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Abstract
Background The blood clam Barbatia virescens is an ecologically and economically important species in the southern coast 
of China. Understanding of the genetic structure of B. virescens populations is vital to breeding strategies and conservation 
programs.
Objective To develop and characterize a set of microsatellites loci primers for B. virescens, and provide helpful information 
for reasonable utilization and protection of B. virescens natural resources.
Methods The microsatellites of B. virescens were detected using a RAD-seq approach based on an Illumina sequencing 
platform. For the test of microsatellite development, we calculated the number of alleles (Na), observed heterozygosities (Ho), 
expected heterozygosities (He) and exact tests for deviations from Hardy–Weinberg equilibrium (HWE). Twelve polymorphic 
loci were used to access the genetic diversity and population structure of four B. virescens populations.
Results In this study, 50,729 microsatellites of B. virescens were detected. Twenty-two polymorphic microsatellite loci were 
developed for B. virescens. The number of alleles per locus ranged from 6 to 15, and expected heterozygosities varied from 
0. 567 to 0.911. All the PIC values of the 22 loci were greater than 0.5, indicating that these markers were highly informa-
tive for further genetic analysis. Twelve loci were selected to analyze genetic diversity and population structure of four B. 
virescens populations collected from different geographical regions along the southern coast of China. The results showed 
moderate to high levels of genetic diversity in the four populations (mean Ar = 7.756–8.133; mean Ho = 0.575–0.639; mean 
He = 0.754–0.775). Pairwise  FST estimates indicated that there was significant divergence among the four populations.
Conclusion This study not only provides a large scale of sequence information of microsatellites which are valuable for 
future genetic mapping, trait association and kinship among B. virescens, but also offers useful information for the sustain-
able management of natural stocks and the development of breeding industry of B. virescens.
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Introduction

The blood clam Barbatia virescens, attached to rocks on 
lower shores, is naturally distributed along the coastal 
waters of southern China, Japan, Vietnam, Thailand and 
Philippines (García and Oliver 2008). As a member of 
benthic suspension feeders in littoral marine ecosystems, 
B. virescens has important effects on the overall function-
ing of the coastal systems. In China, B. virescens is one 
of the most valuable and important fisheries resources. 
However, owing to the ever increasing demand for seafood 
in domestic markets, overexploitation and habitat destruc-
tion, the natural resources of B. virescens have declined 
dramatically in the past decades, and become difficult to 
be collected. Furthermore, the breeding of B. virescens has 
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not yet formed industrialization. Hence, there is an urgent 
need for action to manage the natural resources and initiate 
genetic breeding programs of B. virescens, and studies on 
its genetic diversity and population structure are neces-
sary. Although a well knowledge of the genetic structure 
is essential for developing appropriate policies for man-
agement and conservation of B. virescens resources, no 
study on the genetic diversity and population structure of 
B. virescens has been reported.

Microsatellites, also known as simple sequence repeats 
(SSRs), have been considered as an effective tool in the 
fields of genetics, evolution, conservation and manage-
ment, especially in assessing genetic structure of popula-
tions (Morgante et al. 2002; György et al. 2014). Simple 
sequence repeats (SSRs). They are of high polymorphism, 
neutrality, abundance, codominance, and unambiguously 
scoring of alleles (Tautz 1989; Weber and May 1989). 
Meanwhile, in contrast to mitochondrial and nuclear 
intronic markers, SSRs usually have a higher mutation rate 
(Selkoe and Toonen 2006). Microsatellites have proven 
to be invaluable in many field of genetics that span from 
genome mapping to paternity testing, population genet-
ics, and forensic DNA studies (Cheng et al. 2009; Brown 
and Stepien 2010). Microsatellites have been widely used 
to assess genetic variation in many marine bivalves (Xue 
et al. 2014; Martínez et al. 2015; Yu et al. 2015). Unfortu-
nately, no SSR for B. virescens is available yet.

