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Abstract: The soft-shelled turtle Pelodiscus sinensis is a high-profile turtle species because of its nutritional and
medicinal value in Asian countries. However, little is known about the genes that are involved in formation of their
nutritional quality traits, especially the molecular mechanisms responsible for unsaturated fatty acid and collagen
biosynthesis. In the present study, the transcriptomes from six tissues from Pelodiscus sinensis were sequenced using
an lllumina paired-end sequencing platform. We obtained more than 47 million sequencing reads and 73954 unigenes
with an average size of 754 bp by de-novo assembly. In total, 55.19% of the unigenes (40814) had significant similarity
with proteins in the National Center of Biotechnology Information (NCBI) non-redundant protein database and
Swiss-Prot database (E-value <10_5). Of these annotated unigenes, 9156 and 11947 unigenes were assigned to 52
gene ontology categories (GO) and 25 clusters of orthologous groups (COG), respectively. In total, 26496 (35.83%)
unigenes were assigned to 242 pathways using the Kyoto Encyclopedia of Genes and Genomes pathway database
(KEGG). In addition, we found a number of highly expressed genes involved in the regulation of P. sinensis unsatu-
rated fatty acid biosynthesis and collagen formation, including desaturases, growth factors, transcription factors, and
extracellular matrix components. Our data represent the most comprehensive sequence resource available for the
Chinese soft-shelled turtle and could provide a basis for new research on this turtle as well as the molecular genetics
and functional genomics of other terrapins. To our knowledge, we report for the first time, the large-scale RNA se-
quencing (RNA-Seq) of terrapin animals and would enrich the knowledge of turtles for future research.
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1 Introduction

The soft-shelled turtle Pelodiscus sinensis is a
commercially important aquatic reptile species be-
cause of its high nutritional and medicinal value in
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Asian countries including China, Japan, and Korea
(Li et al., 2008; Gong et al., 2011). In China, it is
considered to be a rich delicious food with medical
benefits. In recent years, the farming of this species
has developed rapidly in China with a yield of more
than 265721 tons in 2010 (Ministry of Agriculture
and Fisheries Bureau of China, 2011). Compositional
analysis has shown that this animal is rich in both
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collagen and unsaturated fatty acids (Wang et al.,
1997; Zhan et al., 2000; Huang et al., 2005). The
collagen has multiple functions in Chinese traditional
medicine. Compared with collagen from land animals
(such as pig and cow), aquatic collagen has drawn
extensive attention for its excellent physiochemical
properties and physiologically active functions (Liu et
al., 2010). A closer examination of the in vivo gene
expression responsible for the development of these
nutritional quality traits of P. sinensis is needed to
obtain a complete understanding of the mechanisms.
Unfortunately, very limited genomic information is
available for P. sinensis. Currently, there are only
about 353 nucleotides (nt) and 214 expressed sequence
tag (EST) sequences available in the National Center
of Biotechnology Information (NCBI) database for the
soft-shelled turtle P. sinensis. Publicly available data-
sets are of use for future P. sinensis research, such as
elucidating the molecular mechanisms of specific traits
and gene expression regulation.

Compared with the conventional methods for
gene cloning and sequencing, next-generation se-
quencing (NGS) technologies, such as the 454
(Roche), Supported Oligo Ligation Detetion (SOLiD)
(ABI), and Solexa/Illumina (Illumina) platforms are
not only time-saving and less expensive but also
yield a great deal of genetic information about cer-
tain species. Over the past several years, NGS
technologies have emerged as powerful tools for
high-throughput sequence analysis and dramatically
improved the speed and efficiency of gene discovery
(Schuster 2008; Metzker, 2010). Moreover, these
technologies have shown great potential for ex-
panding sequence databases of not only model spe-
cies (Hegediis et al., 2009; Hillier et al., 2009; Li et
al., 2010), but also non-model organisms (Collins ef
al., 2008; Wang et al., 2010a; Gao et al., 2012).
Recently, the development of high-throughput DNA
sequencing strategies has provided a new means of
both mapping and quantifying transcriptomes, which
is the complete set of all transcripts for certain types
of cells or tissues in a specific developmental stage
or physiological condition. Transcriptome analysis
is a way to yield comprehensive functional elements
of the genome and reveal the molecular mechanisms
involved in specific biological processes on gene
structure and function (Wei et al., 2011).

