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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.
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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 
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