolerance of S. constricta and S. rivularis,

interspecific hybrids were produced, and the hybridity of the interspecific hybrids

was confirmed by microsatellite markers. Microsatellite markers exhibit a high

potential for transfer through cross-amplification in related species, and the

transferability of 48 pairs of microsatellite marker primers from S. constrictawere

assessed in S. rivularis. Here, 24 universal microsatellite markers were

successfully amplified in S. rivularis, of which 18 were polymorphic with the

allele number from 2 to 5. The genetic diversity of two razor clams evaluated by

18 polymorphic microsatellite markers indicated that two species were both

above the middle level, with a relatively higher genetic diversity, while S.

constricta showed higher genetic diversity than S. rivularis according to the

genetic parameters of Na, Ho, He and PIC. Furthermore, a total of two species-

specific microsatellite markers were screened, which could be used for quick

genetic identification of S. constricta, S. rivularis and their hybrids. The results

suggest the induced interspecific hybrids are true hybrids between S. constricta

and S. rivularis, which provide a basis for breeding, subsequent protection, and

germplasm resources utilization of the razor clams.
KEYWORDS

Sinonovacula constricta, Sinonovacula rivularis, microsatellite marker, cross-species
amplification, hybrids, genetic identification
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Introduction

The razor clam Sinonovacula constricta is one of the most

commercially and ecologically important bivalves in China and

Southeast Asia, while S. rivularis is the closer relative of S. constricta,

belongs to genus Sinonocavula, and is first found in Minjiang

estuary waters of Fujian province (China) in 2007 (Huang and

Zhang, 2007). It has the characteristics of fast growth, high

economic value and environmental friendliness, and has been

promoted for aquaculture in coastal areas of Fujian province of

China. For a long time, S. rivularis was considered as S. constricta

because of its overlapping ecological habits and similar

morphology. However, S. rivularis was identified as a new species

by shell length/shell height ratio, sperm morphology and so on

(Huang and Zhang, 2007). As for S. constricta, it has high tolerance

to broad range of salinities and can adapt to salinity around 6.5-26.2

ppt (Ran et al., 2017). Unlike S. constricta, S. rivularis possesses

strong low salt tolerance (salinity 5.2-7.8 ppt), which is suitable for

living in low salt water areas, and can even survive for more than 4 d

in freshwater (Huang and Zhang, 2007; Huang et al., 2011; Weng

et al., 2013).

Hybridization has been considered as a possibly efficient

method to increase growth rate and adaptability to environmental

conditions, which has been widely used in classic breeding in plant

and livestock production. Crossbreeding has been widely used for

genetic improvement in commercial shellfish species, such as

oysters, scallops and abalones (Guo, 2009; Luo et al., 2010; You

et al., 2015). Some interspecies hybrids of shellfish have been

commercially used to improve growth rate, survival rate, food

conversion and stress resistance (Lafarga de la Cruz and

Gallardo-Escárate, 2011). For example, Pacific abalone Haliotis

discus hannai and red abalone H. rufescens were successfully

hybridized to obtain hybrids showing positive heterosis in growth

and survival rates compared to parental species (Lafarga de la Cruz

et al., 2010), and H. discus hannai were successfully hybridized with

green abalone H. fulgens, with hybrids exhibited hybrid vigor and

adaptation to the higher temperature tolerance (You et al., 2015). S.

constricta and S. rivularis are close relatives, and the hybrids with

faster growth rate and stronger salt tolerance (strong lower and

higher salt tolerance) have been successfully produced. However,

identification of hybridized individuals is a primary importance for

breeding and the germplasm conservation of S. constricta and

S. rivularis.

To date, previous studies have reported several methods to

distinguish S. constricta and S. rivularis. Huang et al. (2011)

compared the ultrastructure of mature sperms of S. rivularis and

S. constricta by scanning electron microscope and transmission

electron microscopy for differentiating them. Subsequently,

molecular identification of S. constricta and S. rivularis were

conducted by mitochondrial COІ and 16S rRNA analysis (Weng

et al., 2013). However, there has been no method to effectively

identify their hybrids, which is critical for breeding projects and

conservation of two species.

