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Abstract

Background: The Asian clam (Corbicula fluminea) is currently one of the most economically important aquatic
species in China and has been used as a test organism in many environmental studies. However, the lack of
genomic resources, such as sequenced genome, expressed sequence tags (ESTs) and transcriptome sequences
has hindered the research on C. fluminea. Recent advances in large-scale RNA-Seq enable generation of genomic
resources in a short time, and provide large expression datasets for functional genomic analysis.
Methodology/Principal Findings: We used a next-generation high-throughput DNA sequencing technique with an
Illumina GAIIx method to analyze the transcriptome from the whole bodies of C. fluminea. More than 62,250,336
high-quality reads were generated based on the raw data, and 134,684 unigenes with a mean length of 791 bp were
assembled using the Velvet and Oases software. All of the assembly unigenes were annotated by running BLASTx
and BLASTn similarity searches on the Nt, Nr, Swiss-Prot, COG and KEGG databases. In addition, the Clusters of
Orthologous Groups (COGs), Gene Ontology (GO) terms and Kyoto Encyclopedia of Gene and Genome (KEGG)
annotations were also assigned to each unigene transcript. To provide a preliminary verification of the assembly and
annotation results, and search for potential environmental pollution biomarkers, 15 functional genes (five antioxidase
genes, two cytochrome P450 genes, three GABA receptor-related genes and five heat shock protein genes) were
cloned and identified. Expressions of the 15 selected genes following fluoxetine exposure confirmed that the genes
are indeed linked to environmental stress.
Conclusions/Significance: The C. fluminea transcriptome advances the underlying molecular understanding of this
freshwater clam, provides a basis for further exploration of C. fluminea as an environmental test organism and
promotes further studies on other bivalve organisms.
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Introduction

The freshwater bivalve Corbicula fluminea (Müller, 1774),
commonly known as the Asian clam, is native to Southeast
Asia [1]. In China, C. fluminea is widely distributed in rivers and
lakes, such as the Yangtze River and the lakes Hongze (HZ),
Poyang (PY) and Taihu (TH). As an important aqua-cultural
shellfish, C. fluminea is currently one of the most economically
important aquatic species in China with a yearly output of more
than 12 million tons. C. fluminea meat is thought to have
beneficial effects on the liver and is valued for its nutritional and
pharmacological activity (e.g., the amelioration of
hypercholesterolemia; hepato-protective, antioxidant and

anticancer activities; protection against fatty liver induced by
exposure to xenobiotics; and increased ethanol metabolism)
[2,3]. This species underwent a massive global range
expansion over the last century and is considered as an
invasive species in North America and Europe because it can
potentially endanger native aquatic communities [4-7].

Recently, many reports have studied this genus to analyze
its growth, reproduction and immunity [8-11]. C. fluminea has
also been used as a test organism in many field and laboratory
studies for monitoring environmental changes and
contamination [12-19]. As a benthic species, C. fluminea is a
suspension feeder that filter-feeds on unicellular algae, bacteria
and detrital particles and thus is extensively used as a
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bioindicator of water pollution [16]. Several genes related to
pollution and stress response have been cloned as biomarkers
[20,21]. However, the lack of genomic resources, such as a
completed genome, expressed sequence tags (ESTs) or
transcriptome sequences, limited research on C. fluminea. As
of April 2013, there were only 12 C. fluminea ESTs available in
the NCBI database and only 184 genes have been assembled
and annotated (http://www.ncbi.nlm.nih.gov/). De novo
transcriptome approaches are increasingly viable for organisms
lacking a sequenced genome, although the sequencing of
complex genomes remains expensive [22,23].

The fields of transcriptomics and genome characterization
have developed rapidly with the advent of next-generation
high-throughput sequencing technologies (such as the Illumina
(Illumina), 454 (Roche) and SOLiD (ABI) platforms) in recent
years [24-26]. Among the next-generation sequencing
technologies, Illumina sequencing is cost-effective and yields
longer sequencing reads and higher throughput than other
methods in transcriptome analysis [27]. To date, next-
generation sequencing methods have been applied to only a
few mollusk species, such as Mytilus galloprovincialis [28],
Bathymodiolus azoricus [29], Yesso scallop (Patinopecten
yessoensis) [30] and Ruditapes philippinarum [31]. Most of
these studies used the 454 method, and the studied species
were marine bivalves. Furthermore, the data on mollusks in the
NCBI database are mainly for marine bivalves, e.g., the blue
mussel Mytilus edulis and the Pacific oyster Crassostrea. gigas
[32].

In the present study, we constructed a cDNA library from the
C. fluminea adult and sequenced it using the Illumina GAIIx
platform. More than 67.1M Illumina paired-end reads and 5.9 G
of high-quality data were generated with 134,684 unigenes
were assembled. We further annotated the unigenes by
matching them against Nt, Nr, Swissprot, Clusters of
Orthologous Groups of Proteins (COG), Gene ontology (GO),
and Kyoto Encyclopedia of Gene and Genome (KEGG). A
subset of these unigenes that are related to antioxidase,
cytochrome P450, gamma-aminobutyric acid (GABA) receptor
and heat shock protein (HSP) genes were further annotated
and partially verified because they were determined to be
useful as environmental pollution biomarkers. Our database is
expected to provide an invaluable resource for studies of the
genome and the functional genes of C. fluminea and for future
comparative genomic studies of other bivalves.

Materials and Methods

RNA isolation and Illumina sequencing
The Asian clam (C. fluminea) was collected in June 2012

from the natural populations of Hongze Lake, China. According
to the Chinese law, this area is not considered protected and
the clam is not considered an endangered/protected species. It
is a field aqua-cultural shellfish in China with a yearly output of
more than 12 million tons. We did our study under the license
of the local government (Xuyi country, Jiangsu province) and in
accordance with the law. No specific permissions were
required for these locations/activities. We confirm that the field
studies did not involve endangered or protected species. All the

experimental procedures involving clam (clam collection,
housing, care and collection of tissue samples for use) were
conducted in accordance with the International Guiding
Principles for Biomedical Research Involving Animals 2012
(Council for International Organizations of Medical Sciences,
http://www.cioms.ch) and approved by the institutions animal
care and use committee of the Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences.

Tissues including mantle, muscle, digestive gland, gonad
and gill were dissected from adult clams (20.56±8.05 mm)
(mean±SD, n=30). Total RNA was extracted from these
samples using TRIzol reagent (Invitrogen) followed by RNA
purification with the RNeasy MiniElute Cleanup Kit (Qiagen)
according to the manufacturer’s protocol. The total RNA
concentration and quality were determined and quantified using
a QUBIT 2.0 fluorometer and an Agilent 2100 BioAnalyzer. A
total RNA sample of approximately 0.1-0.4μg with RIN ≥8 and
a 260/280 nm absorption ratio ≥1.8 was obtained.

For mRNA library construction and deep sequencing, RNA
samples were prepared using the TruSeq RNA Sample
Preparation Kit according to the manufacturer’s protocol. The
library quality was assessed using an Agilent 2100 bioanalyzer
and quantified using QUBIT and qPCR analyses. The cluster
formation and sequencing on the GAIIx platform were
performed according to the manufacturer’s standard cBot and
sequencing protocols. For multiplex sequencing, 100 cycles of
single read 1 were used to sequence the RNA followed by 7
cycles of index identification and 100 cycles of single read 2.
Primary data analysis and base calling were performed by the
Illumina instrument software.

Transcriptome assembly and advanced data analysis
A custom Perl program was used to remove low-quality

sequences from raw data sequences. The high quality reads
were then assembled using Velvet (Velvet_1.1.07; kmer =57)
and Oases to construct unique consensus sequences [33,34].
The trimmed Solexa transcriptome reads were mapped onto
the unique consensus sequences using SOAP2 [35]. A custom
Perl script was used to process the mapping results and
generate the gene expression profile.

Nt and Nr: Unigenes were compared with the NCBI non-
redundant nucleotide database (Nt, as of March 4th, 2012) and
non-redundant protein database (Nr, as of March 4th, 2012)
using BLASTn and BLASTx, respectively, with the same E-
value cutoffs <1e-5 [36]. Swiss-Prot: Unigenes were identified
by sequence similarity comparison against the Swiss-Prot
database (Swiss-Prot downloaded from European
Bioinformatics Institute as of March 4th, 2012) with BLAST at E
values <1e-10 [37]. COG: Unigenes were assigned a functional
annotation by sequence similarity comparison against the COG
protein database using BLAST at E values <1e-10 [38,39]. A
custom Perl script was used to assign a functional class to
each unigene. KEGG: Unigenes were first compared with the
Kyoto Encyclopedia of Genes and Genomes database (KEGG,
release 58) using BLASTX at E values <1e-10 [40]. A Perl script
was used to retrieve KEGG Orthology (KO) information from
the BLAST result and then establish pathway associations
between unigenes and the database. Interpro and gene
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ontology: InterPro domains were annotated using InterProScan
Release 27.0, and functional assignments were mapped onto
the GO structure [41]. WEGO was used to perform GO
classifications and construct the GO tree [42].

