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ABSTRACT. The pearl oyster Pinctada fucata is an important 
commercial marine shellfish that is cultured for producing saltwater 
pearls. In this study, 468 single nucleotide polymorphisms (SNPs) 
were screened from P. fucata transcriptome data, and 119 polymorphic 
SNPs were successfully isolated by a two-step small-amplicon high-
resolution melting assay. Of these, 88 were annotated with BLAST in 
the Nr database and 90 were in the open reading frame, including 16 
non-synonymous SNPs and 74 synonymous SNPs; 12 SNPs were in 
the 3'-untranslated region (UTR) and 1 was in the 5'-UTR. Twenty-five 
SNPs were randomly chosen to test the genetic diversity of 40 wild 
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individuals from Liusha Bay, China. All of the loci had two alleles. The 
observed and expected heterozygosities ranged from 0.0417 to 0.6042 
and from 0.2945 to 0.5053, respectively. Minor allele frequencies 
ranged from 0.1771 to 0.5000, and the polymorphism information 
content ranged from 0.2516 to 0.3750. These novel SNP markers can 
contribute to P. fucata genetics and breeding studies.

Key words: SNP; Pinctada fucata; Transcriptome sequencing; 
High-resolution melting

INTRODUCTION

The pearl oyster, Pinctada fucata, is an important commercial marine shellfish 
that is cultured for producing saltwater pearls in China, Japan, and Australia (Yu and 
Chu, 2006). It is also an important animal model for investigating biomineralization (i.e., 
scientific, medical, and commercial applications) and evolutionary biology (Jones et al., 
2013). Pearl quality has recently decreased in both China and Japan. One possible reason 
is that the growth performance of P. fucata is hampered by inbreeding during aquaculture 
(Wada and Komaru, 1996; Qiu et al., 2014).

Genetic markers are powerful genetics study tools, particularly for genetic 
mapping and trait improvement (Huang et al., 2014a). Because of their abundance, value, 
and efficiency, single nucleotide polymorphisms (SNPs) have become the most powerful 
marker system for genetic research (Gomez-Uchida et al., 2014). Compared to non-
coding genomic markers, SNPs developed from functional genes may be responsible for 
traits of commercial interest in this species, such as growth, reproduction, and resistance 
(Gao et al., 2013; Klinbunga et al., 2015; Ranjan et al., 2015). Transcriptome sequencing 
with next-generation sequencing technologies could provide extensive resources for 
large-scale gene-associated SNP mining (Grabherr et al., 2011). High-resolution melting 
(HRM) has proven to be a simple, low-cost, and highly sensitive technique to detect 
SNPs, and to profile genetic variation within polymerase chain reaction (PCR) amplicons 
(Cui et al., 2013).

In this study, the genetic diversity and structure of a wild population of P. fucata 
from South China were examined. A total of 119 polymorphic SNPs from the transcriptome 
sequence were successfully isolated by HRM analysis, which can contribute to P. fucata 
genetics and breeding studies.

MATERIAL AND METHODS

DNA extraction

Forty-eight wild adult individuals of P. fucata (shell length, 3-4 cm) were obtained 
from Liusha Bay, Zhanjiang, Guangdong province, China (109°49'E, 20°26'N). Each adductor 
muscle was cut and stored in 95% ethanol. Genomic DNA was extracted using a Marine 
Animals DNA Kit (Tiangen, China) according to the manufacturer specifications. DNA integrity 
and purity were determined by agarose gel (1%) electrophoresis and spectrophotometry 
(NanoDrop™ 2000; Thermo Fisher Scientific, USA).
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Primer design

A total of 468 putative SNPs with no other predicted SNPs in the 30-bp neighboring 
regions were randomly chosen from P. fucata transcriptome data (Yu DH and Fan SG, 
unpublished data). The primers were designed by Primer Premier 5.0 (Premier Biosoft 
International, USA). Amplicon lengths ranged from 40 to 100 bp, primer lengths from 20 
to 30 bp, the GC content was 40-60%, and the melting temperatures were 50°-60°C. The 
sequence and amplicon size of primers were shown in Table 1. Two unblocked double-stranded 
oligonucleotides were used as high- and low-temperature internal controls to calibrate the 
temperature variation between reactions (Table 2) (Seipp et al., 2007). All of the primers were 
synthesized and purified by Sangon Biotech (Shanghai, China).

