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Abstract
To explore genetic diversity and estimate the genetic diﬀerences among populations of
Lutraria maxima in the coastal waters oﬀ south to southeast China, the morphology of the species of ﬁve
diﬀerent geographical populations (Beihai, Weizhou Island, Zhanjiang, Xiamen, and Fuzhou) in Guangxi,
Guangdong, and Fujian provinces was studied statistically in combination with the microsatellite markers.
As revealed by morphological principal component analysis (PCA), the cumulative contribution rate of the
ﬁrst three principal components was 72.596%. The discrimination accuracy ranged from 47.5% to 80.0%,
and the scatter plots of principal component and discriminant analysis were consistent in overall, showing
that the Xiamen and Fuzhou populations were overlapped obviously. For microsatellite markers, 10 pairs
of polymorphic primers were obtained by high-throughput transcriptome sequencing, and used for genetic
diversity analysis. It was showed that the average number of alleles and eﬀective alleles observed in each
population ranged from 8.100 to 10.900, and from 3.497 to 4.228, respectively. The average observed
heterozygosity (Ho) and expected heterozygosity (He) in the ﬁve populations ranged from 0.541 to 0.615,
and from 0.642 to 0.733, respectively. The genetic distance (DA) ranged from 0.078 to 0.523, and the
population genetic diﬀerentiation index (FST) ranged from 0.027 to 0.139. The unweighted pair-population
method with arithmetic means (UPGMA) and structure analysis showed that the ﬁve populations could be
divided into two main clusters, the Beibu Gulf group (Beihai and Weizhou Island) and the Southeast China
Sea group (Zhanjiang, Xiamen, and Fuzhou), suggesting that L. maxima has been separated geographically
by the barrier of the Leizhou Peninsula into two groups in evolution, which provided us with a scientiﬁc
clue to better protect the bioresource and establish an appropriate ﬁshery management stocks for L. maxima
populations in south China.
Keyword: Lutraria maxima; morphological diﬀerence; microsatellite markers; genetic diversity; genetic
diﬀerentiation; transcriptome

1 INTRODUCTION
The clam Lutraria maxima is a benthic bivalve
with shell in faint yellow, and found in sandy habitats
from the lower intertidal zone to 10-m depths. It is
widely distributed in the coastal waters oﬀ the
southern to southeastern China, and especially
abundant in Beibu Gulf (Li et al., 2004). In recent
years, this species has developed into one of the main
varieties of shallow sea aquaculture especially in
Guangxi and Guangdong provinces by natural
seedling captivity (Pan and Su, 2007).

Morphological metric, also called the biological
measurement method, is the most traditional and
simple method for analyzing genetic variation. The
variation of morphological traits among populations
can be clariﬁed by measuring the external
morphological characteristics of the phenotypic traits.
Multivariate analysis such as principal component
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Table 1 Sample information of L. maxima
Population
BH

Shell length (mm)

Shell height (mm)

Shell width (mm)

Range

Mean±SD

Range

Mean±SD

Range

Mean±SD

67.97–102.72

88.42±10.34

32.61–48.93

42.78±4.42

18.19–30.93

24.24±3.11

Geographic locality
Beibu Gulf

WZI

86.58–99.74

91.64±3.12

41.76–50.67

45.76±1.77

23.91–29.32

28.64±3.27

Beibu Gulf

FZ

79.60–103.79

95.08±5.30

38.24–51.19

45.55±2.72

21.27–30.18

25.81±1.82

East China Sea

XM

91.28–108.19

98.16±4.00

41.58–54.22

46.68±2.61

22.41–31.16

26.05±1.84

East China Sea

ZJ

78.49–103.62

91.64±3.12

40.77–50.12

45.76±1.77

22.80–31.76

26.10±1.94

South China Sea

BH: Beihai; WZI: Weizhou Island; FZ: Fuzhou; XM: Xiamen; ZJ: Zhanjiang.

and discriminant analysis can easily and intuitively
represent the morphological diﬀerences among
diﬀerent populations, and clearly indicate the
diﬀerentiation patterns of population structure
(Frédérich et al., 2012). These methods have widely
been used to distinguish diﬀerent populations in some
aquatic animals. Ruiz-Campos et al. (2003) study the
morphological
diﬀerences
among
diﬀerent
populations of wild trout (Salmonidae) in Mexico.
Silva (2003) found the morphological diﬀerences
between populations of sardines (Sardina pilchardus)
from the northeast Atlantic Ocean and the western
Mediterranean. As a kind of genetic markers,
morphological markers are easily identiﬁed, simple
and intuitive, but there are problems such as less
number of markers, poor polymorphism, and
subjective judgment of researchers. Additionally, they
are often inﬂuenced by both environment and genetic
factors (Murat and Aykut, 2015).
Microsatellites, also known as simple sequence
repeats (SSR), or short tandem repeats (STR), refer
to tandem repeat DNA sequences with 1–6 bases as a
repeat core, and are distributed throughout the whole
genome of an organism (Chistiakov et al., 2006).
Due to high polymorphisms and convenient detection,
microsatellite markers are relatively appropriate to
estimate diﬀerentiation within and among
populations, especially within narrow geographical
range (Wolfus et al., 1997; Chareontawee et al.,
2007). At present, microsatellite markers have been
successfully applied to analyze genetic variation and
population structure of mollusk. Genetic structure of
six Sepia oﬃcinalis populations in Iberian Peninsula
from the Atlantic to the Mediterranean was analyzed,
and a higher degree of genetic variation in these
populations was found with seven microsatellite
markers (Pérez-Losada et al., 2002). It has been
reported that 21 Mizuhopecten yessoensis populations
from Japan (Hokkaido and Honshu) and Russia show
high genetic diversity with 0.701 1–0.762 2 of
average expected heterozygosity (Sato et al., 2005).