ORF identification and SSR discovery
The ORFs (Open reading frame) of the unigenes were

predicted using the getorf program of EMBOSS to determine
the longest ORF of each gene [43].The MISA program (http://
gramene.agrinome.org/db/searches/ssrtool) was used to
identify the simple sequence repeats (SSRs). All dinucleotide
to hexanucleotide SSRs were searched using the default
settings of the SSRIT tool.

RT-PCR Assays
To verify the assembly and annotation results and to identify

potential environmental pollution biomarkers, a total of 15
assembly sequences of the predicted transcripts were selected
to be confirmed and analyzed using RT-PCR assays. For RT-
PCR assays, the 15 genes were amplified with GoTaq®
GreenMaster Mix (Promega, USA) using cDNA from C.
fluminea digestive gland as template in a Veriti thermal cycle
system (Life Technology, USA). The thermal cycle parameters
were as follows: 94°C for 3 min followed by 35 cycles of 94°C
for 30 s, 53°C for 30 s, and 72°C for 1 min and a final extension
step at 72°C for 7 min. The PCR products were analyzed using
agarose gel electrophoresis, and sub cloned into pGEM-T
vector (Promega, USA) for Sanger sequencing.

Fluoxetine Exposure and Real-time Quantitative PCR
(RT-qPCR) verification

A fluoxetine exposure experiment was done to determine if
the 15 genes are indeed linked to environmental stress.
Fluoxetine is present in the antidepressant Prozac®, the most
widely prescribed psychoactive drug in the market. Fluoxetine
acts as a selective serotonin reuptake inhibitor (SSRI) and has
been frequently reported to have disruptive effects in non-
target species [44,45]. After 7 days acclimatizing in aerated
natural water, the clams in the experimental groups were
exposed to Fluoxetine hydrochloric (TCI, Tokyo Chemical
Industry Co., Ltd., Japan; product number F0750, >98%; CAS:
56296-78-7). The final fluoxetine concentrations in the water
were 0.05, 0.5 to 5 µg/L which were refer to the concentrations
of the fluoxetine in the aquatic environment and correspond to
concentrations used in previous studies examining the toxicity
of fluoxetine to bivalves [46,47]. Three replicates were
prepared for both the control and fluoxetine treated groups.
The aquaria were kept at constant temperature (20±1°C), pH
(7.8±0.2) and oxygen saturation (96±2%) in 30 L glass aquaria
(30 individuals per aquaria).Water was changed daily and fresh
doses of fluoxetine were added; clams were fed every 48h with
Chlorella vulgaris and Scenedesmus obliquus. There was no
observed mortality during the experimental period. After 30
days exposure, the digestive gland in the control and treated
groups were collected. At least three independent biological
replicates for each sample were harvested. Total RNA was
isolated using SV Total RNA Isolation System (Promega, USA)

according to the manufacturer’s protocols. The quantity and
quality of total RNA was confirmed as before.

Expressions of the 15 identified genes in the control and
fluoxetine exposure clams were measured by real time
quantitative PCR (RT-qPCR). Primers for each target gene
were designed with Primer Express software v3.0.1 (Life
Technology, USA). We used β-actin as an internal control [20].
Specificity of primers sets throughout the range of detection
was confirmed by the observation of single amplification
products of the expected size and Tm, and optimized by
performing a standard curve for each primer pair. Over the
detection range, the linear correlation (R2) between the mean
Ct and the logarithm of cDNA dilution was >0.99 (range from
0.992 to 0.999) in each case, and efficiencies were between
93.1% to 106.8% [48]. The sequences, PCR product sizes,
annealing temperatures and PCR efficiencies for each primer
pair are shown in Table 1. The cDNA was synthesized
according to manufacturer’s instructions from 2 µg of total RNA
treated with RQ1 DNase (Promega, USA), using random
hexamers and M-MLV reverse transcriptase (Promega). A total
of 2 μg RNA from each tissue was reverse transcribed in a final
volume of 25 μL and incubated for 1 h at 37°C after an initial
denaturation step at 70°C for 10 min. The cDNAs were stored
at -20°C until further use. qPCR amplification was performed
using an ABI 7500 real-time quantitative PCR system (Life
Technology, USA) in a total volume of 25 µL, consisting of the
GoTaq® SYBR Green qPCR Master Mix (Promega, USA). The
thermal cycle parameters used were as follows: 2 min at 95°C,
40 cycles of 15 s at 95°C and 1 min at 60°C. To confirm that
only one PCR product was amplified and detected, a melting
curve analysis of amplification products was performed at the
end of each PCR reaction. Results were analyzed based on
the delta-delta Ct method [49]. Experiments were performed in
triplicate and repeated three times with similar results.
Statistical analysis was performed with the SPSS (version 16.0;
USA) and OriginPro® (version 8.0). One-way ANOVA (p<0.05)
was performed using OriginPro® to test the differences of gene
expressions between control and fluoxetine treated clams.

Results and Discussion

Illumina sequencing and assembly
We performed Illumina GAIIx platform sequencing of a

normalized cDNA library prepared from different tissues of
multiple C. fluminea individuals to develop a comprehensive
understanding of the molecular mechanisms governing C.
flumineas genome biology and to obtain as many gene
transcripts as possible. Sequencing generated 67,087,130
transcriptomic reads consisting of 6,708,713,000 bp of raw
data. From the reads, 62,250,336 high-quality reads and
5,898,595,168 bp (5.9G) of high-quality data (87.92% of raw
data) were generated based on the raw data under the
standard of Q20 (Q20 is the quality scores of the Illumina
sequencing, sequencing error rate <1%). The high-quality data
were aligned and de novo assembled using Velvet and Oases
into 134,684 unigenes consisting of 106,542,508 bp. Unigenes
ranged in size from 100 to 12,367 bp with an average length of
791 bp and N50 length of 1,264 bp (Table 2). Among these

Transcriptome Analysis of Corbicula fluminea

PLOS ONE | www.plosone.org 3 November 2013 | Volume 8 | Issue 11 | e79516

http://gramene.agrinome.org/
http://gramene.agrinome.org/


unigenes, 65,979 (49.0%) were longer than 500 bp, and 34,248
(25.4%) of this subset were longer than 1,000 bp (Figure 1).
The reads were submitted to the Sequence Read Archive
(SRA) at NCBI under the accession number SRA062349.

The Illumina GAIIx method has been successfully used for
the de novo assembly of transcriptomes in many species
[50-54]. As compared with other recent studies, our results
indicated that the Illumina GAIIx platform can provide much
more data than the traditional Sanger sequencing method. The
average size of the unigenes in our present study were 791 bp
larger than those produced in previous studies using Illumina

Table 2. Summary of sequence assembly.

No.
Unigenes  Total length (bp)  

Average
length (bp) N50 (bp)  

Max length
(bp)

Min length
(bp)

134,684 106,542,508 791.06 1,264 12,367 100

doi: 10.1371/journal.pone.0079516.t002

Figure 1.  Assembly length statistic.  Among these
unigenes, 65,979 (49.0%) were longer than 500 bp, and 34,248
(25.4%) of this subset were longer than 1,000 bp.
doi: 10.1371/journal.pone.0079516.g001

Table 1. Analyzed genes and their specific primers.