Amplification of candidate SNPs

PCR amplification was performed in a 25-mL volume containing 1.25 U rTaq 
polymerase (TaKaRa, Japan), 1X PCR buffer (MgCl2), 0.2 mM dNTPs, 0.2 mM of each 
primer, and 20-50 ng genomic DNA. The PCR conditions were as follows: pre-incubation at 
95°C for 5 min, followed by 30 cycles at 94°C for 20 s, 55°C or 50°C for 30 s, 72°C for 30 
s, and a final extension at 72°C for 7 min. All of the PCR products were verified by 8% non-
denaturing polyacrylamide gel electrophoresis (PAGE). Only primer pairs that produced a 
clear target band on the gel were selected for subsequent HRM analysis.

SNP validation and polymorphism detection by HRM analysis

SNP genotyping was performed using the two-step HRM method described by Wang 
et al. (2013, 2015), with small modifications. Genomic DNA from eight P. fucata individuals 
was used as amplification templates. After PCR amplification, 8.9 mL PCR product, 0.1 mL 
of each internal control (10 mM), 0.7 mL LC Green (Idaho Technology Inc., USA), and 20 mL 
mineral oil (Sigma, USA) were added to BLK/WHT 96-well plates (Bio-Rad, USA). After 
centrifuging at 2000 g/min for 30 s, the mixture was denatured at 95°C for 10 min using a 
thermal cycler (Hamburg, Germany). A LightScanner™ instrument (Idaho Technology Inc., 
USA) was used for the HRM analysis. Fluorescence intensity data were collected over 55°-
98°C at a thermal transition rate of 0.1°C/s. The HRM system software was used to analyze 
the melt curve peaks and genotypes.

Functional annotation

All of the unigene-obtained polymorphic SNPs were BLASTx searched in the Nr 
database with an e-value cutoff of 1e-5. SNP positions were determined using open reading 
frame (ORF) Finder (https://www.ncbi.nlm.nih.gov/orffinder/). SNP mutation type was 
analyzed using Primer Premier 5.0.

Genetic diversity

Twenty-five polymorphic loci were randomly chosen to examine the genetic diversity 
of a wild population of P. fucata from Liusha Bay. 
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The PCR process and HRM analysis were performed as described above. The number 
of alleles per locus, effective number of alleles, observed heterozygosity (HO), expected 
heterozygosity (HE), and minor allele frequency (MAF) were assessed using the POPGENE 32 
software (Yeh et al., 2000), and the polymorphism information content (PIC) was calculated 
using the PICcalc online software (Nagy et al., 2012).

*All of the sequences were blocked with a phosphate at the 3'-end.

Table 2. Sequences and predicted and observed melting temperatures of internal temperature controls.

Name Forward/reverse sequence (5'-3')* Predicted temperature (ºC) Observed temperature (ºC) 
High-temperature sequences F:GCGGTCAGTCGGCCTAGCGGTAGCCAGCTG

CGGCACTGCGTGACGCTCAG 
90.02 90.08 

R:CTGAGCGTCACGCAGTGCCGCAGCTGGCTACCGC
TAGGCCGACTGACCGC 

Low-temperature sequences F:ATCGTGATTTCTATAGTTATCTAAGTAGTTGGCAT
TAATAATTTCATTTT 

68.5 68.5 

R:AAAATGAAATTATTAATGCCAACTACTTAGATAA
CTATAGAAATCACGAT 

 