Kelly and Rhymer (2005) analyzed the population
genetic structure of Lampsilis cariosa in North
America based on microsatellite markers, and
pointed out that the biological and biogeographic
history of the host ﬁsh had a potential impact on the
population genetic structure of L. cariosa.
Previous researches about L. maxima focused
mainly on nutrition (Pan et al., 2007), reproductive
characteristics (Li et al., 2004), and artiﬁcial breeding
(Su et al., 2009). However, there are few reports on
the evaluation of L. maxima germplasm resources.
Only a single study compared the genetic diﬀerences
among three populations of L. siebaldii and one
population of L. maxima using morphological features
and random ampliﬁed polymorphic DNA (RAPD)
techniques (Li et al., 2011a). Therefore, to identify
microsatellite markers with high polymorphism based
on transcriptome data, and analyze the genetic
diversity and genetic variation of ﬁve populations of
L. maxima, combined with morphological features.

2 MATERIAL AND METHOD
2.1 Sample collection
Lutraria maxima (Table 1) were sampled from ﬁve
diﬀerent populations along the east and south China
coast, namely, Fuzhou (FZ, n=40) and Xiamen (XM,
n=40) in Fujian Province, Zhanjiang (ZJ, n=40) in
Guangdong Province, Weizhou Island (WZI, n=40)
and Beihai (BH, n=40) in Guangxi Autonomous
Region in summer 2018, and all samples were
obtained from ﬁshermen on local ﬁshing wharfs
(Fig.1). Muscle tissues of each individual were
preserved in 95% ethanol and stored at -80 °C for
DNA extraction.
This study was approved by the Institutional
Animal Care and Use Committee (IACUC) of
Huazhong Agricultural University, Wuhan, China,
and conducted in accordance with the ethical
standards and according to the regarding national and
international guidelines.
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Fig.1 Sampling locations of ﬁve L. maxima populations
The map was adapted from the Ministry of Natural Resources, China (http://bzdt.ch.mnr.gov.cn/index.html), map review No. GS(2019)1671. Locations
are labeled by dots (●), BH (Beihai): 21°48′N, 109°12′E; WZI (Weizhou Island): 21°04′N, 109°12′E; ZJ (Zhanjiang): 21°27′N, 110°37′E; XM (Xiamen):
24°48′N, 118°09′E; FZ (Fuzhou): 26°08′N, 119°30′E.

2.2 Morphometric analysis
Eleven shell characters were measured with Vernier
calipers for each individual as previously described
(Li et al., 2011a). To eliminate the inﬂuence of
diﬀerent shellﬁsh sizes on the morphological metics,
a previous method (Gardner and Thompson, 1999)
was referred prior to analysis, and the values of 10
morphometric (SH, SW, DUA, HAR, WAR, HPR, WPR, WT,
DTL, and DPM) indices except for shell length (SL) were
log10-transformed before being divided by log10transformed total shell length to correct for size
dependent variation. Ten morphological proportion
traits were analyzed using SPSS19.0 for discriminant
analysis, principal component analysis (PCA), and
cluster analysis. The principal components were
extracted according to the variance-covariance matrix
and determined as the principal components whose
eigenvalues are >1, and ﬁnally the dispersion point
graph was drawn according to the load values of
PCA1 and PCA2. The Euclidean distance coeﬃcient
was constructed by using the clustering method of
intergroup connection (Yang et al., 2019).
2.3 Genetic diversity
microsatellite markers

analysis

based

on

2.3.1 Transcriptome sequencing
Muscle tissues from ﬁve L. maxima (from BH
population) were mixed in a pool, and frequently

frozen in liquid nitrogen. Total RNAs were extracted
from muscle tissues using the TRIzol regent according
to the manufacturer’s instructions. RNA-seq
transcriptome library was constructed and sequenced
with 150-bp paired-end reads using Illumina HiSeq
2500. Transcriptome assembly was performed with
Trinity software (Grabherr et al., 2011).
2.3.2 Identiﬁcation of microsatellite markers
Microsatellite markers were identiﬁed in the
transcriptome data using the MISA version 1.0 (http://
pgrc.ipk-gatersleben.de/misa/misa.html) with the
search criteria of repeat unit, single nucleotide repeat
times ≥10, dinucleotide repeat times ≥6, three, four,
ﬁve, six nucleotide repeat times ≥5, compound
microsatellite marker site base interval ≤100 bp.
Primer pairs for each microsatellite marker were designed
using Primer 3 software (Untergasser et al., 2012).
2.3.3 DNA extraction and microsatellite marker
genotyping
Genomic DNA was extracted from muscle tissues
of all 200 fresh specimens as per the protocol described
by Li et al. (2006). A total of 50 primer pairs were
designed and ampliﬁed in 10 randomly selected
individuals to obtain the appropriate microsatellite
primers. PCR was performed in a 10-μL reaction
mixture that included 0.3 μmol/L each primer, 0.15
mmol/L each dNTP, 1-μL 1×PCR buﬀer, 0.15-μL Taq
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Table 2 Information for ten microsatellite loci and primers
Locus