Traditionally microsatellite marker development meth-
ods are prohibitively expensive, extremely time consum-
ing, and low throughput (Rassmann et al. 1991; Paetkau 
1999). Nowadays, with the development of next-genera-
tion sequencing (NGS), these problems are partly resolved. 
Microsatellites markers can be developed quickly and at 
relatively low cost based on NGS (Berman et al. 2014). 
Recently, with the decreasing cost of Illumina sequencing, 
coupled with restriction-site-associated DNA sequencing 
(RAD-seq) technique, RAD-seq using the Illumina plat-
form has become an attractive option for microsatellite 
marker development (Tian et al. 2016; Wang et al. 2017a, 
b) in both model organisms with high-quality reference 
genome sequences and excitingly non-model species with 
no existing genomic data (Davey et al. 2011). So far, using 
RAD-seq technique polymorphic microsatellite markers 
have been developed in large number of marine species 
(Ma et al. 2015; Gong et al. 2016).

In this study, we developed and characterized a set of 
microsatellites loci primers for B. virescens using RAD-
sEq. We further used these polymorphic SSR markers to 
evaluate the genetic diversity and genetic structure of four 
wild B. virescens populations along the southern coast of 
China, which provide helpful information for reasonable 
utilization and protection of B. virescens natural resources.

Materials and methods

Sampling and DNA extraction

Four wild populations of B. virescens were collected from 
the southern coast of China. Two populations were obtained 
from the East China Sea, including Xiapu (26° 89′ N, 120° 
00′ E), and Pingtan (25° 51′ N, 119° 78′ E); the other two 
populations were sampled from the South China Sea, includ-
ing Yangjiang (21° 87′ N, 111° 98′ E) and Beihai (21° 48′ 
N, 109° 12′ E) (Fig. 1). A piece of adductor muscle from 
each individual was preserved in 95% ethanol until DNA 
extraction.

Genomic DNA of each individual was extracted from 
25 to 50 mg of adductor muscle according to the protocol 
described by Li et al. (2002). DNA concentrations were 
measured using Nanodrop 2000 (Thermo Fisher Scientific 
Inc, USA), and then diluted to 50 ng/µl for PCR.

RAD library preparation and sequencing

About 1 µg genomic DNA of one individual from Xiapu 
population was selected for RAD-sEq. Genomic DNA was 
digested with a restriction enzyme. Adapters P1 which 
contained a forward amplification primer site, an Illumina 
sequencing primer site and a barcode, and P2 were ligated 
to the fragments. The fragments were PCR amplified with 
P1-and P2-specific primers. Library was validating on the 
Agilent Technologies 2100 Bio-analyzer and the ABI Ste-
pOnePlus Real-Time PCR System. The qualified library 
was subjected to sequencing on the HiSeq 2500 System 
(Illumina), with 250 bp paired-end reads. Subsequently, the 
microsatellite mining was performed by using MIcroSAtel-
lite (MISA) identification tool (Thiel et al. 2003) and the 
primer pairs for each SSR were designed with Primer3 v2.3.6 
(http://prime r3.sourc eforg e.net). SSRs are defined by having 

Fig. 1  Map showing locations and abbreviated names for four Barba-
tia virescens populations
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two to six nucleotides motif with at least four tandem repeats 
[definition (unit_sizemin_repeats): 2–6, 3–5, 4–4, 5–4, 6–4] 
and the minimal interval between two repeats over 100 bp 
[interruptions (max_difference_between_2_SSRs):100].

SSRs Primers were designed according to the following 
criteria: with the size of PCR products ranging from 100 to 
300 bp, primer annealing temperature range 55.0–62.0 °C, 
and GC content range 45–60%.

Microsatellite development and analysis

DNA of 36 individuals obtained in Xiapu were used for 
testing the polymorphism of sixty primer pairs. PCRs were 
performed in a volume of 10 µL containing 0.25 U Taq DNA 
polymerase (Takara), 1 × PCR buffer  (Mg2+ plus), 0.2 mM 
dNTP mix, 1 mM of each primer set, and 50 ng of genomic 
DNA. The PCR amplification conditions were as follows: 
initial denaturation at 94 °C for 3 min, 35 cycles of 94 °C for 
30 s, 30 s at the optimal annealing temperature, and 72 °C 
for 1 min, final extension at 72 °C for 5 min. To evaluate the 
amplifications, PCR products were first run through 1.5% 
agarose gel electrophoresis. Then, amplification products 
were separated on 6% denaturing polyacrylamide gel, we 
used a 10 bp DNA ladder (Invitrogen) to determine allele 
sizes. Twenty-two microsatellite loci with high polymor-
phism were deposited in GenBank (Table 1). In considera-
tion of allelic richness, heterozygosity and good amplifica-
tion results, 12 polymorphic microsatellite loci were further 
chosen for population genetic analysis of B. virescens from 
four locations.