Genes Accession No. Realtime-PCR Primer sequence (5'-3') Product Size(bp) Annealing Temperatures(°C) PCR efficiency
Cfβ-actin EF446608.1 F:CGCCATCCAGGCTGTGCTTTCA 123 55.0 97.0%
  R:ATGGCGTGTGGAAGGGCGTA    
Cf(Cu/Zn)SOD KF218347 F:CCACCTTGTCTGGATTGTAGTG 98 55.0 98.5%
  R:GTCTGGCTGCTGGAGAACAT    
CfGPx-A KF218345 F:TCCTGTGATGATGTGGAGAGC 80 55.0 106.1%
  R:TGGGAAGTCAAACTGGGACG    
CfGST-mu KF218346 F:GGATGGTGAAACAGAGAGGGA 88 55.0 93.1%
  R:AACAGAGCCTAACAACGCCG    
CfTPX1 KF218348 F:ATCGCTGGGTCACTCTTTACA 188 55.0 103.1%
  R:AAATGCCACAACTTCAGTCGG    
CfTPX2 KF218349 F:TGCTCTGAATGGAACTCCCTC 104 58.0 95.5%
  R:GGTGGTCTGGGCAGTATGAA    
CfCYP4 KF218340 F:GCTGAAACCAAGCGAGAGGT 130 56.0 95.2%
  R:ATCCCATAACAACTGCGGGT    
CfCYP30 KF218341 F:CCAGGAGAGACGACAAGACA 108 55.5 96.1%
  R:GGGTTGCTGCTTCAGGTTCA    
CfGABAT1 KF218344 F:ACGAGATTCCAGTAAGGCAGTT 166 58.0 99.4%
  R:ACGCACCTCCTCCGTTTT    
CfGABARAP KF218343 F:AAAGCCCGTGTAGGAGACTTG 150 56.5 106.8%
  R:AAGAGATCCCATAGTCGCACT    
CfGABARAPL2 KF218342 F:TGTAGAGCGAGATCCAAAGTCA 197 55.0 93.6%
  R:AGAAATCCATCGTCATCCTTGT    
CfHsp22 KF218338 F:CTTTCAACCTGGAGCATTGTG 154 57.0 96.1%
  R:CGTGATTTGTTTTCGGACTG    
CfHsp40 KF218339 F:ACAAGCAGCATCCCAGATTCC 82 56.5 99.9%
  R:TCCAGTCAGAGCCTTTCCCA    
CfHsp60 KC979065 F:GGGACAACAGAAAGAACACCC 120 55.0 97.9%
  R:CCGACACGACCAAAGTCATT    
CfHsp70 KC979064 F:CGCCGACGCTGATTACCTTA 84 55.0 95.6%
  R:AAACGGTTGATAGGACGCAAG    
CfHsp90 KC979063 F:ATGGTGCTGGAATCTCTCAGG 246 55.0 101.6%
  R:GCGTCACAAAGGAAGGACTG    

doi: 10.1371/journal.pone.0079516.t001
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and 454 technologies (e.g., 618 [30], 546 [31], 367 [50], 396
[51], 223 [52] and 474 [53]).

Annotation of unigenes
To provide putative annotations for the assembly, all of the

assembled unigenes were evaluated using BLASTx and
BLASTn similarity searches against the Nt, Nr, Swiss-Prot,
COG and KEGG databases (Table 3 and Table S1). A total of
24,767 unigenes (18.4% of the total) were matched in the Nt
databases, and 38,985 unigenes (28.9% of the total) matched
in the Nr databases with an E value <1e-5. Additionally, 27,849
unigenes (20.7% of the total) can be matched to the Swiss-Prot
databases with an E value <1e-10 (Table 3).

Annotation information could not be assigned for a large
percentage of the sequences obtained in this study. The poor
annotation efficiency could have been due to the lack of
sequences in public databases for species that are
phylogenetically closely related to C. fluminea [30]. Only 40
(0.03%) unigenes were matched to C. fluminea. For matches to
the Bivalve class in the Nr database, the greatest number of
the matched unigenes (0.4%) showed similarities with
Ruditapes philippinarum followed by M. galloprovincialis
(0.39%), Crassostrea gigas (0.35%), Chlamys farreri (0.21%)
and Haliotis discus discus (0.17%). The low number of
matches indicates a lack of bivalve data in public databases.

COG, CO and KEGG classification
The Clusters of Orthologous Groups (COGs) of proteins

were generated by comparing the protein sequences of
complete genomes. Each cluster contains proteins or groups of
paralogs from at least three lineages [38]. The current COG
database contains both prokaryotic clusters and eukaryotic
clusters [39]. We aligned the unigenes to the COG databases
to find homologous genes and classify possible functions of the
unigenes (Figure 2). A total of 14,035 unigenes (10.4% of the
total) had a match in COG database with an E value <1e-10

(Table 3). The possible functions of 11,771 (83.87% of COG
matched) unigenes were classified and subdivided into 24
COG categories (Table S2). The largest group was ‘General
function prediction only’ (2241, 19.04%), followed by ‘Post-
translational modification, protein turnover, chaperones’ (1527,

Table 3. Unigene annotation statistics of the C. fluminea
transcriptome.

Database # of Annotated % E Cutoff Database Version

Total Unigenes 134,684 100   
Nt 24,767 18.4 1 x 10-5 20120304
Nr 38,985 28.9 1 x 10-5 20120304
Swiss-Prot 27,849 20.7 1 x 10-10 20120304
COG 14,035 10.4 1 x 10-10 No version
KEGG 32,042 23.8 1 x 10-10 Release 58
Interpro 25,408 18.9 Interproscan 4.8 v36
GO 20,686 15.4 Interproscan 4.8 v36

doi: 10.1371/journal.pone.0079516.t003

12.97%) and ‘Translation, ribosomal structure and biogenesis’
(908, 7.71%).

GO is an international standardized gene functional
classification system and covers three domains: cellular
component, molecular function and biological process. The
InterPro domains were annotated by InterProScan Release
27.0, and functional assignments were mapped onto the GO
structures. In total, 20,686 unigenes were matched to a GO
annotation (Table 3). We used WEGO to perform the GO
classifications and draw the GO tree to facilitate the
classification of the C. fluminea transcripts into putative
functional groups. In total, 20,286 unigenes were assigned GO
terms in 46 functional groups and three categories (Table S3),
including 19,167 unigenes at the cellular component level,
25,414 unigenes at the molecular function level and 26,279
unigenes at the biological process level (Figure 3). Within the
cellular component category, cell (6,447) and cell part (6,447)
were the most highly represented groups. Binding (13,252) and
catalytic activity (9,019) were most abundant groups within the
molecular function category. A total of 22 GO functional groups
were assigned into the biological process category, among
which metabolic process (9,021) and cellular process (7,726)
were the most highly represented.

Based on comparative analyses using the KEGG database,
32,042 unigenes (23.8% of the total) were found to have a
match with an E value <1e-10 using BLASTx (Table 3). We used
a Perl script to retrieve KO information from the BLAST result,
establish pathway associations between unigenes and the
database and then match these 32,042 sequences to 253
different KEGG pathways (Table S4). Of these 32,042
sequences with KEGG annotation, 10,389 were classified into
metabolism groups, with most of them involved in amino acid
metabolism, carbohydrate metabolism, lipid metabolism and
energy metabolism. The greatest number of sequences were
classified into the genetic information processing pathways
(9,373), followed by human diseases (6,036), cellular
processes (4,862) and environmental information processing
(3,199).

Over all, the possible functions of the assembled unigenes
were assessed by similarity matches with the COG, CO and
KEGG databases. The results of these databases searches
help us better understand the biological features of C. fluminea.
The patterns of the C. fluminea found in this study were
common and similar to other organisms [23,30,31,50].

ORF identification and SSR discovery
The “getorf” function of EMBOSS software was used to

identify the ORFs of the assembled sequences. Of the 134,684
assembled C. fluminea unigene sequences, 105,737 (78.50%)
had an ORF longer than 100 bp, with an average length of 445
bp (min length = 102, max length = 11,592, Figure 4).

The application of marker-assisted selection (MAS) or
genome-wide marker-assisted selection (G-MAS) can be
employed in the C. fluminea breeding program. Currently, a
limited collection of genetic markers is available for C.
fluminea. In this study, simple sequence repeats (SSRs) were
identified. The putative and filtered SSRs C. fluminea are
shown in Table S5. In total, 2,151 SSRs were identified from
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the assembled sequences (Table 4). Of 1,547 SSR-containing
sequences, 340 SSRs were present in compound form, and
452 sequences contained more than one SSR. The most
frequent repeat motifs were tri-nucleotides, which accounted
for 57.83% of all SSRs, followed by di-nucleotides (31.38%),
tetra-nucleotides (7.53%), penta-nucleotides (3.11%) and
hexa-nucleotides (0.14%). These SSRs would be top
candidates for marker development and very helpful for further
research involving population genetic structuring, relatedness,
genetic or genomic studies on this species.