Repeat motif

Lm01

(AAC)8

Lm02

(CTG)7

Lm03

(GAT)7

Lm04

(TTTG)7

Lm05

(ATG)9

Lm06

(TGA)8

Lm07

(TTGA)6

Lm08

(GTAG)6

Lm09

(TTCA)9

Lm10

(AATT)6

Primer sequences (5′3ʹ)
F: FAM-CGAAAGTCCAACAAGGGAAG
R: CCCTCCTCGTGGAAACTGTA
F: HEX-GTCCACCAGGTCCAGCTAAA
R: GTCCACCAGGTCCAGCTAAA
F: TAMRA-CCTGGGCTACACGTTTGTTT
R: CCTGGGCTACACGTTTGTTT
F: FAM-TGTGTGGAGAATATCGCCTG
R: TGACAGATCATAGGCTGGAAAA
F: HEX-GGGAAACTACGGAGAGATCCA
R: GGTCTGGTTTAATCGACATTCA
F: TAMRA-AGGTGCAACCAAAGGTATCG
R: CATCTTCATCAAACCCTGGAA
F: FAM-GCACTGTATTATTTTGCATCCC
R: CCATATGAGTATGGCCACTGAA
F: HEX-GGAAACATCACCCAACATCA
R: CATCTTCATCAAACCCTGGAA
F: TAMRA-CAACTACTTCTCTGAAACCATGTCA
R: GGGCACAGTTTGACCTTCAT
F: ROX-GGGCACAGTTTGACCTTCAT
R: TGTGGATTTGTTCCTTGTTGA

DNA polymerase, 0.5-μL template DNA (100 ng/μL).
Thermal cycling conditions for each locus were as
follows: 3 min at 94°C, followed by 32 cycles of 94 °C
for 30 s, annealing temperature (Table 2) for 30 s, and
72 °C for 25 s, and a ﬁnal extension of 72 °C for
10 min. The PCR products were examined by
electrophoresis on 8% non-denaturing polyacrylamide
gelelectrophoresis (PAGE) gels and silver stained as
previously described (Zhang et al., 2013).
Finally, 10 highly polymorphic microsatellite
marker primers (Table 2) were obtained and labeled
in ﬂuorescence. PCR ampliﬁcation was performed in
the ﬁve populations of L. maxima. The PCR products
were detected by capillary electrophoresis using an
ABI3730 sequencer (Applied Biosystems, USA), and
genotypes were analyzed by Genemarker v1.91
software (Georgia Institute of Technology, Atlanta,
Georgia, USA).
2.3.4 Statistical analysis
To analyze the genetic diversity, software Cervus
v3.0 (Kalinowski et al., 2007) was used to estimate
the number of alleles (Na) and eﬀective alleles (Ne),
expected (He) and observed (Ho) heterozygosity,
Wright’s F statistics (FIS) and polymorphism

Size range (bp)

Annealing temperature (℃)

112–164

60

153–179

60

146–164

60

181–202

60

122–143

60

162–182

56

122–144

58

161–187

60

160–199

60

144–163

58

information content (PIC). GenAlEx 6.5 (Peakall and
Smouse, 2012) was employed to calculate Nei’s
genetic distance (DA), and analysis of molecular
variance (AMOVA). Gene ﬂow was calculated
through the FST between the two populations, and the
calculation formula was as follows: gene ﬂow
(NM)=(1–FST)/(4 FST) (Wright, 1965). The presence of
null alleles was detected by MICRO-CHECKER (van
Oosterhout et al., 2004), and frequency of the null
alleles was estimated using Brookﬁeld (1996)
equation, r=(He–Ho)/(1+He). Software Structure 2.3.4
(Falush et al., 2003) was used for population genetic
structure analysis, of which the parameter “Length of
Burnin Period” was set to 10 000, “Number of MCMC
Reps after Burnin” was set to 50 000, K was 1–7 and
run 20 times for each value. Combined with the online
tool, Structure Harvester (http://taylor0.biology.ucla.
edu/structureHarvester/), the best K value was
determined (Evanno et al., 2005). CLUMPP 1.1.2
(Jakobsson and Rosenberg, 2007) was used to
repeatedly sample and analyze the structure
Harvester’s results. Distruct 1.1 (Rosenberg, 2004)
was ﬁnally used to draw the structure graph of
Structure. Using MEGA 7.0 (Kumar et al., 2016), the
unrooted unweighted pair-population method with
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arithmetic means (UPGMA) dendrogram was used to
further verify the genetic grouping in Structure based
on the DA. Arlequin v3.0 (Excoﬃer et al., 2005) was
employed to calculate pairwise FST values, and their
signiﬁcance by bootstrapping analysis (1 000
replicates) was tested for evaluating genetic
diﬀerentiation among populations. Deviation from
Hardy-Weinberg equilibrium (HWE) for each locuspopulation combination was assessed.

3 RESULT
3.1 Geometric morphometrics
3.1.1 Principal component analysis
To determine the principal component factors
aﬀecting the morphological diﬀerences of L. maxima
in diﬀerent geographical populations, principal
component analysis of 10 morphological proportion
traits was carried out, and 3 principal components
(PC1–PC3) were obtained (Table 3). The ﬁrst three
principal components accounted for 49.546%,
12.980%, and 10.071% of the total variation,
respectively, and the cumulative contribution rate was
72.596%. In the ﬁrst principal component, the
contribution rate of SH/SL and SW/SL was the largest,
mainly reﬂecting diﬀerences of shell height and
width. PC2 mainly showed the indicators of DUA/SL
and HPR/SL, which mainly reﬂected the characteristics
of the distance between umbo and anterior end of
shell, and height of posterior adductor muscle scar.
PC3 mainly reﬂected the width of cardinal tooth
(WT/SL) and distance between pallial line and ventral
shell margin (DPM/SL). The scatter diagram of the
principal component PC1 and PC2 of the ﬁve
populations showed that there were more interlaced
overlapping regions between the FZ and XM
populations, suggesting that the genetic relationship
of the two populations was the closest (Fig.2a).
3.1.2 Discriminant analysis
The results show that the comprehensive
discrimination rate of the ﬁve populations was 64.0%
(Table 4). Discriminant analysis of diﬀerent
populations showed that BH and ZJ populations were
generally located on the left side of the scatter plot,
and the other three populations were mostly distributed
on the right side of the scatter plot. In addition, the
XM and FZ populations clearly occupied a signiﬁcant
overlapping region (Fig.2b). Geographically, the
distance between the two populations was the closest,
although some individuals were confused.
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Table 3 Principal component analysis (PCA) in diﬀerent
geographical populations of L. maxima
Variable