RESULTS AND DISCUSSION

Small-amplicon HRM assays (SA-HRMAs) provide a rapid, inexpensive, and high-
throughput closed-tube method for genotyping (Smith et al., 2010). To ensure SA-HRMA 
accuracy, we used three criteria: 1) SA-HRMA amplicons were no more than 100 bp long, 
which ensured that homozygous genotypes of alleles were easily distinguished; 2) only one 
SNP was present in each amplicon; and 3) high- and low-temperature controls were added for 
each amplicon, which decreased melting temperature variations attributable to the instrument 
or solution chemistry and corrected melting profiles (Seipp et al., 2007). An improved two-
step SA-HRM method for Pacific oyster (Crassostrea gigas) SNP validation has been shown 
to be efficient and economical (Wang et al., 2013, 2015), and this method was successfully 
used to validate 119 polymorphic SNPs from P. fucata transcriptome data, demonstrating that 
it is feasible in shellfish.

A subset of 468 primers was randomly designed to validate the SNP predictions. No 
amplification products were seen in 66 sets of primers, and introns were found in genomic DNA but 
not the transcriptome. If the primer flanked, or was located in, an intron, the intervening fragment 
could not be amplified. A total of 173 sets of primers amplified multiple bands, and 229 amplified 
a clear target band on PAGE. The ratio of primer screening was 48.93%, which is higher than 
previously reported values of 41.67% (Zhang et al., 2015) and 28.10% (Huang et al., 2014b).

All of the SNP-containing unigenes were annotated with the corresponding top best 
BLASTx hits, and 88 SNPs were annotated though BLASTx in the Nr database (Table 1). 
Of these, heat-shock protein 70 is expressed in response to changes in temperature, bacterial 
infection, or pH. Its main function is to promote protein folding, and thereby prevent the 
cellular accumulation of non-native proteins (Mymrikov et al., 2011). F-box proteins are 
an expanding family of eukaryotic proteins, characterized by an approximately 40-amino-
acid motif (Cenciarelli et al., 1999). F-box proteins were first characterized as components 
of SCF ubiquitin-ligase complexes, in which they bind substrates for ubiquitin-mediated 
proteolysis (Kipreos and Pagano, 2000). Fatty acid-binding proteins participate in lipid 
uptake, transport, and homeostasis (Bayır et al., 2015). Sox9 (SRY-related HMG-domain-
containing transcription factor 9) and cullin-3-B play important roles in testis development 
(Bergstrom et al., 2000; Lu et al., 2005). Among the 229 well-amplified SNPs, 119 (51.97%) 
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were polymorphic in 8 P. fucata individuals, according to the SA-HRMA (Table 1). Seventy-
five SNPs were genotyped as transitions, including 40 A/G and 35 C/T, and 44 were genotyped 
as the transversions 11 A/C, 18 A/T, 6 C/G, and 9 G/T. According to ORF Finder, 90 SNPs 
were located in the ORF, including 16 non-synonymous SNPs and 74 synonymous SNPs; 12 
SNPs were located in the 3'-untranslated region (UTR), and 1 was located in the 5'-UTR. SNPs 
within a coding sequence may change a protein’s amino acid sequence and structure, thus 
influencing its functions (Gao et al., 2014; An et al., 2015). The post-transcriptional regulation 
of gene expression is crucial for many physiological processes. SNPs within UTRs may have 
consequences for gene splicing, expression, and regulation (Malodobra-Mazur et al., 2016; 
Xu et al., 2016). SNPs developed from functional genes may be used in association studies, 
which could genetically improve species. For example, some SNPs are associated with growth 
traits in the pearl oyster (Shi et al., 2014), and SNPs screened from the myostatin gene are 
associated with growth traits in the scallop and carp (Wang et al., 2010; Guo et al., 2011; Liu 
et al., 2012; Sun et al., 2012). All of the annotation unigenes and their SNPs may be useful 
for studying the commercial traits of P. fucata, such as growth, resistance, and reproduction.