Identification and validation of putative biomarker
transcriptomic sequences

To verify the assembly and annotation results and to identify
potential environmental pollution biomarkers, 15 related
assembled unigenes, including five antioxidase genes (Cu/Zn
superoxide dismutase, Cu/Zn SOD), glutathione peroxidase A
(GPx-A) and mu glutathione S-transferase (GST-mu),
thioredoxin peroxidase 1(TPX1) and thioredoxin peroxidase 2
(TPX2), two cytochrome P450 genes (CYP4 and CYP30),
three GABA receptor-related genes (GABA neurotransmitter
transporter 1, GABAT1; GABAA receptor-associated protein,
GABARAP; and GABAA receptor-associated protein-like 2,
GABARAPL2) and five HSP genes (Hsp22, Hsp40, Hsp60,
Hsp70 and Hsp90), were selected and subjected to RT-PCR
and real-time PCR analyses (Table S6).

The antioxidant defense system (including SOD, GPx, GST
and TPX) is very effective at reducing damage when oxidative
stress has occurred. SOD catalyzes the transformation of

superoxide radicals to H2O2 and O2 and represents the initial
response to oxyradicals. GPx then catalyzes the reduction of
H2O2. GST belongs to a multifunctional family of cytosolic
enzymes involved in phase II biotransformation, which plays an
important role in protecting tissues from oxidative stress. Eight
classes of GST isoenzymes can be distinguished based on
their substrate specificity, immunological properties and protein
sequences homology [55]. Thioredoxin peroxidase (TPX) is a
member of proteins that are conserved from yeast to mammals
and to which natural killer enhancing factor belongs. These
proteins are antioxidants that function as peroxidases only
when coupled to a sulfhydryl reducing system.  Previous
studies have suggested that SOD, CAT, Se-GPx and GST-pi
transcript levels in Corbicula fluminea could be used as
biomarkers of Cu and Cd exposure in aquatic environments
[55,56]. The identification of Cu/Zn SOD, GPx-A, GST-mu,
TPX1 and TPX2 genes in the present study would allow for the
use of C. fluminea antioxidant defense system assays in
pollutant monitoring.

The cytochrome P450s (CYPs) comprise one of the largest
and most versatile protein families in living organisms and are
involved in a variety of detoxification and endogenous functions
[57,58]. In bivalve mollusks, the CYPs are poorly studied, as
there only a few CYP genes with known regulatory
mechanisms that have been identified in mussel and oyster,
including CYP1-like and CYP3-like genes. The study of CYP1A
in C. fluminea showed that this gene was a useful biomarker
for exposure to PCBs [59]. The CfCYP4 and CfCYP30 genes
were identified based on transcript sequences obtained using

Figure 2.  COG classification of the unigenes.  Possible functions of 11,771 unigenes were classified and subdivided into 24
COG categories.
doi: 10.1371/journal.pone.0079516.g002
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specific primers in this present work. The identification of these
genes will facilitate an improved understanding of CYPs in
bivalves.

GABARAP, an important protein in the autophagy process, is
evolutionarily conserved and is involved in innate immunity in
eukaryotic cells. In invertebrates, GABARAP is the major
inhibitory neurotransmitter in synapses of both the central and
peripheral nervous systems [60]. The GABARAP subfamily
consists of GABARAP, GABARAPL1, GABARAPL2 and
GABARAPL3. Recently, the GABARAP and related genes
have been isolated from several mollusks, such as Lymnaea
stagnalis and Haliotis diversicolor [61,62]. However, the actual
biological functions of GABARAP remain elusive [62]. In this
study, we identified three C. fluminea GABARAPs: GABAT1,
GABARAP and GABARAPL2. These results will help us gain a
better understanding of the molecular and physiological
processes involving GABARAPs in mollusks.

HSPs are commonly used as biomarkers of exposure to
various stressors (such as temperature, metal toxicity, toxic
exposure and infection) [63]. These proteins comprise a group
of highly conserved, yet highly diversified, proteins that
primarily function as molecular chaperones, stabilizing protein
folding and preventing indiscriminate protein interactions by
sequestering unfolded proteins, which can be found in diverse

organisms from bacteria to mammals [64]. The major HSP
families are Hsp60, Hsp70, Hsp90 and the small HSPs family
(sHsp) [65]. The sHsp family is a heterogeneous group of

Figure 4.  ORF lengths of the C. fluminea transriptome.  
doi: 10.1371/journal.pone.0079516.g004

Figure 3.  Classification of C. fluminea sequences based on predicted Gene Ontology (GO) terms.  In total, 20,286 unigenes
were assigned GO terms in 46 functional groups and three categories, including 19,167 unigenes at the cellular component level,
25,414 unigenes at the molecular function level and 26,279 unigenes at the biological process level.
doi: 10.1371/journal.pone.0079516.g003
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proteins of intermediate molecular weight (12-43kDa), such as
Hsp22 and Hsp40.The Hsp70 protein family is considered to be
the major HSP family and has been the most extensively
studied. Under adverse environmental conditions, Hsp70 can
improve expression levels and takes part in the defense, repair
or detoxification machinery of the cell by tightly binding
denatured proteins. In bivalve species, many studies have
shown that the transcription of Hsp70 is simultaneously and
differentially modulated upon exposure to environmental
stressors [66,67]. Recent studies reported that Hsp90 can be
regulated by a range of stressors such as food deprivation,
heavy metal exposure and thermal shock [68-70]. In this study,
we sought to identify sequences in the C. fluminea
transcriptome that encode Hsp22, Hsp40, Hsp60, Hsp70 and
Hsp90. Based on the results of unigenes annotation (BLASTx
with the E <1e-5), we identified five putative HSP (22, 40, 60, 70
and 90) sequences corresponding to unigenes loci.

Partial sequences for all 15 of the aforementioned potential
biomarker genes were cloned from adult female C. fluminea
digestive gland cDNAs and compared with the assembled
sequences using RT-PCR. The products of RT-PCR were
analyzed using agarose gel electrophoresis (Figure 5), RT-
PCR primers and Sanger sequencing data are shown in Table
S6. The consensus sequence data for the selected genes have
been deposited with GenBank under the accession numbers
shown in Table 1. The sequence variation was minimal (>99%

Table 4. Summary of simple sequence repeat (SSR) types
in the C. fluminea transcriptome.

SSR Type No. of SSRs % of total SSRs
Di-nucleotides 675 31.38
Tri-nucleotides 1244 57.83
Tetra-nucleotides 162 7.53
Penta-nucleotides 67 3.11
Hexa-nucleotides 3 0.14
Total 2151 100%

doi: 10.1371/journal.pone.0079516.t004

nucleotide identity) and was associated with either the
heterogeneity of the C. fluminea colony, which was annually
outbred with local conspecifics, or with sequencing errors
introduced during Sanger sequencing of the RT-PCR products.

Real-time Quantitative PCR (RT-qPCR) verification
Amplification products for the 15 aforementioned potential

biomarker genes in the digestive gland of the C. fluminea
following 30 days exposure to 0.05, 0.5 and 5 μg/L fluoxetine
exposure are shown in Figure 6.

For antioxidase genes, the mRNA expression levels of
(Cu/Zn) SOD and GPx-A were significantly up-regulated in the
0.5 and 5 μg/L (p<0.05) fluoxetine groups. GST-mu was
significantly increased (p<0.05) at 5 μg/L, while TPX1 was only
up-regulated (p<0.05) at the 5 μg/L. No significant change was
observed in TPX2 (Figure 6), indicating that TPX2 gene is not
sensitive to fluoxetine. Previous studies have reported that low
concentration of fluoxetine (0.075 μg/L) exposure can affect
antioxidant system in M. galloprovincialis [46]. In the present
study, 0.5 and 5 μg/L fluoxetine exposure led to significant
upregulation of the antioxidase genes (except TPX2)
suggesting that the antioxidase genes will be useful biomarkers
for exposure to environmental stress.

CYP4 expression peaked following 5 μg/L fluoxetine
exposure with a 4.81-fold increase in transcript levels. CYP30
was significantly (p<0.05) up-regulated at the 0.5 and 5 μg/L by
4.76-fold and 9.24-fold, respectively (Figure 6). As was
previously reported, the CYP3-like-2 gene was up-regulated in
the digestive gland of M. edulis by PCB126 [58]. Our study
found that the gene expressions of CYP4 and CYP30 were up
regulated in digestive after fluoxetine exposure. Therefore,
further studies are needed to discover the function of CYPs in
the C. fluminea.

In this study, the C. fluminea GABARAPs genes were
significantly up-regulated (p<0.05) with 5 μg/L fluoxetine
exposure, while GABARAPL2 was significantly decreased
(p<0.05) (Figure 6). Although the actual biological functions of
GABARAPs remain elusive [62], the results of our study
showed the putative function of GABARAPs in C. fluminea.