PC1

PC2

PC3

logSH/logSL

0.859

-0.283

0.050

logSW/logSL

0.791

-0.385

0.072

logDUA/logSL

0.676

-0.509

0.010

logHAR/logSL

0.757

0.342

-0.055

logWAR/logSL

0.724

0.332

-0.262

logHPR/logSL

0.617

0.593

0.220

logWPR/logSL

0.755

0.217

0.132

logWT/logSL

0.329

0.161

0.885

logDTL/logSL

0.768

0.071

0.053

logDPM/logSL

0.622

-0.393

-0.276

Eigenvalue

4.955

1.298

1.007

Contribution ratio (%)

49.546

12.980

10.071

Cumulative contribution ratio (%)

49.546

62.525

72.596

SH: shell height; SL: shell length; SW: shell width; DUA: distance between
umbo and anterior end of shell; HAR: height of anterior adductor muscle
scar; WAR: width of anterior adductor muscle scar; HPR: height of posterior
adductor muscle scar; WPR: width of posterior adductor muscle scar; WT:
width of cardinal tooth; DTL: distance between cardinal tooth and pallial
line; DPM: distance between pallial line and ventral shell margin.

3.1.3 Cluster analysis
The Euclidean distance tree was obtained by the
method of intergroup connection based on mean
values of the 10 morphological proportion traits, and
showed that these ﬁve populations of L. maxima
were divided into two major branches (Fig.3). The
BH and ZJ populations were clustered ﬁrst, and the
XM, FZ and WZI populations were clustered into
another one.
3.2 Transcriptome-derived microsatellite marker
mining
To explore polymorphism in transcriptome-derived
microsatellite makers and further understand the
genetic diversity and structure of diﬀerent populations,
RNA-seq from muscle tissues was performed. In
total, 63 047 transcripts were assembled using MISA
software, and 2 561 microsatellite markers were
found. Among these microsatellite markers, the most
abundant motifs were mononucleotide (47.87%)
repeats, followed by trinucleotide (26.63%), and
dinucleotide (18.04%) repeat types. The tetranucleotide,
pentanucleotide, and complex nucleotide repeat types
were all less than 5%. A total of 50 primer pairs were
designed, but only 10 pairs of primers were well
ampliﬁed and highly polymorphic (Table 2).
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Fig.2 Distribution of PC1 and PC2 (a) and discriminant function analysis (b) for ﬁve populations of L. maxima based on
morphological indicators
Table 4 Discriminant results in diﬀerent geographical
populations of L. maxima
Population
BH

Population Accuracy
size
(%)
40

60.0

0
FZ

5

Morphological distance
10
15
20

25

Predicted species membership
BH

FZ

XM

WZI

ZJ

24

2

4

2

8

FZ

40

47.5

2

19

14

5

0

XM

40

60.0

4

7

24

4

1

WZI

40

80.0

0

6

1

32

1

ZJ

40

72.5

8

1

0

2

29

3.3 Genetic diversity and structure analysis
3.3.1 Polymorphisms of microsatellite loci
The average number of alleles in 10 microsatellite
loci with polymorphism per locus was 9.041 (ranging
from 6.000 to 12.800), PIC values were more than 0.5
at all loci (mean of 0.702). The expected heterozygosity
(He) ranged from 0.549 to 0.857, and the mean
observed heterozygosity (Ho) ranged from 0.428 to
0.725, indicating that these microsatellite loci had
high polymorphism (Table 5). Hardy-Weinberg
equilibrium (HWE) tests were performed and showed
35 tests with signiﬁcant deviation from HWE in all
ﬁve populations. The existence of null alleles was the
main reason for deviation from HWE. Microchecker
analysis showed that there were 8 microsatellite loci
with null alleles (Table 5). The value of FIS was greater
than 0 except that the Lm05 locus was negative,

XM

WZI

BH

ZJ

Fig.3 Cluster analysis of ﬁve populations of L. maxima
in the Euclidean distance based on morphological
indicators

indicating that there was a loss of heterozygotes at
these loci, which may also be another important
reason for the deviation from HWE.
3.3.2 Genetic diversity among populations
Fluorescent labeled microsatellite markers were
synthesized and used to assess the genetic diversity of
ﬁve geographical populations of L. maxima. Data for
all parameters of genetic diversity for 200 individuals
from the ﬁve populations are shown in Table 5. The
average number of alleles (Na) per locus varied from
8.100 to 10.900, and the average number of eﬀective
alleles (Ne) per locus varied from 3.497 to 4.228. The
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mean He was in the XM population. The lowest mean
observed heterozygosity (Ho) was in the XM
population (0.541), whereas the highest in the BH
population (0.615). At the species level of L. maxima,

ﬁve populations examined here exhibited high levels
of heterozygosity. The expected heterozygosity (He)
ranged from 0.642 to 0.733, which the highest mean
He occurred in the WZI population, and the lowest