Twenty-five SNPs were successfully used to test the genetic diversity of 40 wild P. 
fucata from Liusha Bay, China (Table 3). All of the SNP loci had intermediate PIC values 
(0.25 < PIC < 0.5), with a mean of 0.3336. The HO was 0.0417-0.6042 and the HE was 0.2945-
0.5053. Li et al. (2016) used SNP loci to analyze the genetic diversity of P. fucata individuals 
from three families, and obtained PIC values of 0.2435, 0.2479, and 0.2977. Huang et al. 
(2014a) used SNP loci to study the genetic diversity of a wild P. fucata population in Shenzhen, 
China, and reported MAF, HO, and HE values of 0.0642-0.4375, 0.1282-0.4872, and 0.1215-
0.4984, respectively. These findings indicate that the Liusha population genetic diversity is 
higher than that in culture or in the Shenzhen population.

HE, expected heterozygosity; HO, observed heterozygosity; MAF, minor allele frequency; NE, effective number of 
alleles; PIC, polymorphism information content.

Table 3. Summary of 25 single nucleotide polymorphisms in wild Pinctada fucata individuals.

Locus NE HO HE MAF PIC 
PF_SNP1 1.7041 0.5000 0.4175 0.2917 0.3270 
PF_SNP9 1.9321 0.6042 0.4875 0.4062 0.3668 
PF_SNP18 1.9965 0.5417 0.5044 0.4792 0.3746 
PF_SNP31 1.8221 0.3125 0.4559 0.3438 0.3481 
PF_SNP33 1.7771 0.1458 0.4419 0.3229 0.3405 
PF_SNP52 1.9459 0.4167 0.4912 0.4167 0.3685 
PF_SNP55 1.6265 0.3542 0.3893 0.2604 0.3108 
PF_SNP58 1.9991 0.6042 0.5050 0.4896 0.3749 
PF_SNP64 1.4113 0.2292 0.2945 0.1771 0.2516 
PF_SNP67 1.9584 0.4792 0.4945 0.4271 0.3700 
PF_SNP68 1.9965 0.2500 0.5044 0.4792 0.3746 
PF_SNP69 1.8824 0.4583 0.4737 0.3750 0.3589 
PF_SNP70 2.0000 0.4583 0.5053 0.5000 0.3750 
PF_SNP71 1.5463 0.2917 0.3570 0.2292 0.2915 
PF_SNP73 1.8000 0.4583 0.4491 0.3333 0.3444 
PF_SNP75 1.8633 0.1875 0.4682 0.3646 0.3546 
PF_SNP77 1.6000 0.2500 0.3789 0.2500 0.3047 
PF_SNP82 1.9692 0.5000 0.4974 0.4375 0.3714 
PF_SNP83 1.8432 0.0417 0.4623 0.3542 0.3515 
PF_SNP84 1.5463 0.2500 0.3570 0.2292 0.2915 
PF_SNP88 1.4922 0.1667 0.3333 0.2083 0.2768 
PF_SNP92 1.7041 0.5833 0.4175 0.2917 0.3270 
PF_SNP95 1.5463 0.2917 0.3570 0.2292 0.2915 
PF_SNP98 1.4922 0.1667 0.3333 0.2083 0.2768 
PF_SNP103 1.6528 0.4167 0.3991 0.2708 0.3165 
Average 1.7643 0.3583 0.4310 0.3350 0.3336 
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HRM technology can directly distinguish between different genotypes based on 
melting peak profiles (Smith et al., 2010). Figure 1a and b show the melting curve analyses of 
PF_SNP9 and PF_SNP98, respectively.

Figure 1. Genotyping results using high-resolution melting with a small amplicon. a. PF_SNP9, homozygotes 
(GG and CC) and heterozygotes (GC) are represented by red, blue, and gray curves, respectively. b. PF_SNP98, 
homozygotes (AA and CC) and heterozygotes (CA) are represented by gray, blue, and red curves, respectively.

In conclusion, 119 polymorphic SNPs were successfully isolated by SA-HRMA, thus 
contributing to our understanding of P. fucata genetics and breeding.
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