Statistical analysis

For the test of microsatellite development, we calculated 
the number of alleles (Na), observed heterozygosities (Ho), 
expected heterozygosities (He) and using the program 
GenAlEx v.6.5 (Peakall and Smouse 2006). Allele distri-
bution frequencies was calculated by MICROSATELLITE 
ANALYSER (MSA) (Dieringer and Schlötterer 2003). 
Exact tests for deviations from Hardy–Weinberg equilib-
rium (HWE) were performed using GENEPOP version 4.0 
(Rousset 2008). Tests for linkage disequilibrium (LD) was 
performed in the same program. Significance levels for mul-
tiple comparisons were adjusted with a sequential Bonfer-
roni correction (Rice 1989). The polymorphism information 
content (PIC) were calculated in CERVUS v.3 (Kalinowski 
et al. 2007). In addition, null alleles and scoring errors were 
checked using MICRO-CHECKER (Van Oosterhout et al. 
2004).

For the test of populations, besides above tests, other 
analysis were implemented. Allelic richness (Ar) was 
estimated with FSTAT 2.9.3 (Goudet 2001). A nonpar-
ametric analysis of variance was performed to test for 

differences in allelic richness among populations with the 
Kruskal–Wallis test (Sokal and Rohlf 1995). MSA (Dier-
inger and Schlötterer 2003) was used to calculate global 
and population pair-wise FST (random 1000 permutation). 
Statistical significance of FST values was corrected with 
the Bonferroni procedure (Rice 1989). MSA was equally 
used to calculate the Cavalli-Sforza and Edwards (1967) 
chord distance Dc among populations. An unrooted 
neighbor-joining tree (NJ tree) was constructed with the 
software POPULATIONS (http://www.cnrs-gif.fr/pge). 
Nodal support was assessed by bootstrapping with 1000 
replicates. The genetic structure among all populations 
was assessed by analysis of molecular variance (AMOVA) 
(Excoffer et al. 1992) using ARLEQUIN 3.5. Population 
pairwise ΦST values were also computed with ARLE-
QUIN. The significance of each pairwise comparison was 
tested with 10,000 random replicates.

Results

Microsatellite development and characterization

About 4.685 G bases of raw reads were generated by 
RAD-sEq. After quality control, about 4.683 G bases of 
clean reads were obtained. De novo assembly generated 
607,969 high-quality contigs, with an average size of 277 bp 
(N50 = 286). Total number of identified SSRs were 50,729, 
including 27,868 di-nucleotide repeats, 8306 tri-nucleotide 
repeats, 13,869 tetra-nucleotide repeats, 550 penta-nucle-
otide repeats and 136 hexa-nucleotide repeats. Among the 
di-nucleotide repeats, AC/TG type repeats had the larg-
est proportion, accounting for 16.3% (Fig. 2). Totally, 60 
selected primer pairs were synthesized, and 22 polymorphic 
microsatellite loci were amplified successfully (Table 1). 
According to the classification method, microsatellites can 
be divided into type I and type II. Among them, type I is 
related to genes with known functions, and type II comes 
from unknown sequences. The 22 microsatellite loci we 
developed is all type II microsatellite (Table 1).