Table 5 Genetic variability of ten microsatellite loci in ﬁve populations of L. maxima
Locus

Lm01

Parameter

Lm03

Lm04

WZI

FZ

XM

ZJ

Mean

Na

10

15

10

10

6

10.200

4.336

5.850

2.839

3.143

2.629

3.760

r*

0.110

0.166

0.029

-0.011

0.074

Ho

0.575

0.525

0.600

0.700

0.500

0.580

He

0.769

0.829

0.648

0.682

0.620

0.710

FIS

0.253

0.367

0.074

-0.027

0.193

0.172

0.260

0.582

Na

11

14

11

14

14

12.800

Ne

4.238

6.107

5.527

6.737

7.786

6.079

0.000

***

0.000

***

0.022

0.101

0.038

0.028

0.092

0.725

0.650

0.750

0.800

0.700

0.725

He

0.764

0.836

0.819

0.852

0.872

0.829

FIS

0.051

0.223

0.084

0.061

0.197

0.123

PHW

0.092

0.005

0.175

0.144

0.010

Na

8

6

6

5

5

6.000

Ne

3.113

3.172

2.207

2.331

2.322

2.629

r*

0.077

0.117

0.079

-0.050

0.076

0.550

0.487

0.425

0.650

0.450

0.512

He

0.679

0.685

0.547

0.571

0.569

0.610
0.154

FIS

0.190

00289

0.223

-0.138

0.210

PHW

0.000***

0.000***

0.012*

0.606

0.002**

Na

6

10

7

5

6

6.800

Ne

1.760

2.558

2.116

1.857

3.521

2.363

r*

0.022

0.161

0.051

0.059

0.089

Ho

0.400

0.350

0.450

0.375

0.564

0.428

He

0.432

0.609

0.528

0.462

0.716

0.549

FIS

0.074

0.425

0.147

0.188

0.212

0.209

0.119

0.065

0.000

0.000

***

0.835

**

Ho

***

0.725

0.000

r*

**

PIC

***

Ho

PHW

Lm05

BH

Ne

PHW

Lm02

Population

0.547

0.675

0.000

***

Na

7

16

14

6

7

10.000

Ne

1.950

3.682

3.226

1.771

2.221

2.570

r

-0.076

-0.070

-0.021

-0.010

-0.065

Ho

0.600

0.850

0.725

0.450

0.650

0.655

He

0.487

0.728

0.69

0.435

0.550

0.578

FIS

-0.232

-0.167

-0.051

-0.034

-0.182

-0.133

PHW

0.110

0.489

0.206

0.227

0.194

0.565

Na: number of alleles; Ne: number of eﬀective alleles; r: null allele frequency estimated by r=(He–Ho)/(1+He); He: expected heterozygosity; Ho: observed
heterozygosity; PHW: Hardy-Weinberg probability test (*P<0.05, **P<0.01, ***P<0.001); FIS, ﬁxation indices; *: loci with null alleles.

To be continued
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Table 5 Continued
Locus

Lm06

Lm07

Parameter

BH

WZI

FZ

XM

ZJ

Mean

Na

11

12

11

8

9

10.200

Ne

5.787

4.383

2.977

2.306

4.056

3.902

r*

0.124

0.074

0.060

0.100

0.168

Ho

0.600

0.641

0.564

0.410

0.459

0.535

He

0.827

0.772

0.664

0.566

0.753

0.717

FIS

0.275

PHW

0.000

0.011

0.000

0.000

Na

9

7

4

6

9

7.000

Ne

2.460

2.941

2.146

3.774

4.841

3.232

Lm10

0.000

0.150
***

0.276
*

0.390
***

0.081

0.055

0.150

0.164

0.650

0.525

0.450

0.475

0.500

0.520

He

0.593

0.660

0.534

0.735

0.793

0.633

FIS

-0.095

0.205

0.157

0.354

0.370

0.198

0.005**

0.016*

0.000***

0.000***

7

10

12

7

Ne

2.640

2.974

6.337

r

-0.203

0.098

0.118

Ho

0.950

0.500

7

8.600

2.399

2.315

3.333

0.037

-0.020

0.625

0.525

0.600

0.640

He

0.621

0.664

0.842

0.583

0.568

0.656

FIS

-0.529

0.247

0.258

0.100

-0.056

0.004

PHW

0.000***

0.039*

0.001***

0.310

0.137

14

15

12.800
7.178

12

Na

12

11

Ne

7.547

5.575

6.119

7.711

8.939

r*

0.090

0.121

0.088

0.131

0.047

Ho

0.700

0.600

0.675

0.625

0.800

0.680
0.857

He

0.868

0.821

0.821

0.870

0.888

FIS

0.193

0.269

0.193

0.282

0.099

PHW

0.000

***

0.001

***

0.003

**

0.000

***

0.000

7

8

3

6

6

6.000

3.114

3.711

1.770

2.946

3.647

3.038

r*

0.166

0.114

0.048

0.157

0.048

Ho

0.400

0.533

0.367

0.400

0.643

0.469

He

0.679

0.731

0.435

0.661

0.726

0.646

FIS

0.411

0.270

0.157

0.394

PHW

0.000

0.000

0.002

0.000

0.000

8.100

8.400

**

0.114
***

0.641

0.869

0.207

Na

**

0.736

***

Ne

***

0.760

0.252

-0.036

0.007**

PIC

***

r*

Na

Lm09

0.170
***

Ho

PHW

Lm08

Population

0.670

0.269
***

Mean values of all loci
Na

8.800

10.900

9.000

9.041

Ne

3.695

4.095

3.526

3.497

4.228

3.808

Ho

0.615

0.566

0.563

0.541

0.587

0.574

He

0.672

0.733

0.654

0.642

0.706

0.681

FIS

0.059

0.230

0.139

0.145

0.155

0.146

0.702
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Table 6 Pairwise FST values and gene ﬂow (NM, in parentheses) (above diagonal), and Nei’s genetic distance (DA, below
diagonal) among L. maxima populations based on analysis of 10 microsatellite markers
Population

