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Abstract
Chinese grass shrimp Palaemonetes sinensis is an economically important freshwater shrimp
in China. However, wild resources of grass shrimp have declined dramatically due to overﬁshing and
environmental destruction. Previous studies of P. sinensis are basic and sparse due to the lack of genomic
data. In this study, the ﬁrst transcriptome dataset of P. sinensis was obtained by performing de novo RNA
sequencing. A total of 100 644 unigenes and 17 019 simple sequence repeats were identiﬁed. Potential genes
and their functions were annotated by analysis of public databases. Genes encoding digestive enzymes in P.
sinensis, including those speciﬁc for proteinase, carbohydrase, lipidase, as well as other related important
genes, are described. The ﬁrst transcriptomic investigation of P. sinensis may provide comprehensive
sequence resources for grass shrimp study. Additionally, the data generated here will contribute to the
identiﬁcation of biomarkers for grass shrimp, and may help in understanding the links between digestive
enzymes and food habit.
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1 INTRODUCTION
The Chinese grass shrimp Palaemonetes sinensis
is a small shrimp (2–5 cm long) belonging to the
Palaemonidae family of decapod crustaceans and is
widely distributed in China and adjacent areas (Li et
al., 2007). Many of them are non-native and have
been introduced locally (Bradbury et al., 1996; Cai
and Dai, 1999; Imai and Oonuki, 2014). Palaemonetes
sinensis is an important aquarium animal and ﬁsheries
resource because of its striking appearance and
appealing ﬂavor (unpublished data). It is also
commonly sold as bait for sport ﬁshing (Imai and
Oonuki, 2014). Palaemonetes sinensis has been
historically consumed by humans in China and has a
strong market value, and often reaches prices higher
than those for penaeid species. However, resources of
P. sinensis are rapidly decreasing because of habitat
destruction and overﬁshing. To date, biological
knowledge of this species is scarce, and studies have
mainly focused on their morphological analysis (Imai
and Oonuki, 2014). Given the importance of studies

in a wide variety of contexts, suﬃcient genomic tools
would greatly enhance all aspects of research on this
species, especially those on functional gene discovery,
molecular marker application, and genome
comparison. To our knowledge, neither publicly
available sequence data nor functional genetic
information of P. sinensis have yet been reported.
Transcriptome sequencing has been shown to be an
eﬀective means of gene discovery, especially when
no genome sequence is available (Koboldt et al.,
2013). We sequenced the ﬁrst P. sinensis transcriptome
from the whole body of several individuals.
Additionally, the study of digestive enzymes enables
better comprehension of the mechanism of digestion
and the nutritional needs to be applied in the
formulation of inert diets, which are essential for
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proﬁtable aquaculture; therefore, we aimed to identify
the genes related to digestive enzymes. Finally, we
developed a set of polymorphic microsatellites and
estimated the genetic diversity of a wild P. sinensis
population. The resulting transcriptome will be useful
in gene function demonstration, molecular markerassisted selection, and other genetic studies on
P. sinensis and related shrimp species.
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Universal PCR primers and Index (X) Primer. Finally,
PCR products were puriﬁed using the AMPure XP
system and the library quality was assessed on the
Agilent Bioanalyzer 2100 system. The mixed DNA
libraries were diluted to 4–5 pmol/L for sequencing by
the Illumina Hiseq 2500TM platform.
2.4 De novo assembly and gene annotation

A total of 10 adult P. sinensis shrimps were
collected randomly from a rice ﬁeld in Panjin City,
Liaoning Province, China, in October 2015. Body
size of the shrimps ranged from 2.56 to 3.61 cm, with
a mean of 3.04±0.34 cm SD. Individual shrimps were
placed in a 2-mL RNAse-free tube and immediately
placed into liquid nitrogen prior to RNA isolation.