The method, termed RNA sequencing

(RNA-Seq) is an efficient and powerful method to
analyze transcriptome data and has clear advantages
over the existing approaches (Wang et al., 2009;
2010a). A primary platform being used to generate
transcriptomic resources is the Illumina short read
sequencing platform, followed by de-novo assembly
of sequence reads. This approach has been used to
characterize transcriptomes of diverse taxa, including
plants (Chang et al., 2011; Garg et al., 2011), insects
(Wang et al., 2010b; Xue et al., 2010), mollusks
(Feldmeyer et al., 2011), fish (Xiang et al., 2010), and
mammals (Yao et al., 2012a; 2012b). Despite their
obvious benefits, NGS methods have not yet been
applied to turtle research. It is essential to produce
enormous transcript sequences of P. sinensis for gene
discovery and molecular marker development by
using high-throughput transcriptome sequencing.

In the present study, we utilized Illumina
pair-end sequencing technology to perform RNA-Seq
on six tissues from P. sinensis, and demonstrated the
suitability of pair-end for de-novo assembly and gene
annotation of P. sinensis that does not have sequenced
genomes. Over three billion bases (nt) of high-quality
complementary DNA (cDNA) sequences and 73954
unique transcripts were generated. The annotated
sequences for genes involved in gene ontology (GO)
classifications, cluster of orthologous groups (COG)
classifications, and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways were then assigned. In
addition, we also analyzed the gene expression pro-
files of growth factors, transcriptional factors, ex-
tracellular matrix proteins that were related to un-
saturated fatty acid biosynthesis and collagen peptide
formation. Undoubtedly, these results provide an
invaluable resource for further research in P. sinensis.

2 Materials and methods
2.1 Sample collection and RNA extraction

One male and one female soft-shelled turtle
Pelodiscus sinensis were subject to transcriptomic
analysis. Adult individuals of P. sinensis (Yellow
River population, body weight of (500+50) g) were
obtained from a turtle farm in Zhejiang, China. The
Yellow River population of P. sinensis is a typical
commercial population and widely used in the pro-
duction of soft-shelled turtles. All experimental
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procedures were approved by the Animal Ethics
Committee of Zhejiang Wanli University. Tissues
including the liver, muscle, spleen, ovary, testis, and
calipash were dissected and cut into small pieces, and
immediately frozen in liquid nitrogen for further use.

Total RNA was isolated using Trizol reagent
(Invitrogen, CA, USA) according to the manufac-
turer’s instructions. RNA integrity (Schroeder et al.,
2006) was verified using the Agilent 2100 Bioana-
lyzer (Agilent Technologies) and all six samples had

an RNA integrated number (RIN) value more than 8.0.

The samples for transcriptome analysis were prepared
using the Illumina kit according to the manufacturer’s
instructions. Briefly, messenger RNA (mRNA) was
firstly purified from 10 pg of total RNA using
oligo(dT) magnetic beads and then fragmented into
small pieces using fragmentation buffer. The cleaved
RNA fragments were used for reverse transcription
followed by second-strand cDNA synthesis using
DNA polymerase I and RNase H, after which
QiaQuick polymerase chain reaction (PCR) Kkits
(Qiagen, CA, USA) were used for end repair and
adapter ligation. Equal quantities of high-quality
RNA from the six tissues were pooled for cDNA
library preparation.