Figure 5.  RT-PCR analyses of the 15 potential C. fluminea genes.  PCR was performed using the cDNA prepared from adult
clams. 1: Cf(Cu/Zn)SOD,234bp;2: CfGPx-A,372bp;3:CfGST-mu,369bp;4:CfTPX1,393bp;5:CfTPX2,273bp;6:CfCYP4,459bp;
7:CfCYP30,612bp;8: CfGABAT1,510bp;9:CfGABARAP,276bp;10:CfGABARAPL2,264bp;11:CfHsp22,282bp;12: CfHsp40,672bp;
13:CfHsp60,477bp;14:CfHsp70,467bp;15:CfHsp90,570bp.
doi: 10.1371/journal.pone.0079516.g005
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Figure 6.  Real-time qPCR analyses of expression profiles of the 15 functional genes after 30 days fluoxetine
exposure.  Experiments were performed in triplicate and repeated three times with similar results. Bars display mean±S.D. One-
way ANOVA (p<0.05) was performed using OriginPro® to test the differences of gene expressions between control and fluoxetine
treated clams.
doi: 10.1371/journal.pone.0079516.g006
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Our present study found that the mRNA transcript for Hsp22,
Hsp40, Hsp60 and Hsp90 were significantly increased by 0.5
and 5 μg/L with increases of 2.47-fold and 3.45-fold, 33.93-fold
and 67.01-fold, 2.34-fold and 5.83-fold, 4.61-fold and 5.14-fold,
respectively. The gene expression of Hsp90 was significantly
increased in the 0.05 μg/L (p<0.05) and 5 μg/L (p<0.05)
fluoxetine exposure groups. No significant differences were
observed in the most of the genes (except Hsp90) at the 0.05
μg/L fluoxetine exposure group (Figure 6). Many previous
studies reported that various stressors (such as temperature,
metal toxicity and infection) can affect the expression of Hsp70
and Hsp90 [66-70], However, the small Hsps (Hsp22, Hsp40)
and Hsp60 have been poorly studied. The present study
showed that small Hsps, and Hsp60 were also useful
biomarkers when exposure to fluoxetine in C. fluminea.

Over all, the RT-qPCR results of the 15 selected genes after
fluoxetine exposure confirmed that the 15 functional genes are
linked to environmental stress. We can use the 15 genes as
environmental biomarkers to monitor the environmental
pollutants in the future. However, further research is needed to
better understand the molecular mechanisms of C. fluminea
following the contamination exposure.

Conclusions

The currently available genetic information on C. fluminea,
an important freshwater clam, is very limited. In the present
study, we report the transcriptome sequencing and de novo
genetic analysis of this species using the Illumina GAIIx
method. More than 62,250,336 high-quality reads were
generated based on the raw data, and 134,684 unigenes with a
mean length of 791 bp were assembled. This transcriptional
information provides a more nuanced understanding of the
underlying biological and physiological mechanisms that
govern C. fluminea biology. To our knowledge, this is the first
report of transcriptome sequencing in this species. In addition,
the identification of 15 putative environmental pollution
biomarkers, and the gene expression results following

fluoxetine exposure are further expected to promote research
on the use of C. fluminea in environmental toxicology.

Data Deposition
The Illumina GAIIx reads of C. fluminea were submitted to

the NCBI Sequence Read Archive under accession number
SRA062349.

Supporting Information

Table S1.  The total expressed unigenes and Annotation of
Nt, Nr, SWISS-PROT, COG and KEGG databases.
(XLSX)

Table S2.  COG Classification of the unigenes.
(ZIP)

Table S3.  GO categories of the unigenes.
(ZIP)

Table S4.  KEGG Classification of the unigenes.
(ZIP)

Table S5.  The putative and filtered SSRs for C. fluminea.
(ZIP)

Table S6.  The RT-PCR primers and Sanger sequencing of
the 15 analyzed genes.
(ZIP)

Author Contributions

Conceived and designed the experiments: HC JZ ZW.
Performed the experiments: HC XL JB MW. Analyzed the data:
HC XL. Contributed reagents/materials/analysis tools: HC JB.
Wrote the manuscript: HC ZW.

References

1. Araujo R, Moreno D, Ramos M (1993) The Asiatic clam Corbicula
fluminea (Müller, 1774) (Bivalvia: Corbiculidae) in Europe. Am Malacol
Bull 10: 39-49.

2. Liao N, Chen S, Ye X, Zhong J, Wu N et al. (2013) Antioxidant and
anti-tumor activity of a polysaccharide from freshwater clam, Corbicula
fluminea. Foods Funct 4: 539-548. doi:10.1039/c2fo30178d. PubMed:
23325349.

3. Chijimatsu T, Umeki M, Kataoka Y, Kobayashi S, Yamada K et al.
(2013) Lipid components prepared from a freshwater Clam (Corbicula
fluminea) extract ameliorate hypercholesterolaemia in rats fed high-
cholesterol diet. Food Chem 136: 328-334. doi:10.1016/j.foodchem.
2012.08.070. PubMed: 23122066.

4. Morton B (1986) Corbicula in Asia—an updated synthesis. Am Malacol
Bull 2: 113-124.

5. Korniushin AV (2004) A revision of some Asian and African freshwater
clams assigned to Corbicula fluminalis (Müller, 1774) (Mollusca:
Bivalvia: Corbiculidae), with a review of anatomical characters and
reproductive features based on museum collections. Hydrobiologia
529: 251-270.

6. Beran L (2006) Spreading expansion of Corbicula fluminea (Mollusca:
Bivalvia) in the Czech Republic. Heldia6: 6.

7. Rosa IC, Pereira JL, Gomes J, Saraiva PM, Gonçalves F et al. (2011)
The Asian clam Corbicula fluminea in the European freshwater-

dependent industry: a latent threat or a friendly enemy? Ecol Econ 70:
1805-1813. doi:10.1016/j.ecolecon.2011.05.006.

8. Renard E, Bachmann V, Cariou ML, Moreteau JC (2000) Morphological
and molecular differentiation of invasive freshwater species of the
genus Corbicula (Bivalvia, Corbiculidea) suggest the presence of three
taxa in French rivers. Mol Ecol 9: 2009-2016. doi:10.1046/j.1365-294X.
2000.01104.x. PubMed: 11123613.

9. Mouthon J (2001) Life cycle and population dynamics of the Asian clam
Corbicula fluminea (Bivalvia: Corbiculidae) in the Rhone River at Creys-
Malville (France). Arch Hydrobiol 151: 571-589.

10. Pfenninger M, Reinhardt F, Streit B (2002) Evidence for cryptic
hybridization between different evolutionary lineages of the invasive
clam genus Corbicula (Veneroida, Bivalvia). J Evolution Biol 15:
818-829. doi:10.1046/j.1420-9101.2002.00440.x.

11. Tran D, Ciret P, Ciutat A, Durrieu G, Massabuau JC (2003) Estimation
of potential and limits of bivalve closure response to detect
contaminants: application to cadmium. Environ Toxicol Chem 22:
914-920. doi:10.1002/etc.5620220432. PubMed: 12685729.

12. Graczyk TK, Fayer R, Cranfield MR, Conn DB (1997) In vitro
interactions of Asian freshwater clam (Corbicula fluminea) hemocytes
and cryptosporidium parvum oocysts. Appl Environ Microbiol 63:
2910-2912. PubMed: 16535656.

13. Cooper NL, Bidwell JR (2006) Cholinesterase inhibition and impacts on
behavior of the Asian clam, Corbicula fluminea, after exposure to an

Transcriptome Analysis of Corbicula fluminea

PLOS ONE | www.plosone.org 10 November 2013 | Volume 8 | Issue 11 | e79516

http://dx.doi.org/10.1039/c2fo30178d
http://www.ncbi.nlm.nih.gov/pubmed/23325349
http://dx.doi.org/10.1016/j.foodchem.2012.08.070
http://dx.doi.org/10.1016/j.foodchem.2012.08.070
http://www.ncbi.nlm.nih.gov/pubmed/23122066
http://dx.doi.org/10.1016/j.ecolecon.2011.05.006
http://dx.doi.org/10.1046/j.1365-294X.2000.01104.x
http://dx.doi.org/10.1046/j.1365-294X.2000.01104.x
http://www.ncbi.nlm.nih.gov/pubmed/11123613
http://dx.doi.org/10.1046/j.1420-9101.2002.00440.x
http://dx.doi.org/10.1002/etc.5620220432
http://www.ncbi.nlm.nih.gov/pubmed/12685729
http://www.ncbi.nlm.nih.gov/pubmed/16535656


organophosphate insecticide. Aquat Toxicol 76: 258-267. doi:10.1016/
j.aquatox.2005.09.012. PubMed: 16297460.