Clean reads were obtained by ﬁltering out lowquality sequences and adapter sequences from the
raw reads. To obtain complete reference sequences,
clean reads were assembled using the Trinity program.
Contigs with longer fragments were further assembled
form clean reads until they could not be extended at
either side. Unigenes were obtained by removing the
assembled redundant transcripts.
All assembled transcripts were aligned with the
NCBI protein databases NR (non-redundant), PFAM
(protein family), Swiss-Prot (a manually annotated
and reviewed protein sequence database), KOG/COG
(Clusters of Orthologous Groups of proteins), KEGG
(Kyoto Encyclopedia of Genes and Genomes), KO
(KEGG ortholog database) and GO (Gene Ontology)
using BLASTx (with a cutoﬀ E-value of 1E-05). The
best BLAST hits from these databases were then
selected for further functional annotation of the
unigenes. Gene ontology (GO) annotation was
analyzed by Blast2GO program in order to obtain GO
annotations of unique assembled transcripts.

2.3 RNA preparation and sequencing

2.5 SSR Discovery

Total RNA was extracted from each of the 10
individual shrimps using the Trizol Kit (Invitrogen,
USA) following the manufacturer`s instructions. RNA
quality and quantity were examined using 1% TAE
agarose gel electrophoresis. Equal quantities (1 μg) of
RNA obtained from each shrimp were pooled together
to eliminate variation among the samples and used as
one sample for RNA-Seq library construction. The
library evaluated in this study was assembled using
NEBNext® Ultra™ RNA Library Prep Kit for
Illumina® (NEB, USA) following the protocol of the
manufacturer. Library fragments were puriﬁed using
the AMPure XP system (Beckman Coulter, Beverly,
USA) in order to select cDNA fragments with lengths
of 150–200 bp. Three microliters of USER Enzyme
(NEB, USA) were added to a 180–480-bp pooled
sample of size-selected, adaptor-ligated cDNA at 37°C
for 15 min, followed by 5 min at 95°C. Next, PCR was
performed with Phusion High-Fidelity DNA
polymerase with GC buﬀer and 2 mol/L betaine,

Unique sequences were scanned for potential
simple sequence repeat (SSR) markers using the
MISA software (http://pgrc.ipk-gatersleben.de/misa)
with default parameters. SSRs were searched for with
motifs of sizes ranging from mono- to hexanucleotides, with repeat units of SSRs of 6, 5, 4, 3 and
2, respectively. Primer design was performed using
the Batch Primer 3 software.

2 MATERIAL AND METHOD
2.1 Ethics statement
Our study does not involve endangered or protected
species. In China, catching wild grass shrimp from
rice ﬁelds does not require speciﬁc permits.
Experimental treatment of the Chinese grass shrimp
in this study was conducted according to national and
international guidelines. The experimental protocol
was approved by the Animal Ethics Committee of
Shenyang Agriculture University.
2.2 Sampling of experimental animals

3 RESULT
3.1 Transcriptome sequencing and de novo assembly
All raw reads have been submitted to the GenBank
database under accession number SRR1630824. A
total of 32 369 964 raw reads and 32 177 109 clean
reads were obtained from whole P. sinensis. A total
of 100 644 unigenes are generated with N50 length of
1 077 bp and average length of 667 bp (Table 1). The
size distribution of the shrimp transcripts and unigenes
were presented in Supplementary ﬁle (Fig.S1).
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Fig.1 Gene Ontology (GO) terms for the transcriptomic sequences of Palaemonetes sinensis
Table 1 Overview of Palaemonetes sinensis transcriptome
sequencing and assembly

Table 2 Summary statistics of Blast searches to annotated
sequence databases

Summary statistics

Number

Database

Number of unigenes Percentage (%)

Raw sequences reads

32 369 964

Annotated in CDD

17 158

17.05

Clean sequences reads

32 177 109

Annotated in KOG

14 535

14.44

Total clean base pairs

4 593 607 419

Annotated in NR

21 986

21.85

Average read length (bp)

150

Annotated in NT

2 601

2.58

Q20 bases ratio (%)

95.93

Annotated in PFAM

14 935

14.84

GC bases ratio (%)

45.13

Annotated in Swissprot

16 605

16.5

Total number of transcripts

116 320

Annotated in TrEMBL

21 870

21.73

Min-Max length of transcripts (bp)