2.2 cDNA library construction, sequencing, and
assembly

The cDNA library was sequenced on the Illu-
mina sequencing platform (Illumina HiSeq™ 2000,
BGI, Shenzhen, China) using paired-end sequencing
technology. The average size of inserts in the library
was 200 bp, and both ends of the libraries were se-
quenced. The raw reads were cleaned by removing
adaptor sequences, empty reads, and low-quality
sequences. The data filtering process was previously
described in Wang et al. (2010a) and Xie et al. (2012).
Reads were then assembled using Trinity method
(Grabherr et al., 2011). The longest assembled se-
quences are called contigs. Then the reads are mapped
back to contigs. With paired-end reads we are able to
detect contigs from the same transcript as well as the
distances between these contigs. Next, contigs were
connected to form scaffolds using “N” to represent
unknown sequences. Finally, we arrive at sequences
without Ns that cannot be extended on either end.
Such sequences are defined as unigenes. Gene-
expression-level analyses were performed by the

reads per kilobase of the exon model per million reads
(RPKM) method (Mortazavi et al., 2008) using the
formula RPKM=10’C/(NL), where C is the number of
mappable reads that are uniquely aligned to a unigene,
N is the total number of reads that are uniquely
aligned to all unigenes, and L is the sum of a unigene
in base pairs.

2.3 Functional annotation by sequence compari-
son with public databases

For annotation of assembled unigenes, a se-
quence similarity search was conducted against the
NCBI non-redundant (Nr) protein database and the
Swiss-Prot protein database using the BLASTx algo-
rithm (Altschul et al., 1997; Cameron et al., 2004;
Camacho et al., 2009) with a cut-off E-value of 10™".
On the basis of the Nr annotation, the Blast2GO
program (Conesa et al., 2005) was used to obtain GO
annotation against the GO database (Harris et al.,
2004) for unigenes annotated by Nr. Then the WEGO
software (Ye et al., 2006) was used to perform GO
functional classification for these unigenes. Annota-
tion with the COG and KEGG pathways was per-
formed using BLASTx against the COGs database
(Tatusov et al., 2001) and the KEGG database
(Kanehisa et al., 2004). If results of different data-
bases conflicted with one another, a priority order of
Nr, Swiss-Prot, KEGG, and COG was followed when
deciding sequence direction of unigenes.

3 Results

3.1 Illumina sequencing, assembly, and sequence
analyses

In order to obtain a wide range of genes associ-
ated with formation and development of nutritional
quality traits, RNA was isolated from the liver, mus-
cle, ovary, testis, and calipash of the Chinese
soft-shelled turtle Pelodiscus sinensis. A mixed
cDNA sample, representing diverse adult tissues of P.
sinensis was prepared and sequenced using the Illu-
mina platform for a single sequencing run. A total of
46655766 raw reads of 90 bp in length were gener-
ated. After stringent data cleaning and quality checks,
we obtained more than 41 million high-quality reads
with 96.98% bases had quality greater than 20. Then,
a total of 178773 contigs were assembled. The length
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of contigs varied from 100 to 7933 bp, with a mean
size of 338 bp (Table 1). The proportion of contigs
with length more than 200 bp was 38.69%. Finally,
73954 unigenes with an average size of 754 bp and a
total length of 55.76M bp were yielded using the
de-novo assembly (Table 1). The length of assembled
unigenes ranged from 200 to 19616 bp. The distribu-

61

3.3 Functional classification by GO and COG

GO is an international standardized gene func-
tional classification system which has three ontolo-
gies: molecular function, cellular component, and

Table 1 Length distribution of assembled contigs and
unigenes
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200 and 400 bp, and unigenes with length more than 100-200 109627 0
400 bp accounted for 50.23% including 21.29% uni- 201-300 24574 24020
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Fig. 1 Assessment of assembly quality
Distribution of unique-mapped reads and RPKM (reads per kb per million reads) of the assembled unigenes
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biological process (Ashburner ef al., 2000). Based on
GO assignment, 9156 unigenes were categorized into
52 functional groups with 67893 terms (Fig. 2). The
most abundant assignment was biological processes,
(34318, 50.55%) followed by cellular components
(22932, 33.78%), and molecular function (10643,
15.68%, Fig. 2). Under the biological process cate-
gory, cellular processes (5492 unigenes, 16.00%),
and metabolic processes (4241 unigenes, 12.36%)
were predominant, indicating that some important
cellular and metabolic activities may occur in P.
sinensis. Moreover, 3343 and 3113 unigenes were
assigned to the biological regulation (9.74%) and
regulation of biological processes (9.07%), respec-
tively. For the cellular component category, cell
(7226 unigenes, 31.51%) and cell part (6842 uni-
genes, 29.84%) represented the majority of the cate-
gory. Under the category of molecular function,
binding (5061 unigenes, 47.55%) represented the
most abundant classification, followed by catalytic
activity (3002 unigenes, 28.21%).