Microsatellites, also known as simple sequence repeats (SSRs),

are molecular markers developed in the late 1980s. At present, they

have been widely used in genetic diversity analysis, genetic
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relationship analysis, pedigree identification, genetic map

construction and many other fields due to their wide distribution,

rich polymorphism, co-dominant inheritance and convenient

detection in aquatic animals (Li, 2006). In mollusks,

microsatellites have been developed in a wide number of species,

such as Zhikong scallop Chlamys farreri (Zhan et al., 2008), Pacific

oyster Crassostrea gigas (Li et al., 2011), blood clam Tegillarca

granosa (Dong et al., 2012; Liu et al., 2012a), hard clam Meretrix

meretrix (Dong et al., 2018) and so on. Since the flanking sequences

of microsatellite markers are highly conserved between species, so

microsatellite markers have been shown to possess a high potential

for inter-specific transferability, which is of great significance to

develop microsatellites for species lacking of genome and

transcriptome information (Zhang et al., 2018). Cross-species

amplification of microsatellites has been successfully performed in

mollusks. For example, 21 microsatellite markers from scallop

Patinopecten yessoensis were amplified in C. farreri (Zhang et al.,

2018), 30 microsatellite markers of M. meretrix were tested for

versatility in M. lamarckii and M. lyrata (Qi et al., 2013), and 34

polymorphic microsatellite markers of T. granosa were amplified in

Anadara craticulata (Dong et al., 2013a), etc. Moreover,

microsatellites are somehow conserved in related species, and

have also been used as species-specific markers to distinguish

related species and their hybrids if exclusive alleles are present for

each species (Luo et al., 2010). It has been reported that 20

polymorphic microsatellite markers developed from abalone H.

discus hannai were used in cross-amplification in H. gigantean,

and eight were polymorphic, two of which could be used as species-

specific markers to distinguish the hybrids and their parental

species (Luo et al., 2010). Abalone H. fulgens, H. rufescens and

their hybrids could also be distinguished by species-specific

microsatellites (Cruz et al., 2005).

Until now, some microsatellites of S. constricta have been

developed (Jiang et al., 2010; Liu et al., 2012b; Ma et al., 2015;

Dong et al., 2016; Wang et al., 2016), and polymorphic loci were

amplified in Solen linearis by cross-species amplification (Dong

et al., 2016). However, the microsatellite markers of S. rivularis have

not been developed yet due to lacking of genomic and

transcriptomic information. Moreover, other methods for the

development of microsatellite markers are costly and inefficient.

In the present study, we have performed a quantitative assessment

of microsatellites from S. constricta to be transferred to closely

related species S. rivularis, and these microsatellites were then used

to identify S. constricta, S. rivularis and their hybrids, which lay the

foundation for breeding, subsequent protection, and germplasm

resources utilization of the razor clams.
Materials and methods

Sample collection

In October 2021, each 1000 clams from S. constricta (average

shell length 52.45 ± 3.70 mm and total body weight 11.98 ± 2.02g,

one year old) and S. rivularis (average shell length 52.19 ± 3.20 mm

and total body weight 9.96 ± 2.62 g, one year old) were sampled
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from Ninghai, Zhejiang province and Changle, Fujian province,

China, respectively. Before crossing of S. constricta and S. rivularis,

the parental samples have been pre-assessed to confirm pure

individuals of each species by the morphology and genetic

methods followed by Weng et al. (2013). When the brood stocks

of two species were sexually mature, the interspecific hybridization

trials were conducted. Mature clams were chosen and firstly kept

dry in the shade, and then stimulated by flowing seawater to induce

spawning. Sperms and eggs from different individuals of the same

species were collected separately. The eggs from S. constricta were

fertilized by sperms from S. rivularis to produce CR group (S.

constricta♀×S. rivularis♂), while the eggs of S. rivularis were

fertilized by sperms of S. constricta to generate RC group (S.

rivularis♀×S. constricta♂). So two hybrids were produced: CR (S.

constricta♀×S. rivularis♂) and RC (S. rivularis♀×S. constricta♂).
After artificial insemination, the foot tissues of parental clams

(n=30) were sampled and stored in 95% ethanol for

DNA extraction.