14. Diniz MS, Santos HM, Costa PM, Peres I, Costa MH et al. (2007)
Toxicological effects and bioaccumulation in the freshwater clam
(Corbicula fluminea) following exposure to trivalent arsenic. Environ
Toxicol 22: 502-509. doi:10.1002/tox.20303. PubMed: 17696138.

15. Luthy RG, Mcleod PB, Luoma SN (2008) Biodynamic modeling of PCB
uptake by Macoma balthica and Corbicula fluminea from sediment
amended with activated carbon. Environ SciTechnol 42: 484-490. doi:
10.1021/es070139a. PubMed: 18284151.

16. Vasconcelos V, Martins JC, Leao PN (2009) Differential protein
expression in Corbicula fluminea upon exposure to a Microcystis
aeruginosa toxic strain. Toxicon 53: 409-416. doi:10.1016/j.toxicon.
2008.12.022. PubMed: 19708220.

17. Spann N, Aldridge DC, Griffin JL, Jones OAH (2011) Size-dependent
effects of low level cadmium and zinc exposure on the metabolome of
the Asian clam, Corbicula fluminea. Aquat Toxicol 105: 589-599. doi:
10.1016/j.aquatox.2011.08.010. PubMed: 21946168.

18. Syvaranta J, Martino A, Kopp D, Cereghino R, Santoul F (2011)
Freezing and chemical preservatives alter the stable isotope values of
carbon and nitrogen of the Asiatic clam (Corbicula fluminea).
Hydrobiologia 658: 383-388. doi:10.1007/s10750-010-0512-4.

19. Frenzel M, Harrison RJ, Harper EM (2012) Nanostructure and
crystallography of aberrant columnar vaterite in Corbicula fluminea
(Mollusca). J Struct Biol 178: 8-18. doi:10.1016/j.jsb.2012.02.005.
PubMed: 22381518.

20. Rodius F, Doyen P, Vasseur P (2005) cDNA cloning and expression
pattern of pi-class glutathione S-transferase in the freshwater bivalves
Unio tumidus and Corbicula fluminea. Comp Biochem Physiol C Toxicol
Pharmacol 140: 300-308. doi:10.1016/j.cca.2005.02.013. PubMed:
15946635.

21. Bourdineaud JP, Achard-Joris M, Gonzalez P, Marie V, Baudrimont M
(2006) cDNA cloning and gene expression of ribosomal S9 protein
gene in the mollusk Corbicula fluminea: a new potential biomarker of
metal contamination up-regulated by cadmium and repressed by zinc.
Environ Toxicol Chem 25: 527-533. doi:10.1897/05-211R.1. PubMed:
16519316.

22. McGettigan PA (2013) Transcriptomics in the RNA-seq era. Curr Opin
Chem Biol 17: 4-11. doi:10.1016/j.cbpa.2012.12.008. PubMed:
23290152.

23. Gao Z, Luo W, Liu H, Zeng C, Liu X et al. (2012) Transcriptome
analysis and SSR/SNP markers information of the blunt snout bream
(Megalobrama amblycephala). PLOS ONE 7: e42637. doi:10.1371/
journal.pone.0042637. PubMed: 22880060.

24. Yassour M, Kaplan T, Fraser HB, Levin JZ, Pfiffner J et al. (2009) Ab
initio construction of a eukaryotic transcriptome by massively parallel
mRNA sequencing. Proc Natl Acad Sci USA 106: 3264-3269. doi:
10.1073/pnas.0812841106. PubMed: 19208812.

25. Kozarewa I, Ning Z, Quail MA, Sanders MJ, Berriman M et al. (2009)
Amplification-free Illumina sequencing-library preparation facilitates
improved mapping and assembly of (G+ C)-biased genomes. Nat
Methods 6: 291-295. doi:10.1038/nmeth.1311. PubMed: 19287394.

26. Martin JA, Wang Z (2011) Next-generation transcriptome assembly.
Nat Rev Genet 12: 671-682. doi:10.1038/nrg3068. PubMed: 21897427.

27. Glenn TC (2011) Field guide to next-generation DNA sequencers. Mol
Ecol Resour 11: 759-769. doi:10.1111/j.1755-0998.2011.03024.x.
PubMed: 21592312.

28. Craft JA, Gilbert JA, Temperton B, Dempsey KE, Ashelford K et al.
(2010) Pyrosequencing of Mytilus galloprovincialis cDNAs: tissue-
specific expression patterns. PLOS ONE 5: e8875. doi:10.1371/
journal.pone.0008875. PubMed: 20111607.

29. Bettencourt R, Pinheiro M, Egas C, Gomes P, Afonso M et al. (2010)
High-throughput sequencing and analysis of the gill tissue
transcriptome from the deep-sea hydrothermal vent mussel
Bathymodiolus azoricus. BMC Genomics 11: 559. doi:
10.1186/1471-2164-11-559. PubMed: 20937131.

30. Hou R, Bao Z, Wang S, Su H, Li Y et al. (2011) Transcriptome
sequencing and de novo analysis for Yesso scallop (Patinopecten
yessoensis) using 454 GS FLX. PLOS ONE 6: e21560. doi:10.1371/
journal.pone.0021560. PubMed: 21720557.

31. Milan M, Coppe A, Reinhardt R, Cancela LM, Leite RB et al. (2011)
Transcriptome sequencing and microarray development for the Manila
clam, Ruditapes philippinarum: genomic tools for environmental
monitoring. BMC Genomics 12: 234. doi:10.1186/1471-2164-12-234.
PubMed: 21569398.

32. Saavedra C, Bachère E (2006) Bivalve genomics. Aquaculture 256:
1-14. doi:10.1016/j.aquaculture.2006.02.023.

33. Zerbino DR, Birney E (2008) Velvet: algorithms for de novo short read
assembly using de Bruijn graphs. Genome Res 18: 821-829. doi:
10.1101/gr.074492.107. PubMed: 18349386.

34. Schulz MH, Zerbino DR, Vingron M, Birney E (2012) Oases: robust de
novo RNA-seq assembly across the dynamic range of expression
levels. Bioinformatics 28: 1086-1092. doi:10.1093/bioinformatics/
bts094. PubMed: 22368243.

35. Li R, Yu C, Li Y, Lam T-W, Yiu S-M et al. (2009) SOAP2: an improved
ultrafast tool for short read alignment. Bioinformatics 25: 1966-1967.
doi:10.1093/bioinformatics/btp336. PubMed: 19497933.

36. Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z et al. (1997)
Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res 25: 3389-3402. doi:10.1093/nar/
25.17.3389. PubMed: 9254694.

37. Altschul SF, Gish W (1996) Local alignment statistics. Methods
Enzymol 266: 460-480. doi:10.1016/S0076-6879(96)66029-7. PubMed:
8743700.

38. Tatusov RL, Koonin EV, Lipman DJ (1997) A genomic perspective on
protein families. Science 278: 631-637. doi:10.1126/science.
278.5338.631. PubMed: 9381173.

39. Tatusov RL, Fedorova ND, Jackson JD, Jacobs AR, Kiryutin B et al.
(2003) The COG database: an updated version includes eukaryotes.
BMC Bioinformatics 4: 41. doi:10.1186/1471-2105-4-41. PubMed:
12969510.

40. Kanehisa M, Goto S, Hattori M, Aoki-Kinoshita KF, Itoh M et al. (2006)
From genomics to chemical genomics: new developments in KEGG.
Nucleic Acids Res 34: D354-D357. doi:10.1093/nar/gkj102. PubMed:
16381885.

41. Zdobnov EM, Apweiler R (2001) InterProScan—an integration platform
for the signature-recognition methods in InterPro. Bioinformatics 17:
847-848. doi:10.1093/bioinformatics/17.9.847. PubMed: 11590104.

42. Ye J, Fang L, Zheng H, Zhang Y, Chen J et al. (2006) WEGO: a web
tool for plotting GO annotations. Nucleic Acids Res 34: W293-W297.
doi:10.1093/nar/gkl031. PubMed: 16845012.

43. Rice P, Longden I, Bleasby A (2000) EMBOSS: the European
molecular biology open software suite. Trends Genet 16: 276-277. doi:
10.1016/S0168-9525(00)02024-2. PubMed: 10827456.