The COG is a database that builts on coding pro-
teins with complete genomes. Every protein in COG is
thought to be orthologous. The purpose of COG is to
serve as a platform for functional classification and
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annotation for many new sequences (Tatusov et al.,
2001). In this study, out of 35131 Nr hits, a total of
11947 sequences were aligned to COG to predict and
classify possible functions (Fig. 3). Among the 25
COG categories, the cluster for general function pre-
diction only (4737, 14.56%) was the largest group,
followed by translation, ribosomal structure,
and biogenesis (3551, 10.91%) and replication, re-
combination, and repair (2938, 9.03%); only a few
unigenes were assigned to nuclear structure and ex-
tracellular structures.

3.4 Functional classification by KEGG

The KEGG pathway database deposits the net-
works of molecular interactions in the cells and is
widely used as a reference canonical database for in-
tegration and interpretation of large-scale dataset.
Therefore, according to KEGG pathway mapping,
gene functions with the emphasis on biochemical
pathways can be categorized (Hou ef al., 2011). Based
on a comparison against the KEGG database, we as-
signed 26496 (35.83%) sequences to 242 KEGG
pathways. The numbers of unigenes in different
pathway ranged from 3 to 2674. Among them, the
metabolic pathways (2674 unigenes) represented the
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Fig. 3 Histogram presentation of clusters of orthologous groups (COG) classification
All unigenes were aligned to the COG database to predict and classify possible functions. Out of 35131 Nr hits, 11947

sequences were assigned to 25 COG classifications

most abundant group followed by those related to focal
adhesion (1627 unigenes) and regulation of actin cy-
toskeleton (1348 unigenes) (Table S1).

3.5 Candidate genes involved in fatty acid
biosynthesis

As shown in Table 2, a number of highly ex-
pressed genes related to unsaturated fatty acid bio-
synthesis of P. sinensis were identified. The genes
included fatty acid binding protein, acyl Coenzyme A
(CoA) desaturase, fatty acid desaturase, and elonga-
tion of very long chain fatty acids protein, etc. For
example, the stearoyl CoA (D9) desaturase, one of the
best studied desaturases to date, was highly expressed
in the tissues of P. sinensis.

3.6 Candidate genes involved in collagen formation

A large number of highly expressed genes in-
volved in collagen production, including transcription
factors, growth factors, and extracellular matrix com-
ponents of P. sinensis were also obtained. The results
are listed in Table 3. It is shown that the most highly
expressed transcripts were activating transcription
factor-4 (ATF-4), followed by those encoding mem-
bers of the collagens family and glycoproteins.

Table 2 Expression of genes involved in fatty acid
biosynthesis

Gene name RPKM*
Fatty acid binding protein 5 (FABP5) 2321.44
Adipocyte fatty acid-binding protein (A-FABP) 254.06
Stearoyl-CoA desaturase (SCD) 152.37
Elongation of very long chain fatty acids protein 5  55.31
(ELOS)
Trans-2-enoyl-CoA reductase 48.89
Elongation of very long chain fatty acids protein 1~ 43.24
(ELO1)
Liver fatty acid-binding protein 1 (L-FABP1) 42.45
Enoyl-CoA hydratase 37.93
Heart fatty acid-binding protein (H-FABP) 34.76
Elongation of very long chain fatty acids protein 4  17.03
(ELO4)
Fatty acyl-CoA reductase 12.23
Fatty acid desaturase 6 (delta 6 FAD) 11.19
Fatty acid desaturase 1 (FAD1) 11.43
Acetyl-CoA carboxylase 10.92