The reciprocal hybrids were reared at tanks separately to

prevent intermix, and foot tissues of live juvenile clams (n=30) of

CR (shell length 12.45 ± 1.10 mm) and RC (shell length 11.47 ± 1.20

mm) were randomly sampled at 6 months of age and used for

DNA extraction.
DNA extraction

Total genomic DNA was extracted using a marine animal DNA

extraction kit (Tiangen, China), and the quality and concentration

of DNA were assessed by 1.2% agarose gel electrophoresis and

Nanodrop ND-1000 spectrophotometer (Thermo Scientific, USA).

All DNA samples were diluted to 100 ng/µL with Trise-EDTA

buffer (pH 8.0) and stored at -20°C.
Cross-amplification and genotyping of
microsatellite markers

48 microsatellite markers from S. constricta (Liu et al., 2012b;

Dong et al., 2016; Wang et al., 2016, Table 1) were selected and their

primers were synthesized (Sangon Bioengineering, Shanghai).

Cross-species amplification was carried out in S. rivularis and the

polymorphic loci were identified. PCR amplifications were

performed with Mastercycler Pro S thermal cycler in a 25 µL

reaction system (12.5 µL 2×Taq Master Mix (Takara), 9.5 µL

ddH2O, 1.0 µL DNA and 1 µL positive and negative primers).

The reaction program was as follows: first denaturation at 94°C for

5 min, followed by 35 cycles of denaturation at 94°C for 45 s, the

primer-specific annealing temperature (Table 1) for 45 s, and

extension at 72°C for 45 s with a final extension at 72°C for 10

min. The PCR products were separated by electrophoresis on 8%

nondenaturing polyacrylamide gel and visualized by ethidium

bromide staining under UV light. Allele size was determined by a

500 bp ladder marker. Then, the expected PCR products were
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sequenced in Biotechnology Co., LTD, and sequence alignments

were conducted by ClustalX 2.1 software.

The developed polymorphic microsatellite markers that stably

amplified in S. rivularis were firstly used to analyze the genetic

diversity of parental clams (S. constricta and S. rivularis), and

species-specific microsatellite markers were then screened to

identify two species and their hybrids (CR and RC) using 30

individuals, respectively.
Genetic diversity analysis

The number of alleles (Na), direct count heterozygotes and

homozygotes, and polymorphism information content (PIC) were

calculated by CERVUS 3.0 genotype frequencies software

(Kalinowski et al., 2007). The observed heterozygosity (Ho),

expected heterozygosity (He) and effective number of alleles (Ne)

were estimated by Popgen 32 software. The GENEPOP online

software (http://genepop.curtin.edu.au) was used to calculate the

Hardy-Weinberg Equilibrium (HWE), and all significant levels

were adjusted by the Bonferroni correction.
Results

Cross-species amplification analysis

48 pairs of microsatellite primers from S. constricta were

assessed in S. rivularis, and the results revealed that 24 pairs of

universal primers with clear bands were stably amplified in S.

rivularis, with the transferability rate of 50.0% (Table 1).

Furthermore, 18 pairs of primers were polymorphic, accounting

for 37.5% of the total primers (Table 2).
Genetic diversity analysis of parental clams
S. constricta and S. rivularis

The 18 polymorphic SSR markers were then used to evaluate the

genetic diversity of S. constricta and S. rivularis, which displayed

polymorphic differences between two species (Table 2). The number

of alleles in S. constricta and S. rivularis populations ranged from

2.00~6.00 (an average of 3.1667 alleles) and 2.00~5.00 (an average of

2.7222 alleles), respectively. The Ho and He changed from 0.1333 to

1.0000 (0.6958 on average) and 0.1266 to 0.7339 (0.5386 on average)

in S. constricta, respectively, while Ho and He of S. rivularis varied

from 0.0333 to 1.0000 (0.5574 on average) and 0.0333 to 0.7006

(0.4376 on average), respectively. The polymorphic information

content (PIC) ranged from 0.117 to 0.677 (0.4556 on average) in S.

constricta, while it changed from 0.141 to 0.677 (0.4101 on average) in

S. rivularis. After Bonferroni correction, 8 and 5 loci deviated from

Hardy-Weinberg equilibrium in S. constricta and S. rivularis,

respectively. In general, S. constricta showed higher genetic

diversity than S. rivularis.
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TABLE 1 Characteristics of 24 universal microsatellites and their primer information used in the experiment.