44. Brooks BW, Foran CM, Richards SM, Weston J, Turner PK et al.
(2003) Aquatic ecotoxicology of fluoxetine. Toxicol Lett 142: 169-183.
doi:10.1016/S0378-4274(03)00066-3. PubMed: 12691711.

45. Lazzara R, Blázquez M, Porte C, Barata C (2012) Low environmental
levels of fluoxetine induce spawning and changes in endogenous
estradiol levels in the zebra mussel Dreissena polymorpha. Aquat
Toxicol 106-107: 123-130. doi:10.1016/j.aquatox.2011.11.003.
PubMed: 22155424.

46. Gonzalez-Rey M, Bebianno MJ (2013) Does selective serotonin
reuptake inhibitor (SSRI) fluoxetine affects mussel Mytilus
galloprovincialis? Environ Pollut 173: 200-209. doi:10.1016/j.envpol.
2012.10.018. PubMed: 23202651.

47. Hazelton PD, Cope WG, Mosher S, Pandolfo TJ, Belden JB et al.
(2013) Fluoxetine alters adult freshwater mussel behavior and larval
metamorphosis. Sci Total Environ 445-446: 94-100. doi:10.1016/
j.scitotenv.2012.12.026. PubMed: 23321069.

48. Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by the
comparative C(T) method. Nat Protoc 3: 1101-1108. doi:10.1038/nprot.
2008.73. PubMed: 18546601.

49. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2− ΔΔCT method. Methods
25: 402-408. doi:10.1006/meth.2001.1262. PubMed: 11846609.

50. Li C, Weng S, Chen Y, Yu X, Lü L et al. (2012) Analysis of Litopenaeus
vannamei transcriptome using the next-generation DNA sequencing
technique. PLOS ONE 7: e47442. doi:10.1371/journal.pone.0047442.
PubMed: 23071809.

51. Zhang M, Li Y, Yao B, Sun M, Wang Z et al. (2013) Transcriptome
sequencing and de novo analysis for Oviductus ranae of Rana
chensinensis using Illumina RNA-Seq technology. J Genet Genomics
40: 137-140. doi:10.1016/j.jgg.2013.01.004. PubMed: 23522386.

52. Ong WD, Voo L-YC, Kumar VS (2012) De novo assembly,
characterization and functional annotation of pineapple fruit
transcriptome through massively parallel sequencing. PLOS ONE 7:
e46937. doi:10.1371/journal.pone.0046937. PubMed: 23091603.

53. Li S-W, Yang H, Liu Y-F, Liao Q-R, Du J et al. (2012) Transcriptome
and gene expression analysis of the rice leaf folder, Cnaphalocrosis
medinalis. PLOS ONE 7: e47401. doi:10.1371/journal.pone.0047401.
PubMed: 23185238.

54. Gao X, Han J, Lu Z, Li Y, He C (2013) De novo assembly and
characterization of spotted seal Phoca largha transcriptome using
Illumina paired-end sequencing. Comp Biochem Physiol D Genomics
Proteomics 8: 103-110. doi:10.1016/j.cbd.2012.12.005.

Transcriptome Analysis of Corbicula fluminea

PLOS ONE | www.plosone.org 11 November 2013 | Volume 8 | Issue 11 | e79516

http://dx.doi.org/10.1016/j.aquatox.2005.09.012
http://dx.doi.org/10.1016/j.aquatox.2005.09.012
http://www.ncbi.nlm.nih.gov/pubmed/16297460
http://dx.doi.org/10.1002/tox.20303
http://www.ncbi.nlm.nih.gov/pubmed/17696138
http://dx.doi.org/10.1021/es070139a
http://www.ncbi.nlm.nih.gov/pubmed/18284151
http://dx.doi.org/10.1016/j.toxicon.2008.12.022
http://dx.doi.org/10.1016/j.toxicon.2008.12.022
http://www.ncbi.nlm.nih.gov/pubmed/19708220
http://dx.doi.org/10.1016/j.aquatox.2011.08.010
http://www.ncbi.nlm.nih.gov/pubmed/21946168
http://dx.doi.org/10.1007/s10750-010-0512-4
http://dx.doi.org/10.1016/j.jsb.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22381518
http://dx.doi.org/10.1016/j.cca.2005.02.013
http://www.ncbi.nlm.nih.gov/pubmed/15946635
http://dx.doi.org/10.1897/05-211R.1
http://www.ncbi.nlm.nih.gov/pubmed/16519316
http://dx.doi.org/10.1016/j.cbpa.2012.12.008
http://www.ncbi.nlm.nih.gov/pubmed/23290152
http://dx.doi.org/10.1371/journal.pone.0042637
http://dx.doi.org/10.1371/journal.pone.0042637
http://www.ncbi.nlm.nih.gov/pubmed/22880060
http://dx.doi.org/10.1073/pnas.0812841106
http://www.ncbi.nlm.nih.gov/pubmed/19208812
http://dx.doi.org/10.1038/nmeth.1311
http://www.ncbi.nlm.nih.gov/pubmed/19287394
http://dx.doi.org/10.1038/nrg3068
http://www.ncbi.nlm.nih.gov/pubmed/21897427
http://dx.doi.org/10.1111/j.1755-0998.2011.03024.x
http://www.ncbi.nlm.nih.gov/pubmed/21592312
http://dx.doi.org/10.1371/journal.pone.0008875
http://dx.doi.org/10.1371/journal.pone.0008875
http://www.ncbi.nlm.nih.gov/pubmed/20111607
http://dx.doi.org/10.1186/1471-2164-11-559
http://www.ncbi.nlm.nih.gov/pubmed/20937131
http://dx.doi.org/10.1371/journal.pone.0021560
http://dx.doi.org/10.1371/journal.pone.0021560
http://www.ncbi.nlm.nih.gov/pubmed/21720557
http://dx.doi.org/10.1186/1471-2164-12-234
http://www.ncbi.nlm.nih.gov/pubmed/21569398
http://dx.doi.org/10.1016/j.aquaculture.2006.02.023
http://dx.doi.org/10.1101/gr.074492.107
http://www.ncbi.nlm.nih.gov/pubmed/18349386
http://dx.doi.org/10.1093/bioinformatics/bts094
http://dx.doi.org/10.1093/bioinformatics/bts094
http://www.ncbi.nlm.nih.gov/pubmed/22368243
http://dx.doi.org/10.1093/bioinformatics/btp336
http://www.ncbi.nlm.nih.gov/pubmed/19497933
http://dx.doi.org/10.1093/nar/25.17.3389
http://dx.doi.org/10.1093/nar/25.17.3389
http://www.ncbi.nlm.nih.gov/pubmed/9254694
http://dx.doi.org/10.1016/S0076-6879(96)66029-7
http://www.ncbi.nlm.nih.gov/pubmed/8743700
http://dx.doi.org/10.1126/science.278.5338.631
http://dx.doi.org/10.1126/science.278.5338.631
http://www.ncbi.nlm.nih.gov/pubmed/9381173
http://dx.doi.org/10.1186/1471-2105-4-41
http://www.ncbi.nlm.nih.gov/pubmed/12969510
http://dx.doi.org/10.1093/nar/gkj102
http://www.ncbi.nlm.nih.gov/pubmed/16381885
http://dx.doi.org/10.1093/bioinformatics/17.9.847
http://www.ncbi.nlm.nih.gov/pubmed/11590104
http://dx.doi.org/10.1093/nar/gkl031
http://www.ncbi.nlm.nih.gov/pubmed/16845012
http://dx.doi.org/10.1016/S0168-9525(00)02024-2
http://www.ncbi.nlm.nih.gov/pubmed/10827456
http://dx.doi.org/10.1016/S0378-4274(03)00066-3
http://www.ncbi.nlm.nih.gov/pubmed/12691711
http://dx.doi.org/10.1016/j.aquatox.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22155424
http://dx.doi.org/10.1016/j.envpol.2012.10.018
http://dx.doi.org/10.1016/j.envpol.2012.10.018
http://www.ncbi.nlm.nih.gov/pubmed/23202651
http://dx.doi.org/10.1016/j.scitotenv.2012.12.026
http://dx.doi.org/10.1016/j.scitotenv.2012.12.026
http://www.ncbi.nlm.nih.gov/pubmed/23321069
http://dx.doi.org/10.1038/nprot.2008.73
http://dx.doi.org/10.1038/nprot.2008.73
http://www.ncbi.nlm.nih.gov/pubmed/18546601
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1371/journal.pone.0047442
http://www.ncbi.nlm.nih.gov/pubmed/23071809
http://dx.doi.org/10.1016/j.jgg.2013.01.004
http://www.ncbi.nlm.nih.gov/pubmed/23522386
http://dx.doi.org/10.1371/journal.pone.0046937
http://www.ncbi.nlm.nih.gov/pubmed/23091603
http://dx.doi.org/10.1371/journal.pone.0047401
http://www.ncbi.nlm.nih.gov/pubmed/23185238
http://dx.doi.org/10.1016/j.cbd.2012.12.005


55. Rodius F, Bigot A, Doyen P, Vasseur P (2009) Metallothionein coding
sequence identification and seasonal mRNA expression of
detoxification genes in the bivalve Corbicula fluminea. Ecotoxicol
Environ Saf 72: 382-387. doi:10.1016/j.ecoenv.2008.04.014. PubMed:
18550164.