The number of alleles per locus ranged from 6 to 15 
with an average of 9.41. The observed (Ho) and expected 
(He) heterozygosities ranged from 0.242 to 0.839 and from 
0. 567 to 0.911, respectively. Significant deviation from 
Hardy–Weinberg equilibrium (HWE) was observed for 
nine of the loci after Bonferroni correction. Tests for LD 
reflected a nonrandom association (P < 0.01) between one 
pair of loci (Qtw02–Qtw22). Furthermore, all of the values 
of PIC were greater than 0.5, which indicated that these 
microsatellite loci were highly polymorphic. In addition, 
the appendix showed the allele distribution frequencies in 
examined populations.

http://www.cnrs-gif.fr/pge
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Genetic diversity within populations

Twelve polymorphic loci were used to access the genetic 
diversity and population structure of four B. virescens pop-
ulations. Genetic diversity parameters are summarized in 
Table 2. Allele number of each locus varied from 4 to 15, 
and allelic richness per locus ranged from 4.000 to 14.691. 
The BH population showed the lowest average allelic richness 
(7.755) and PT showed the highest (8.133). There was no sig-
nificant difference in the average allelic richness among these 
populations (P > 0.05). The average observed and expected 
heterozygosities ranged from 0.575 to 0.639 and from 0.754 to 
0.775, respectively. The PT population had the highest average 
expected heterozygosity (0.775), whereas XP exhibited the 
lowest (0.754).

Seventeen of the 48 locus-population combinations were 
out of Hardy–Weinberg equilibrium after Bonferroni correc-
tion (P < 0.05/12). Analysis of MICRO-CHECKER suggested 
that null alleles might be the major cause for the observed 
heterozygote deficits.

Genetic differentiation among populations

The global FST value was low but significant (P = 0.035), indi-
cating the existence of genetic heterogeneity among the four 
populations. As Table 3 showed, pairwise FST values across 
all populations ranged from 0.0250 to 0.0470. Significant pair-
wise FST values were observed among all the four B. virescens 
populations. The BH population appeared the most distinct, 
with the three highest pairwise FST values (0.0451–0.0470) 
occurring between BH and other three populations.

Chord distances (Dc) between populations were shown in 
Table 3. Dc genetic distance was smallest between XP and 
PT (0.2636), while the largest distance was between XP and 
BH (0.3696). Dc values between populations closely reflected 
pairwise FST values. The NJ tree was constructed with the Dc 
genetic distances (Fig. 3). The result showed that XP and PT 
populations clustered together with a high bootstrap support 
value.

AMOVA analysis partitioned the populations to two group 
(East China Sea and South China Sea). The results revealed 
that a majority of the total molecular variance was distributed 
within individuals (76.57%) with significant values (P < 0.05), 
followed by variance distributed within populations (19.61%) 
(Table 4).
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Discussion

Development and characterization of polymorphic 
microsatellite markers

In this study, SSR markers of B. virescens were firstly devel-
oped by RAD-sEq. In comparison to laboratory-biased tradi-
tional methods, RAD-seq strategy can drastically promoted 
the discovery of novel microsatellite detection with less 
time consumption and relative low cost. This method has 
been widely used for the development of SSRs in non-model 
organisms (Tian et al. 2016; Wang et al. 2017a, b). Consist-
ent with the previous reports, our results also indicated that 
RAD-seq based on Illumina platform can be effectively used 
for SSRs development in the blood clam B. virescens, of 
which no molecular marker is available to date. The genome 
sequencing and assembly provided numerous sequences for 
developing microsatellite markers in B. virescens. A total 
of 50,729 SSR loci of B. virescens were identified, in which 
di-nucleotide repeats was the most common SSR motif 
(39.3%). The similar phenomenon was also found in other 
marine species, such as Crassostrea virginica, Fennerope-
naeus penicillatus, and Macrobrachium nipponense (Wang 
et al. 2009; Cao et al. 2012; Zhao et al. 2014).

Twenty-two microsatellites with moderate and high poly-
morphism were developed in the present study. These poly-
morphic markers will be an effective tool to promote the 
studies of genetic diversity and population structure and to 
develop the conservation and management strategies.

Genetic diversity and departures from HWE

Expected heterozygosity provided an evidence that a moder-
ate to high level of genetic diversity were found in all the 

four wild populations of B. virescens (He = 0.754–0.775). 
Similar results were found in other marine bivalves (e.g. 
Ostrea edulis, He = 0.751–0.920, Launey et al. 2002; Mac-
tra chinensis He = 0.870–0.903; Ni et al. 2011; Scapharca 
broughtonii, He = 0.844–0.867; Yu et al. 2015). The genetic 
diversity of a population was influenced by various factors, 
such as fecundity, external fertilization, and larval dispersal 
(Cassista and Hart 2007). The large and multiple fecundity, 
external fertilization and the planktonic larval phase of 
marine organism can give them a higher genetic diversity.