Locus Primer sequence (5’-3’) Tm (°C) Size (bp) Reference

comp152107_c0
F: GGGCAATCCTTCCACAGT
R: TTACAACGCCGCTACACG

58.7 198-230
Dong et al., 2016

comp154232_c4
F: TTCCCAGCAAGATGGATAGT
R: TTCATCTTTGGAAACACCCT

58.7 240-250

comp155529_c0
F: CCACCTCCTCGCCTGTAA
R: GCAAGGTACGACCAAAGC

63.1 160-200

comp153486_c0
F: AGAGCGTGCTTCGTGGTG
R: ATGGGAGGGTTCGGGAGA

64.5 280-330

comp147145_c0
F: ATGCTTCATAGAAAAGTCAGT
R: AACATCAACAGCTTGCTAATA

61.1 290-310

comp143020_c0
F: TTCTGGTGCTGAATCTTATC
R: TCAACCCACTTACATTACTT

56.1 220-240

comp153401_c1
F: GTGAACAGTCTGGTGGAT
R: TCGAGGCAATGATAGTTT

56.1 260-290

comp154402_c0
F: ATGAACGAAGCCATCTAC
R: TATACATACACCCTGTGC

58.7 285-325

comp154517_c0
F: TTATGGATGTTTCCTCACCT
R: ACATTTTAGGAGTTGCTTTA

53.4 230-265

comp154403_c0
F: GTACCAGATAACACCCAT
R: CAAGGACAAACGCTCTAT

58.7 205-258

comp155173_c1
F: AAGAAATGACATCTGCTA
R: ACAGTGTAGGGTTCAGTG

53.4 185-220

comp149438_c0
F: ATGATGACGACGATGACAAGAGC
R: CTTTAATGCGGCAGGATTAGTGT

64.5 165-185

comp155403_c0
F: AAAAGTGCCGAGCCTGAT
R: GGGCCAGTGGTATGTTGC

64.5 380-410

comp144588_c0
F: CCACATTGCTCACTGATTAC
R: ATTTGTATGAGGGGTGATTT

58.7 240-270

comp150570_c0
F: GTGTTCAGCAATCAGAGTC
R: AAAGTATCTGTTAAGCCAT

56.1 243-268

comp152191_c0
F: AATATCGGTTGTGGTCTA
R: CATTGTAACATGCCTGAA

45.3 280-330

comp153621_c1
F: TCATAAGGAGGATTTCGT
R: TACAACCCCACTTCATTT

56.1 120-140

comp148954_c0
F: ATCTTCAGCCCCAGTTGC
R: CAAAACAATGCCCCTCTT

58.7 260-290

YC1
F: CGTTTTGAACGTTACATTGTT
R: TAACTTTCTCTGCAGCTTGAC

54 130-140
Liu et al., 2012b

G_ScSSR66
F: TGTGACTTTCAAGCCTCCAA
R: AGATGCAACTTGGGTGGAGT

51 200-270
Wang et al., 2016

G_ScSSR196
F: AGTGGTTGCGAATGACATGA
R: GTATATGCACGTTCGCGAGT

58 300-330

G_ScSSR272
F: TAAAGGCAACCAGACGATAA
R: GCCTTGTATTGTTTGCCATA

58 250-270

G_ScSSR374
F: CGGTGAGAGACAAGCAGTCA
R: AGTGTCCCACAAGGTTTTCG

58 260-280

G_ScSSR432
F: CTGTAATCAAGCCGTCATCT
R: TTGTTAATCCCCAAGCTTTA

58 320-350
F
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Species-specific microsatellite
marker analysis

Of all 24 universal microsatellites, a total of two species-specific

markers (comp147145_c0 and comp149438_c0) were screened

between two species S. constricta and S. rivularis (Table 3;

Supplementary Figure S1). Furthermore, the PCR products of

these species-specific markers were sequenced, and the results

showed that the repeat numbers of core repeating units were

different between two species, which were consistent with above

genotyping results (Table 3; Supplementary Figure S1). Overall,

there is a significant difference in the number and length of

fragments amplified and no allele overlap between two species by

two species-specific microsatellites, which is useful for

distinguishing S. constricta and S. rivularis.