* Reads per kilobase of exon model per million mapped reads

4 Discussion

With the rapid development of cost efficient and
high throughput sequencing technologies, RNA-Seq
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Table 3 Expression of genes involved in collagen
formation "

Gene name RPKM*
Transcription factor-4 (ATF-4) 341.38
Collagen alpha-1 (XVI) chain (Col 16a1) 154.31
Clathrin light chain A (Clta) 148.91
Fibronectin type 3 (Fn3) 90.44
Aggrecan core protein (Acan) 78.96
Collagen alpha-1 (III) chain (Col 3a1) 67.72
Collagen alpha-1 (VI) chain (Col 6al) 59.51
Collagen alpha-3 (VI) chain (Col 6a3) 51.62
Connective tissue growth factor (CTGF) 38.03
Tenascin X (Tnx) 33.23
Insulin-like growth factor 2 receptor 31.87
Collagen alpha-1 (I) chain (Col lal) 29.89
Transforming growth factor B (TGF-J3) 25.20
Matrix gla protein 24.05
Collagen alpha-1 (XVIII) chain (Col 18al) 24.47
Collagen alpha-2 (VI) chain (Col 6a2) 23.88
Collagen alpha-3 (IX) chain (Col 9a3) 19.70
Collagen alpha-2 (I) chain (Col 1a2) 15.19
Type IV alpha 6 collagen (Col 4a6) 15.01
Collagen IV alpha 4 chain (Col 404) 13.97
Collagen alpha-1 (IV) chain (Col 4al) 12.01
Collagen alpha-2 (VIII) chain (Col 8a2) 11.36
Collagen, type XVII, alpha 1 (Col 17a1) 10.70

* Reads per kilobase of exon model per million mapped reads.
® Extracellular matrix proteins related

has emerged as a fast, powerful, and effective ap-
proach for novel gene discovering and gene expres-
sion profiling, especially in non-model organisms

without prior genomic information (Yao et al., 2012b).

In this study, we performed RNA-Seq by Illumina
platform to characterize the transcriptome of P
sinensis, a species for which genomic and transcrip-
tomic data is very limited in the public databases. In
total, more than 41 million high-quality reads with
3.7G bp sequence coverage were obtained. By
de-novo assembly, 73954 unigenes (=200 bp) were
generated, and further, 40814 assembled unigenes
were annotated. Our coverage is approximately
130-fold more than all P. sinensis sequences depos-
ited in GenBank combined (as of April 2012). To our
knowledge, this study reports the first characteriza-
tion of the complete transcriptome of terrapin animals
by analyzing large-scale transcript sequences using an
[llumina paired-end sequencing strategy.

In the present study, a number of the unigenes

were assigned to GO functional groups and COG
classifications (Figs. 2 and 3). Most representative
unigenes were mapped to specific KEGG pathways,
such as metabolism pathways, focal adhesion, and
regulation of actin cytoskeleton. using the KEGG da-
tabase (Table S1). Considering that P. sinensis is an
important aquatic animal rich in nutrients and also has
a great application potential in health-care products
and anti-cancer drug development, pathways pertain-
ing to poly unsaturated fatty acid biosynthesis and
collagen formation were focused on. Quite a number of
genes were enriched to these promising pathways,
including fatty acid metabolism (89), biosynthesis of
unsaturated fatty acid (64), fatty acid biosynthesis (38),
and fatty acid elongation (16).