More than one quarter of significant deviations from 
Hardy–Weinberg equilibrium were measured in the 48 
(4*12) combinations of populations and microsatellite loci. 
The significant heterozygote deficiencies may be partly due 
to inbreeding, the Wahlund effect or null alleles (Astanei 
et al. 2005). In the present study, the loci showing deviations 
from HWE were detected existence of null alleles, suggest-
ing that the existence of null alleles may play a dominant 
role in departures from HWE. Actually, it is a universal 
phenomenon that high levels of null alleles widely exist in 
marine molluscs (Yu and Li 2007; Ni et al. 2011; Gao et al. 
2016).

Population structure among populations

The dispersal ability (Hunt 1993; Bohonak 1999) and the 
oceanic landscapes (Baus et al. 2005; Kenchington et al. 
2006) are the most common guess explaining the genetic 
connectivity and differentiation among different geographi-
cal populations. In the present study, significant genetic dif-
ferentiation among the four B. virescens populations were 
found according to pairwise FST.

One of the prime causes of the significant genetic dif-
ferentiation among the B. virescens populations might be 

Fig. 2  SSR repeating unit clas-
sification chart
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the short pelagic larval duration (PLD) and adherent habits 
as adults of B. virescens. Some marine bivalves with a long 
pelagic larval duration (Perna viridis, 21–28 days; Atrina 

Table 2  Number of alleles (Na), allele richness (Ar), observed and 
expected heterozygosity (Ho, He), and probability value of Hardy–
Weinberg equilibrium (P) at each locus for each population

Locus XP (n = 36) PT (n = 35) YJ (n = 28) BH (n = 23)

Qtw04 Na 5 6 6 5
Ho 0.543 0.514 0.607 0.500
He 0.638 0.617 0.649 0.656
Ar 4.790 5.459 5.689 5.000
P 0.352 0.608 0.633 0.233

Qtw09 Na 8 8 7 7
Ho 0.417 0.714 0.607 0.750
He 0.567 0.727 0.586 0.660
Ar 6.435 6.949 6.549 7.000
P 0.434 0.823 0.998 0.883

Qtw21 Na 9 7 6 5
Ho 0.667 0.692 0.320 0.609
He 0.617 0.704 0.740 0.672
Ar 7.653 6.879 5.762 5.000
P 1.000 0.247 0.000* 0.383

Qtw27 Na 7 8 7 7
Ho 0.750 0.647 0.571 0.652
He 0.760 0.690 0.725 0.774
Ar 6.784 7.367 6.839 6.970
P 0.457 0.722 0.318 0.788

Qtw28 Na 10 9 8 8
Ho 0.727 0.576 0.519 0.550
He 0.776 0.870 0.792 0.847
Ar 8.029 8.545 7.708 8.000
P 0.977 0.000* 0.000* 0.026

Qth15 Na 8 6 4 7
Ho 0.778 0.600 0.778 0.545
He 0.817 0.776 0.708 0.799
Ar 7.526 5.560 4.000 6.987
P 0.562 0.046 0.430 0.261

Qth23 Na 6 5 4 5
Ho 0.722 0.571 0.714 0.609
He 0.726 0.691 0.608 0.652
Ar 5.389 4.571 4.000 4.855
P 0.026 0.582 0.001* 0.155

Qth28 Na 14 16 13 13
Ho 0.767 0.625 0.833 0.905
He 0.894 0.831 0.912 0.922
Ar 12.567 13.010 12.588 12.855
P 0.003* 0.016 0.724 0.028

Qth31 Na 6 8 7 7
Ho 0.455 0.286 0.308 0.227
He 0.750 0.783 0.859 0.803
Ar 5.951 7.052 6.990 6.902
P 0.001* 0.000* 0.000* 0.000*

Qth36 Na 13 14 14 12
Ho 0.667 0.686 0.778 0.381
He 0.891 0.897 0.884 0.894

Table 2  (continued)