According to the principle that hybrid bands are parent-based

complementary bands, the purity of hybrid can be identified

quickly, accurately and efficiently. These two species-specific

microsatellites were then used to verify the hybrids nature of the

reciprocal hybrids (Figure 1). For microsatellite marker

comp147145_c0, two bands (about 290 and 310bp) were

amplified in S. constricta, only one band about 250bp was

observed in S. rivularis, while the hybrids CR and RC crosses

possessed two bands (about 290bp and 250bp) that inherited one
Frontiers in Marine Science 05
band from each parent, respectively (Figure 1A). For microsatellite

marker comp149438_c0, only one band about 165bp was amplified

in S. constricta, only one band about 195bp appeared in S. rivularis,

while these two bands (about 165bp and 195bp) were both appeared

in the hybrids CR and RC that come from their parents (Figure 1B).

Consequently, the hybrids CR and RC possessed bands derived

from both parents amplified by microsatellites comp147145_c0 and

comp149438_c0, which could be used for quick genetic

identificat ion of S. constr icta , S. r ivular is and their

reciprocal hybrids.
Discussion

Cross-species amplification of
microsatellite markers

Owing to relatively conservatism, microsatellite markers show a

considerable degree of transferability to related species, and can be

cross-species amplified in closely related species, which is especially

important for some species lacking of research of interspecific

evolutionary relationships, interspecific comparison mapping,

molecular marker assisted breeding and so on (Li, 2006).

Especially for some species lacking of microsatellite markers, the
TABLE 2 Cross-species amplification of 18 polymorphic microsatellite markers in S. constricta and S. rivularis.

Locus
S. constricta (n = 30) S. rivularis (n = 30)

Na Ho He PIC P-HWE Na Ho He PIC P-HWE

comp152107_c0 3 0.6333 0.4503 0.358 0.109319 2 0.2333 0.2096 0.359 0.506185

comp154232_c4 3 0.6667 0.4994 0.433 0.069882 3 0.8333 0.5203 0.433 0.002170

comp155529_c0 2 0.9333 0.5062 0.374 0.000003* 2 1.0000 0.5085 0.374 0.000000*

comp153486_c0 4 0.9667 0.6605 0.601 0.000298 2 0.9667 0.5079 0.601 0.000000*

comp152191_c0 2 0.8667 0.4994 0.371 0.000042* 2 0.0333 0.0333 0.371 1.000000

comp153401_c1 2 0.1667 0.1554 0.141 0.658553 5 1.0000 0.7006 0.141 0.000198

comp154402_c0 5 0.9000 0.6243 0.561 0.036866 2 0.7333 0.4723 0.561 0.002022

comp154517_c0 4 1.0000 0.6650 0.590 0.000015* 3 0.2333 0.5136 0.590 0.009739

comp153621_c0 6 1.0000 0.7339 0.677 0.000000* 3 0.5333 0.4316 0.677 0.298321

comp155173_c1 3 0.5333 0.4723 0.383 0.000000* 3 0.6667 0.5492 0.450 0.021355

comp148954_c0 2 0.1333 0.1266 0.117 0.736769 2 1.0000 0.5085 0.375 0.000000*

comp155403_c0 4 0.9667 0.6593 0.586 0.000039* 3 0.4333 0.3520 0.297 0.553430

YC1 3 0.5567 0.6627 0.578 0.000295 3 0.5333 0.4062 0.332 0.298321

G_ScSSR66 2 0.1667 0.4627 0.351 0.000348 2 0.2000 0.2350 0.204 0.386280

G_ScSSR196 3 0.5000 0.6232 0.542 0.420350 3 0.4333 0.5316 0.417 0.000000*

G_ScSSR272 3 0.9000 0.5384 0.420 0.000209 3 0.1333 0.1859 0.171 0.192837

G_ScSSR374 3 0.6667 0.6638 0.579 0.000000* 3 0.4667 0.6215 0.536 0.000007*

G_ScSSR432 3 0.9667 0.6266 0.539 0.000012* 3 0.6000 0.5898 0.492 0.103246

Mean 3.1667 0.6958 0.5350 0.4556 – 2.7222 0.5574 0.4376 0.4101 –
fro
Na is the number of alleles detected, Ho and He are observed and expected heterozygosities, respectively, and P<0.05 indicates significant departure from Hardy-Weinberg Equilibrium.
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transferability is of great significance for the evaluation of genetic

diversity and germplasm identification.