56. Bigot A, Minguez L, Giambérini L, Rodius F (2011) Early defense
responses in the freshwater bivalve Corbicula fluminea exposed to
copper and cadmium: transcriptional and histochemical studies.
Environ Toxicol 26: 623-632. doi:10.1002/tox.20599. PubMed:
20549629.

57. Stegeman JJ, Zanette J, Goldstone JV, Bainy ACD (2010) Identification
of CYP genes in Mytilus (mussel) and Crassostrea (oyster) species:
first approach to the full complement of cytochrome P450 genes in
bivalves. Mar Environ Res 69: S1-S3. doi:10.1016/j.marenvres.
2009.07.002. PubMed: 19926125.

58. Zanette J, Jenny MJ, Goldstone JV, Parente T, Woodin BR et al.
(2013) Identification and expression of multiple CYP1-like and CYP3-
like genes in the bivalve mollusk Mytilus edulis. Aquat Toxicol 128-129:
101-112. doi:10.1016/j.aquatox.2012.11.017. PubMed: 23277104.

59. Vrankovic J, Labus-Blagojevic S, Paunovic M (2011) Expression of
cyp1a protein in the freshwater clam Corbicula fluminea (Muller). Arch.
J Biol Sci 63: 37-42.

60. Lunt G (1991) GABA and GABA receptors in invertebrates. Semin
Neurosci 3: 251-258. doi:10.1016/1044-5765(91)90022-G.

61. Zaman SH, Harvey RJ, Barnard EA, Darlison MG (1992) Unusual
effects of benzodiazepines and cyclodiene insecticides on an
expressed invertebrate GABAA receptor. FEBS Lett 307: 351-354. doi:
10.1016/0014-5793(92)80711-O. PubMed: 1379544.

62. Bai R, You W, Chen J, Huang H, Ke C (2012) Molecular cloning and
expression analysis of GABAA receptor-associated protein
(GABARAP) from small abalone, Haliotis diversicolor. Fish Shellfish
Immunol 33: 675-682. doi:10.1016/j.fsi.2012.05.003. PubMed:
22771962.

63. Feder ME, Hofmann GE (1999) Heat-shock proteins, molecular
chaperones, and the stress response: evolutionary and ecological

physiology. Annu Rev Physiol 61: 243-282. doi:10.1146/
annurev.physiol.61.1.243. PubMed: 10099689.

64. Sørensen JG, Kristensen TN, Loeschcke V (2003) The evolutionary
and ecological role of heat shock proteins. Ecol Lett 6: 1025-1037. doi:
10.1046/j.1461-0248.2003.00528.x.

65. Hull JJ, Geib SM, Fabrick JA, Brent CS (2013) Sequencing and de
novo assembly of the western tarnished plant bug (Lygus hesperus)
transcriptome. PLOS ONE 8: e55105. doi:10.1371/journal.pone.
0055105. PubMed: 23357950.

66. Zhang Z, Zhang Q (2012) Molecular cloning, characterization and
expression of heat shock protein 70 gene from the oyster Crassostrea
hongkongensis responding to thermal stress and exposure of Cu2+ and
malachite green. Gene 497: 172-180. doi:10.1016/j.gene.2012.01.058.
PubMed: 22310388.

67. Farcy E, Voiseux C, Lebel J-M, Fievet B (2007) Seasonal changes in
mRNA encoding for cell stress markers in the oyster Crassostrea gigas
exposed to radioactive discharges in their natural environment. Sci
Total Enviro 374: 328-341. doi:10.1016/j.scitotenv.2006.11.014.
PubMed: 17289119.

68. Cara JB, Aluru N, Moyano FJ, Vijayan MM (2005) Food-deprivation
induces HSP70 and HSP90 protein expression in larval gilthead sea
bream and rainbow trout. Comp Biochem Physiol B Biochem Mol Biol
142: 426-431. doi:10.1016/j.cbpb.2005.09.005. PubMed: 16257553.

69. Gao Q, Song L, Ni D, Wu L, Zhang H et al. (2007) cDNA cloning and
mRNA expression of heat shock protein 90 gene in the haemocytes of
Zhikong scallop Chlamys farreri. Comp Biochem Physiol B Biochem
Mol Biol 147: 704-715. doi:10.1016/j.cbpb.2007.04.010. PubMed:
17553718.

70. Liu H, Chen H, Jing J, Ma X (2012) Cloning and characterization of the
HSP90 beta gene from Tanichthys albonubes Lin (Cyprinidae): effect of
copper and cadmium exposure. Fish Physiol Biochem 38: 745-756. doi:
10.1007/s10695-011-9556-2. PubMed: 21915694.

Transcriptome Analysis of Corbicula fluminea

PLOS ONE | www.plosone.org 12 November 2013 | Volume 8 | Issue 11 | e79516

http://dx.doi.org/10.1016/j.ecoenv.2008.04.014
http://www.ncbi.nlm.nih.gov/pubmed/18550164
http://dx.doi.org/10.1002/tox.20599
http://www.ncbi.nlm.nih.gov/pubmed/20549629
http://dx.doi.org/10.1016/j.marenvres.2009.07.002
http://dx.doi.org/10.1016/j.marenvres.2009.07.002
http://www.ncbi.nlm.nih.gov/pubmed/19926125
http://dx.doi.org/10.1016/j.aquatox.2012.11.017
http://www.ncbi.nlm.nih.gov/pubmed/23277104
http://dx.doi.org/10.1016/1044-5765(91)90022-G
http://dx.doi.org/10.1016/0014-5793(92)80711-O
http://www.ncbi.nlm.nih.gov/pubmed/1379544
http://dx.doi.org/10.1016/j.fsi.2012.05.003
http://www.ncbi.nlm.nih.gov/pubmed/22771962
http://dx.doi.org/10.1146/annurev.physiol.61.1.243
http://dx.doi.org/10.1146/annurev.physiol.61.1.243
http://www.ncbi.nlm.nih.gov/pubmed/10099689
http://dx.doi.org/10.1046/j.1461-0248.2003.00528.x
http://dx.doi.org/10.1371/journal.pone.0055105
http://dx.doi.org/10.1371/journal.pone.0055105
http://www.ncbi.nlm.nih.gov/pubmed/23357950
http://dx.doi.org/10.1016/j.gene.2012.01.058
http://www.ncbi.nlm.nih.gov/pubmed/22310388
http://dx.doi.org/10.1016/j.scitotenv.2006.11.014
http://www.ncbi.nlm.nih.gov/pubmed/17289119
http://dx.doi.org/10.1016/j.cbpb.2005.09.005
http://www.ncbi.nlm.nih.gov/pubmed/16257553
http://dx.doi.org/10.1016/j.cbpb.2007.04.010
http://www.ncbi.nlm.nih.gov/pubmed/17553718
http://dx.doi.org/10.1007/s10695-011-9556-2
http://www.ncbi.nlm.nih.gov/pubmed/21915694

	Sequencing and De Novo Assembly of the Asian Clam (Corbicula fluminea) Transcriptome Using the Illumina GAIIx Method
	Introduction
	Materials and Methods
	RNA isolation and Illumina sequencing
	Transcriptome assembly and advanced data analysis
	ORF identification and SSR discovery
	RT-PCR Assays
	Fluoxetine Exposure and Real-time Quantitative PCR (RT-qPCR) verification

	Results and Discussion
	Illumina sequencing and assembly
	Annotation of unigenes
	COG, CO and KEGG classification
	ORF identification and SSR discovery
	Identification and validation of putative biomarker transcriptomic sequences
	Real-time Quantitative PCR (RT-qPCR) verification

	Conclusions
	Data Deposition

	Supporting Information
	Author Contributions
	References