Based on de-novo sequencing and analysis of the
transcriptome, we found several transcription factors
related to fatty acid biosynthesis that were highly
expressed. The fatty acid binding protein 5 (FABPS),
which was the most highly expressed transcript, also
known as EFABP and KFABP, belongs to the family
of fatty acid-binding proteins (FABPs), a group of
small intracellular 14—15 kDa cytoplasmic proteins
that bind and transport long-chain free fatty acids.
FABPS5 was originally identified in the skin (Wata-
nabe et al., 1994) and is expressed in different tissues
and organs including the skin, liver, and the nervous
system (Storch and McDermott, 2009). Adipocyte
fatty acid-binding protein (AFABP) is one of the
members of the FABP family and is mainly expressed
in adipocytes (Storch and McDermott, 2009). Re-
garding the functions of KFABP and AFABP, Cao et
al. (2008) reported that compared to the wild-type
mice, lipid profiles from adipose tissue and plasma of
double KFABP/AFABP knockout mice had elevated
levels of the monounsaturated fatty acid (MUFA)
palmitoleate (16:1D9). The stearoyl CoA (D9) de-
saturase was also enriched in the transcriptome. This
enzyme catalyzes the first step in the polyunsaturated
fatty acid (PUFA) biosynthetic pathway, namely the
incorporation of a double bond at carbon nine of
stearic acid to generate oleic acid, and is one of the
best studied desaturases to date (Pereira et al., 2003).

Previous studies on P. sinensis have mainly fo-
cused on the nutritional value, such as preparation and
characterization of collagen for biomaterial applica-
tions (Nobuhiro et al., 2009; Liu et al.,2010; Lu et al.,
2010). The molecular mechanisms behind collagen



Wang et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2013 14(1):58-67 65

formation remain unclear. In this study, several col-
lagen formation-related genes were found to be
highly expressed. ATF-4, the most highly expressed
transcription factor, is expressed in proliferative and
prehypertrophic growth plate chondrocytes and
regulates chondrocyte proliferation and differentia-
tion via up-regulation of Indian hedgehog expression
(Wang et al., 2009). Transgenic studies have
demonstrated ATF-4 to be involved in lens and
skeletal development, fertility, and proliferation
(Ameri and Harris, 2008). We also found that many of
the extracellular matrix components were highly ex-
pressed (Table 2), including fibronectin, tenascin,
clathrin, and collagen. Among these proteins, mem-
bers of collagen types I, III, IV, VI, VIII, IX, XVI,
XVII, and XVIII were highly expressed. The colla-
gens represent a large and complex family of struc-
turally diverse extracellular matrix molecules. Col-
lagen XVI, which was the most highly expressed
transcript, is a member of the fibril-associated colla-
gens with interrupted triple helices (FACIT-collagens)
(Myers et al., 1994). Of potential physiological rele-
vance, collagen XVI and collagen-binding integrin
interactions may connect cells with specialized fibrils,
contributing to the organization of fibrillar and cel-
lular components within connective tissues (Eble et
al., 2006). Collagen types I and III represent the major
fibrillar collagen types in skin, and are possibly
regulated by transforming growth factor (TGF)-B1,
which is known to be the prototype of a large super
family of proteins that control various aspects of dif-
ferentiation (Heine et al., 1990). Type I collagen is the
most plentiful and well-studied member of the col-
lagen family and is one of the most widely expressed
protein in the body being a major constituent of the
skin, ligaments, tendons, bone, and numerous inter-
stitial connective tissues (Bhogal et al., 2005). Lu et
al. (2010) obtained the collagen from calipash of P.
sinensis by pepsin digestion and reported that the
extracted collagen belonged to typical collagen [ with
two o and one P chains. Whereas Liu et al. (2010)
found that the collagen type of P. sinensis belongs to
collagen V with an approximate molecular weight of
400410 kDa, we did not find high expression of
collagen V. Further research remains to be done to
explain the absence of collagen V.

5 Conclusions

By using Illumina RNA-Seq techonology and
de-novo analysis, we have generated more than
70000 unigenes with an average of 754 bp in length,
of which 40814 sequences had a significant BLAST
hit. We assigned 9 156 sequences to 52 GO functional
groups, 11947 sequences to 25 COG classifications
and 26496 sequences to 242 KEGG pathways. A
large number of transcript sequences obtained in this
study were the first representatives of these tran-
scripts for Chinese soft-shelled turtle P. sinensis.
Many candidate genes potential involved in fatty acid
biosynthesis and collagen formation were identified
and are worthy of further investigation. These find-
ings provide a substantial contribution to the existing
sequences resources for the P. sinensis and other
terrapin animals.
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