Previous studies have reported the cross-species amplification of

microsatellite markers in mollusks. In two scallops, 21 microsatellite

markers of P. yessensis could amplify specific bands in C. farreri, of

which 17 markers were polymorphic, with a polymorphism

proportion of 28.33% (Zhan et al., 2008). In another example, 15

microsatellite markers from Argopecten irradians irradians were used

to cross-species amplified in C. farreri, P. yesoensis and Amusium

pleuronectes, and the transferability rates were 60%, 60% and 20%,

respectively (Li et al., 2008). In hard clams, the interspecific

transferability of 53 polymorphic microsatellite markers from M.

meretrix revealed that 19 polymorphic markers in M. lamarckii and

10 inM. lyrata were developed, resulting in the transferability rates of

35.8% and 18.9%, respectively (Dong et al., 2013b). In this study, 48

microsatellite markers of S. constricta were tested in S. rivularis, of

which 24 markers were successfully amplified and 18 were

polymorphic, with the transferability rate of 50.0%. Meanwhile, the

polymorphic microsatellite markers of S. constricta were also cross-

species amplified in S. linearis, and 20markers could be amplified and

displayed polymorphisms, resulting in a transferability rate of 33.3%

(Dong et al., 2016), which was lower than that of S. rivularis in the

present study. Previous studies have reported that the cross-species

transferability rate of microsatellites depends upon the evolutionary

distance between the source and target species, and the higher the

genomic homology, the greater conservation of flanking regions, the

higher transferability rate of microsatellite markers (FitzSimmons

et al., 1995). One possible explanation was that S. constricta was more

closely related to S. rivularis than S. linearis, and S. constricta and S.

rivularis had a relatively closer affinity. Therefore, the microsatellite

markers developed by cross-species amplification could enrich some

species with fewer markers available, and especially could be utilized

for genetic diversity, comparative mapping and evolutionary biology

among different species.
Frontiers in Marine Science 06
Genetic diversity analysis

Microsatellite markers are highly polymorphic and widely

distributed in eukaryotic genomes (Schlötterer, 2000), which has

been widely used in genetic diversity analysis, construction of

genetic linkage maps, variety identification and so on (Li, 2006).

In mollusks, microsatellite markers have also been widely used in

genetic diversity analysis in Japanese scallop P. yesoensis (Li et al.,

2014), Manila clam Ruditapes philippinarum (Tan et al., 2020),

Eastern oyster Crassostrea virginica (Wang and Guo, 2007), etc. In

the present study, 18 polymorphic microsatellite markers were

developed by cross-species amplification, and were used to

evaluate the genetic diversity of S. constricta and S. rivularis.

From the genetic parameters of Na, Ho, He and PIC, S. constricta

showed higher genetic diversity than S. rivularis. Genetic diversity

of a population or species could be evaluated by PIC value, and PIC

< 0.25 represents low polymorphism, 0.25 ≤ PIC ≤ 0.5 represents

moderate polymorphism, and PIC ≥ 0.5 represents high

polymorphism (Botstein et al., 1980). The average PIC of S.

constricta and S. rivularis were 0.4556 and 0.4101, respectively,

suggesting that the genetic diversity of two species both above the

middle level, with a higher genetic diversity.
Identification of two razor clams and their
hybrids by species-specific
microsatellite markers

S. rivularis is similar in shape to S. constricta, including similar

size, elongate quadrate, shell surface covered with a yellow-green

periostracum, and an oblique furrow running from the umbo to

ventral margin on the center of the shell, which is the unique

character of S. constricta. Therefore, S. rivularis has always been

considered to be S. constricta until it was recently identified as a new
TABLE 3 Sequence characteristics and parameters of two species-specific microsatellite markers in S. constricta and S. rivularis.

Locus
S. constricta (n = 30) S. rivularis (n = 30)

Na Repeat motif Size (bp) Na Repeat motif Size (bp)

comp147145_c0 2 (TG)7 290-310 1 (TG)4 250

comp149438_c0 1 (ATG)4 165 1 (ATG)2 195
fr
A

B

FIGURE 1

The species-specific microsatellite markers in S. constricta (Sc), S. rivularis (Sr), CR (S. constricta♀×S. rivularis♂) and RC (S. rivularis♀×S. constricta♂).
(A) comp147145_c0; (B) comp149438_c0.
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species in 2007. To identify two razor clams, shell phenotype (shell

length/shell height ratio) and sperm morphology were used to

distinguish them by Huang and Zhang (2007). Afterwards, the

ultrastructure of mature sperms by electron microscope and

transmission electron microscopy was applied to differentiate two

species (Huang et al., 2011). With the advance of molecular genetics

in recent decades, mitochondrial COІ and 16S rRNA fragments were

also used to identify S. rivularis and S. constricta (Weng et al., 2013).