BH

BH

WZI

FZ

XM

ZJ

0.062*(3.782)

0.139*(1.549)

0.120*(1.833)

0.060*(3.917)

0.097*(2.327)

0.116*(1.905)

0.073*(3.175)

0.031*(7.815)

0.048*(4.958)

WZI

0.213

FZ

0.523

0.318

XM

0.357

0.337

0.090

ZJ

0.193

0.245

0.162

0.027*(9.009)
0.078

: P<0.001.

*

the average Na, Ne, Ho, and He at per locus were 9.041,
3.808, 0.574, and 0.681, respectively. In general, the
diversity level of L. maxima population in China was
relatively high.
3.3.3 Genetic divergence and structure
Analysis of all pairwise FST statistics showed
signiﬁcant diﬀerences (P<0.001) among the ﬁve
populations. The highest divergence was between the
BH and FZ populations (FST=0.139), while the lowest
divergence was between the XM and ZJ populations
(FST=0.027). The gene ﬂow of ﬁve populations varied
between 1.549 and 9.009 (Table 6). The analysis of
molecular variance (AMOVA) showed that the
genetic variation among and within populations was
12% and 88%, respectively (Table 7), indicating that
genetic variation mainly came from within
populations, but diﬀerent populations still had
signiﬁcant genetic diﬀerentiation.
Structure 2.3.4 was used to execute the hypothetical
K value of 1–7. The results were uploaded to Structure
Harvester to determine the best K value, and K and
ΔK line chart and K and LnP(D) scatter plot were
showed (Fig.4a & b). According to the trend analysis
of K value, when K=2, ΔK had a maximum value, and
followed by K=3. Based on the value of K=2, the
population structure analysis showed that the ﬁve
populations could be divided into two clusters,
BH+WZI and FZ+XM+ZJ, at a certain degree of gene
exchange between each population (Fig.4c). When
K=3, individuals from BH and WZI populations were
signiﬁcantly diﬀerent from each other, and the other
three populations were similar to some extents, in
which XM and ZJ was the more similar (Fig.4d).
Based on the genetic distance (DA), two major
branches were showed in the UPGMA tree (Fig.5),
which was consistent with the result of the Structure
analysis. The two populations (BH, WZI) from Beibu
Gulf were clustered into one branch, the other three
populations (FZ, XM, and ZJ) from the southeastern

Table 7 AMOVA analysis among diﬀerent populations of
L. maxima based on analysis of ten microsatellite
markers
Source of
variation

d.f.

Sum of squares

Variance
component

Percentage of
variation (%)

Inter-population

4

210.560

1.104

12

Intra-population

195

1 650.275

8.463

88

Total

199

1 860.835

9.567

100

coastal zones of China region were clustered in the
middle of the tree, and among them, the XM and ZJ
populations were the ﬁrst to be gathered together.

4 DISCUSSION
Long-term geographical isolation and adaptability
to diﬀerent environments result in certain reproductive
isolation among diﬀerent geographical populations of
the same species due to lack of genetic exchange, thus
forming certain diﬀerences in their morphology,
physiology, and genetics (Li et al., 2011b). To
determine the management unit of a natural
population, it is important to evaluate the diversity
and structure of the population. Therefore, in the
present study, L. maxima from ﬁve populations were
collected and used to analyze the population structure
and diversity based on both morphology and
microsatellite makers.
4.1 Microsatellite screening strategy
Since Tautz and Renz (1984) reported microsatellite
sequences obtained from various organisms,
microsatellite markers have become one of the widely
used genetic markers (Zhao et al., 2019). We used
high-throughput sequencing to screen transcriptomederived microsatellite makers, which features fast,
high eﬃciency, strong transferability, correlation with
potential genes, and large amount of data, thus
accelerating the eﬃciency of microsatellite maker
development (Ma et al., 2014; Ueno et al., 2015).
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Fig.4 Genetic structure results of ﬁve populations of L. maxima based on ten microsatellite loci
a. the relation between the likelihood L (K) values and ΔK values; b. the relation between the value of logarithmic likelihood function and the value of K; c.
Bayesian clustering of the optimal grouping K=2 for ﬁve populations; d. Bayesian clustering of the optimal grouping K=3 for ﬁve populations.

With the rapid development of sequencing technology
and bioinformatics, more and more transcriptomederived microsatellite makers have been developed
for aquatic animals, such as Ictalurus punctatus
(Serapion et al., 2004), Carassius auratus gibelio
(Yue et al., 2004), and Argopecten irradians (Zhan et
al., 2005), etc. In this study, 50 primers were designed
and synthesized, and veriﬁed and analyzed in the
individual genomic DNA of L. maxima. Among them,
28 pairs had ampliﬁcation products and 10
microsatellite markers with high polymorphism were
obtained, accounting for 35.7% of the total.
Microsatellite marker polymorphisms are important
to evaluate genetic diversity. Compared with the
genome derived microsatellite markers, the
transcriptome-derived microsatellite markers have
low polymorphism due to stricter evolutionary
restrictions (Ellis and Burke, 2007), but some studies
show diﬀerent results (Yue et al., 2004). Polymorphic
information content (PIC) is an important indicator of
genetic diversity level (Botstein et al., 1980), and all
loci in ﬁve populations were highly polymorphic due
to PIC>0.5, suggesting higher polymorphisms and
strong allelic variation in L. maxima based on
transcriptome-derived
microsatellite
markers.
Therefore, the 10 pairs of microsatellite primers
obtained can be suitable for evaluating the genetic
diversity and variation among populations.