Locus XP (n = 36) PT (n = 35) YJ (n = 28) BH (n = 23)

Ar 11.392 12.425 12.900 10.810
P 0.001* 0.000* 0.260 0.000*

Qth43 Na 6 6 6 4
Ho 0.611 0.647 0.615 0.435
He 0.714 0.786 0.820 0.603
Ar 5.515 5.987 5.990 4.000
P 0.254 0.001* 0.001* 0.386

Qth44 Na 14 15 14 15
Ho 0.563 0.588 0.536 0.739
He 0.904 0.928 0.920 0.944
Ar 12.773 13.795 13.488 14.691
P 0.001* 0.000* 0.000* 0.047

Mean Na 8.333 9.000 8.000 7.917
Ho 0.639 0.596 0.599 0.575
He 0.754 0.775 0.767 0.769
Ar 7.900 8.133 7.708 7.755

*Significant after Bonferroni correction (P < 0.05/12)

Table 3  Pairwise FST values (below diagonal) and genetic distances 
(DC, above diagonal) among four populations

*Significant, after Bonferroni correction (P < 0.05/6)

XP PT YJ BH

XP 0.2636 0.2872 0.3696
PT 0.0250* 0.2918 0.3229
YJ 0.0272* 0.0267* 0.3114
BH 0.0470* 0.0451* 0.0457*

Fig. 3  A bootstrapped neighbor-joining tree based on DC distances 
for four B. virescens populations. The percentages at nodes represent 
bootstrap values obtained from 1000 replicates
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pectinata, 30 days; Chlamys farreri, 15 days; Crassostrea 
gigas, 15–21 days) often showed high gene flow and low 
genetic differentiation among populations across fine geo-
graphical scale (Rajagopal et al. 2006; Yu and Li 2007; Zhan 
et al. 2009; Li et al. 2015). Nevertheless, B. virescens had a 
comparatively short planktonic larval phase (about 10 days) 
(Zhang et al. 2011) among the marine bivalves, which might 
restrict the gene flow among populations. A similar circum-
stance was reported in Chinese surf clam Mactra chinensis, 
which had the pelagic larval duration around 10 days and 
showed significant genetic differentiation between neighbor-
ing sampling sites (Ni et al. 2011). Besides, B. virescens 
had the ability to secrete byssus to adhere to substrata, even 
drifting into sediment to subsist. Thus, the weak ability to 
move as adults could contribute to the genetic differentiation 
among populations.

The oceanic landscapes was another major factor that 
caused the significant differences among populations. A 
large number of harbors and islands distribute along the 
southern coast of China, which developed putative barriers 
to restrict gene flow. As for BH population, the prevention 
of gene flow caused by the Leizhou Peninsula and Qiong-
zhou Strait should be the dominant reason responsible for 
its significant divergence from the other populations. There 
were reports that also found that the Leizhou Peninsula and 
Hainan Island limited larval dispersal and gene exchange, 
producing a significant genetic divergence among Lateo-
labrax maculatus populations (Wang et al. 2017a, b). At 
the same time, population genetic structure of B. virescens 
along southern coasts of China was in accordance with a 
model of isolation by distance, where gene flow among 
populations decreases as the geographic distance between 
them increases. The present study detected a significant rela-
tionship between gene flow and geographic distance, which 
indicated restrictions to long-distance migration among the 
B. virescens populations. However, low FST values were 
observed both for paired populations and overall popula-
tions. This may be related to the small numbers of individu-
als per population.

In conclusion, the polymorphic microsatellites firstly 
developed for B. virescens in this study will provide a 

valuable resource for future genetic mapping, population 
genetics, and conservation implications. We have demon-
strated the effective utility of these markers by conduct-
ing an assessment of population structure of B. virescens 
populations along the southern coasts of China. This study 
represents a novel observation on wild populations genetic 
structuring in B. virescens along the coasts of China. The 
results revealed a moderate to high level of genetic diver-
sity, and significant genetic divergence among B. virescens 
populations providing valuable guidance for conservation 
and breeding programs of B. virescens. However, this 
results on the genetic structure of B. virescens popula-
tions is preliminary, and further investigations are required 
with more individuals per population and more intensive 
sampling sites.
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