Generally, the external morphological measurement method may

have great instability and imprecision, because their shell morphology

may change under the habitat condition influence. Moreover, this

method is difficult to identify juvenile clams and their hybrids. The

observation of mature sperm ultrastructure has to rely on expensive

instruments (electron microscope and transmission electron

microscopy), and can only be used in breeding season due to

collecting mature sperms, while female clams and hybrids cannot

be distinguished. The COІ and 16S rRNA, belonging tomitochondrial

DNA, are maternally inherited, so that they cannot be used for hybrid

identification. Therefore, it is of great significance to explore a simple,

accurate and reliable method for identification of S. constricta, S.

rivularis and their hybrids.

Hybridization has been used for the genetic improvement and

played an important role in the development shellfish aquaculture,

and the Pacific oyster is a good example (Guo, 2009). Meanwhile,

hybridization identification is essential for breeding, conservation,

and understanding of their biological and genetic differences.

Hybrids of closely related species often possess intermediated

morphological traits, including body shape and other meristic

traits (Konopiński and Amirowicz, 2018; Elliott et al., 2020). In

many cases, minor deviations away from one or the other parental

species can lead to difficulty in correctly diagnosing pure from F1

individuals, particularly when relying on morphology alone (Lessios,

2007). So the identification of pure and hybrid lineages in

fundamental in developing policies for the conservation and

management of native species (Allendorf et al., 2001), and DNA

molecular marker techniques have been widely applied for the

identification of aquaculture species and their hybrids in mollusks.

For example, nuclear and mitochondrial primers were used to

identify hybrids of Mytilus coruscus × Mytilus galloprovincialis

in mussel hatcheries of China (Zhang et al., 2020), and two-

step PCR method using three primers was conducted to identify

abalones H. discus hannai, H. fulgens and their hybrids (You

et al., 2015).

In comparison with other molecular markers, microsatellite

markers are highly abundant in various eukaryotic genomes, and

provide more polymorphism information for distinguishing

different species or identify hybridization in aquatic animals (Li,

2006; Luo et al., 2010). For example, abalones H. fulgens, H.

rufescens and their hybrids could be distinguished by species-

specific microsatellite markers (Luo et al., 2010). Cruz et al.

(2005) also developed a quick diagnosis for genetic identification

of hybrids between red and Pacific abalone using microsatellites,

and two species-specific microsatellite markers of H. discus hannai

and H. fulgens could be used to distinguish the hybrids and their
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parents. In the present study, two species-specific microsatellite

markers (comp147145_c0 and comp149438_c0) were both

amplified in two closely related species, and there is a significant

difference in the number and length of fragments amplified without

allele overlap in two razor clams, which could be used as species-

specific markers to clearly distinguish two razor clams.

Furthermore, these two microsatellite loci confirmed that the

hybrids CR and RC consisted of two haploid sets, one originating

from each parental species, which could be used for quick

genetic identification of S. constricta, S. rivularis and their

reciprocal hybrids.

Consequently, these results provide a valuable and

convenient method for distinguishing among two species and

crossbred offspring.
Conclusions

In the present study, interspecific hybrids of S. constricta and S.

rivularis were produced, and the hybridity of the interspecific

hybrids was confirmed by microsatellite markers. 24 microsatellite

markers of S. constricta were successfully amplified in S. rivularis by

cross-species amplification, of which 18 were polymorphic,

resulting in the transferability rates of 50.0%. The genetic

diversity of the two razor clams evaluated by 18 polymorphic

markers indicated that S. constricta showed higher genetic

diversity than S. rivularis. Furthermore, two species-specific

microsatellite markers were screened, which could be used for

quick genetic identification of S. constricta, S. rivularis and their

hybrids. The results strongly suggest the induced interspecific

hybrids are true hybrids, which is critical for breeding projects

and the conservation of two razor clams.
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