XM
ZJ
FZ
BH
WZI
0.15

0.10

0.05

0.00

Fig.5 UPMGA dendrogram of L. maxima by Nei’s genetic
distance based on ten microsatellite loci

4.2 Genetic diversity within population
Heterozygosity, also known as gene diversity, is
generally considered the optimal parameter for
assessing population variation at the genetic level
(Nei et al., 1975). If the average heterozygosity of one
population is higher than 0.5, it indicates that the
population is not selected by high intensity and has
rich genetic diversity, and vice versa (Li et al., 2010).
Therefore, higher heterozygosity contributes to the
richer genetic diversity of the species and the stronger
adaptability to environments (Qin et al., 2013). In this
study, the mean He and Ho values in ﬁve L. maxima
populations range from 0.642 to 0.733 and 0.541 to
0.615, and the average He (0.681) was higher than Ho
(0.574), indicating the loss of heterozygotes. The
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average eﬀective allele number of ﬁve populations
was high, suggesting that L. maxima has a high
genetic variation, which is conducive to the protection
of germplasm resources, whereas populations with a
low degree of genetic diﬀerentiation should be paid
attention to strengthen protection measures (Qin et
al., 2013). The mean Ne value in the ﬁve L. maxima
populations ranged from 3.497 to 4.228, further
conﬁrming the high genetic diversity of this species.
High genetic diversity seems to be a common feature
of marine bivalves, such as Pinctada maxima (Smith
et al., 2003), Scapharca broughtonii (An and Park,
2005) and Mizuhopecten yessoensis (Sato et al.,
2005).
Moreover, in all populations, FIS was positive,
suggesting the presence of null alleles (Pemberton et
al., 1995). Microchecker software detected eight out
of 10 loci with null alleles. This phenomenon has
been reported on other shellﬁsh, such as Crassostrea
gigas showing null alleles in 51.9% (41/79) of
microsatellite loci (Li et al., 2003a). In addition, null
alleles lead to the loss of heterozygotes (Wanna et al.,
2004), our results also showed that the ﬁve
geographical populations deviated signiﬁcantly from
HWE at most of the detected loci. Selkoe and Toonen
(2006) believe that loci with deviation from HWE
would not have a signiﬁcant impact on the subsequent
analysis and should not be discarded. Some studies
reveal that the loss of heterozygotes in aquatic animals
is one factor to result in deviation from HWE (Evans
et al., 2004). Therefore, it is speculated that there may
be serious heterozygote deﬁciencies in L. maxima
populations, and the mating between individuals is
probably not random. There may be several possible
explanations for the deviation from HWE expectations.
Firstly, human activities, such as overﬁshing, the
introgression of cultured stocks and other reasons will
lead to genetic balance deviation of wild population,
eventually, loss of diversity and population viability
(So et al., 2006). Secondly, in recent years, the rapid
development of coastal areas along the southeast of
China has led to the degradation of habitats and the
reduction of eﬀective populations, which may lead to
certain inbreeding among individuals. Thirdly, it has
been found that marine bivalves with longer larval
stages have the higher dispersibility (Arnaud et al.,
2000), and the migration and diﬀusion of the larvae
will probably promote the gene exchange among
geographical populations, and thus the migration of
animals will promote the gene exchange among
diﬀerent geographical populations. In addition,
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studies have shown that inbreeding, intra-population
structure (Wahlund eﬀect), and sampling bias are the
causes of heterozygote deﬁciencies (Borsa et al.,
1991; Gallardo et al., 1998; Wang et al., 2007; Cannas
et al., 2012).
4.3 Genetic divergence and cluster among
populations
Principal component analysis is an eﬀective
multivariate analysis method (Gibson et al., 1984;
Voss et al., 1990). This study showed that the
cumulative contribution rate of the ﬁrst three principal
components was 72.596%, which was lower than
85% (Eisenhour, 1999), indicating that diﬀerent
populations of L. maxima could not be completely
correctly distinguished by morphological diﬀerences
with several selected parameters, combined with
discriminant analysis with 64% of the overall
discriminant accuracy rate. The XM and FZ
populations occupied the same overlap based on the
geographic principal component analysis and the
discriminant analysis, which indicated that the
morphological characteristics between the two
populations are hardly distinguishable.
Based on the morphological indicators, the
Euclidean distance tree was constructed, showing that
the BH and ZJ populations were ﬁrst clustered
together, and the XM, FZ, and WZI populations were
clustered into one, which does not match the
geographical locations of populations. BH and ZJ are
separated by the Leizhou Peninsula and the Qiongzhou
Strait, and WZI and BH are apart by a narrow sea, so
there should be more genetic exchange between the
WZI and BH populations. In fact, morphological
diﬀerences are determined by both genetic and
environmental factors, and sometimes environmental
factors may be the dominant factors. Laudien et al.
(2003) concluded that the morphological diﬀerences
of Donax serra are determined by the characteristics
of the geographical environment. Therefore, this
study further explored relationships within
populations and among populations based on
microsatellite markers.
UPGMA analysis showed that the ﬁve populations
were divided into two main clusters, Beibu Gulf
group (Beihai and Weizhou Island) and the Southeast
China Sea group (Zhanjiang, Xiamen, and Fuzhou),
the reason may be that the current in Qiongzhou Strait
mainly ﬂows from east to west in all seasons, which
deﬁnitely prevent the L. maxima from expanding
eastwards. However, the ZJ population is
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geographically the closest to the BH and WZI
populations, but the ZJ population is the ﬁrst to cluster
with the XM and FZ populations. Because the
L. maxima has a planktonic larval stage (Li et al.,
2003b), we speculate that in summer, China Coastal
Current ﬂows northward, and has been ﬂowing from
the South China Sea to the East China Sea (Ni et al.,
2014), thus strengthening the connection between the
seas. The Structure results show that when K=2, the
ΔK value was the largest, which further corroborated
the UPGMA dendrogram results. At the same time,
we found that the two clusters had a low degree of
mixing, and the diﬀerent clusters were relatively
concentrated in Bayesian clustering In general, the
genetic structure of L. maxima was related to the
geographical locations sampled, which the same
water area promotes frequent gene exchanges,
resulting in similar genetic structures.
Based on the pairwise FST values and the Nei’s
genetic distance, it was found that there was signiﬁcant
moderate genetic diﬀerentiation between the BH and
WZI populations located in Beibu Gulf, and the FZ
and XM populations located in East China Sea
(FST=0.097–0.139). During the Quaternary glacial
period, the sea level in the East China Sea fell,
promoting the formation of a land bridge between the
mainland and Taiwan of China, and separating the
East China Sea from the South China Sea and the
Paciﬁc Ocean (Ni et al., 2014). And Beibu Gulf is a
semi-closed bay, which probably promotes L. maxima
population to form independent refuges in the two
seas, and blocks the genetic exchange of species
between Beibu Gulf group (BH and WZI) and
Southeast China Sea group (FZ and XM). Additionally,
a low level of genetic diﬀerentiation (FST=0.027–
0.048) was found among the FZ, XM, and ZJ
populations located along the southeast coast of China
with the distance of about 260–1 254 km. Guillemaud
et al. (2003) believe that the diﬀerence of genetic
diﬀerentiation is not obvious when the geographical
distance is less than 60 km, but it is obvious when the
geographical distance is 150–200 km, indicating that
geographical distance may not be the main inﬂuencing
factor. In the later period of the glacier, the global
temperature rises, all marginal sea creatures recontact
(Huang et al., 2015), thus the gene exchange results in
the genetic diﬀerentiation of the species due to
geographic isolation eliminated (Coope, 1979; Liu et
al., 2011). This may be one reason for the formation
of a cluster in the Southeast China Sea group (FZ,
XM, and ZJ) and low genetic diﬀerentiation. Similarly,
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low levels of genetic diﬀerentiation are also detected
in other marine bivalves, such as Crassostrea
rhizophorae (Ignacio et al., 2000), Cerastoderma
glaucum (Mariani et al., 2002) and Pecten jacobaeus
(Ríos et al., 2002). Additionally, it has been reported
that genetic variation of Chlamys farreri is closely
related to currents (Zhan et al., 2009). The eﬀect of
ocean currents on the diﬀusion ability of plankton
larvae is also signiﬁcant due to the large geographic
distance span of the East China Sea and the extremely
weak movement ability of plankton species (Lee and
Boulding, 2009). Therefore, genetic diﬀerentiation
among the FZ, XM, and ZJ populations was probably
aﬀected by the warm sea current in southeast China
(Lambeck et al., 2002) since the larvae of L. maxima
are dispersed in a relatively large area during the
planktonic life stage of about 12 days (Li et al.,
2003b). Of course, the eﬀect of human activities
should be also considered.
AMOVA revealed that the genetic variation among
populations was 12%, indicating that each population
had signiﬁcant genetic diﬀerentiation. Studies have
shown that geographic diﬀerences may lead to
diﬀerences in genetic structure and genetic diversity
of marine shellﬁsh populations (Kong et al., 2007).
Some studies have also shown that environmental
stress has a large impact on the population genetic
structure of shellﬁsh (Geist and Kuehn, 2005).
Environmental diﬀerences in water temperature and
salinity, etc. between Beibu Gulf group and Southeast
China Sea group might also be one of the causes of
genetic diﬀerentiation.

5 CONCLUSION
This study was the ﬁrst attempt to elucidate the
genetic characteristics of L. maxima populations in
China. Ten polymorphic transcriptome-derived
microsatellite markers combined with morphology
were used to assess the genetic diversity and genetic
diﬀerentiation among wild L. maxima populations in
China. The genetic diversity level of the L. maxima
populations in the southeastern coast of China
remained relatively high, and moderate genetic
diﬀerentiation has occurred. The ﬁve L. maxima
populations exhibited high genetic diversity as
indicated by the high Ne, He, and Ho, indicating the
germplasm resources were in good condition.
Moderate levels of genetic diﬀerentiation were
detected between BH and WZI populations located in
the Beibu Gulf, and FZ, XM, and ZJ populations
located in the East China Sea, which gain support also
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by UPGMA tree and the Structure analysis. However,
with the continuous development and utilization of
ﬁshery resources, the scope of ﬁshing is gradually
expanding, and the ﬁshery resources of wild species
show a trend of gradual decline. Therefore, it is
necessary to protect them against further decline in
genetic diversity. Our results suggested that
populations from the two regions of L. maxima should
be considered as separate units in ﬁshery management,
which will provide certain references for establishment
of protection strategy of L. maxima.
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