201–17 588

Annotated in GO

18 658

18.54

Average length of transcripts (bp)

7 771

Annotated in KEGG

6 443

6.4

N50 of transcripts (bp)

1 439

Annotated in at least one database

23 504

23.35

N90 of transcripts (bp)

285

Annotated in all database

1 130

1.12

Total number of unigenes

100 644

Total unigenes

100 644

100

Min-Max length of unigenes (bp)

201–17 588

Average length of unigenes (bp)

669

N50 of unigenes (bp)

1 077

N90 of unigenes (bp)

266

3.2 Transcriptome annotation
All unigenes were compared to eight public
databases using BLASTx with an E-value threshold
of 10-5. Approximately 23 504 (23.35% of 100 644)
unigenes showed signiﬁcant BLAST hits with one or
more of the databases (Table 2). For most of the reads
in the NR database, similar unigenes were retrieved

from Daphnia pulex (1 985, 9.03%), Tribolium
castaneum (1 068, 4.86%), Vittaforma corneae (800,
3.64%), Pediculus humanus corporis (762, 3.47%),
Prunus persica (723, 3.29%), Strongylocentrotus
purpuratus (643, 2.92%), Branchiostoma floridae
(579, 2.63%), Ixodes scapularis (518, 2.36%),
Nasonia vitripennis (496, 2.26%), and other species
(10 302, 46.86%) (Fig.S2).
Three categories were deﬁned by the GO project,
including biological processes, molecular function,
and cellular components. A total of 18 658 unigenes
were assigned to GO categories (Fig.1), with 17 298
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Fig.2 KOG classiﬁcation of putative proteins for Palaemonetes sinensis transcriptome

unigenes assigned to more than one category. The top
ﬁve most frequent categories of biological processes
in our study were “cellular processes” (13.13%),
“metabolic processes” (10.93%), “single-organism
processes” (8.43%), “biological regulation” (6.1%),
and “regulation of biological processes” (5.66%).
To predict and classify their possible functions
with reference to orthologs from other species, all
unigenes were annotated by the Eukaryotic
Orthologous Groups (KOG) database. As shown in
Fig.2, a total of 14 536 (61.84%) unigenes were
categorized into 25 groups. “General function
prediction only” accounted for the largest group
(2 122, 14.60%), followed by “signal transduction
mechanisms” (1 986, 13.66%) and “transcription”
(1 415, 9.73%). “Carbohydrate transport and
metabolism” accounted for 516 unigenes and 518
unigenes were assigned to “amino acid transport and
metabolism.”
To further elucidate the biological functions based

on gene interactions, all unigenes were mapped
against the KEGG pathway database. A total of 6 443
unigenes were assigned to 338 pathways (Table S1).
The most enriched pathways were “metabolism”
(2 705, 41.98%), “organismal systems” (2 043,
31.71%), “genetic information processing” (1 676,
26.01%), “environmental information processing”
(1 187, 18.42%), and “cellular processing” (1 053,
16.34%) (Fig.3).
3.3 Genes of interest related to digestive enzymes
In this study, 180 unigenes were classiﬁed as being
involved with the Chinese grass shrimp digestive
enzyme system: carbohydrase, proteinase, and
lipidase (Table 3). Nine categories of carbohydrase
were identiﬁed, which were composed of highly
expressed alpha-glucosidase, alpha-mannosidase, and
chitinase enzyme genes with over 10 hits. Thirty-two
chitinase unigenes were identiﬁed in P. sinensis, the
highest number for any carbohydrase (45.71%). A
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Fig.3 Function distribution of all unigenes in the transcriptome of Palaemonetes sinensis based on KEGG analysis
Table 3 Candidate genes of interest for food digestive
enzymes
in
the
Palaemonetes
sinensis
transcriptome, including the contigs and singletons
Fuction

Carbohydrase

Proteinase

Lipidase

total of 19 serine proteinase genes were identiﬁed,
including nine trypsin, six chymotrypsin and four
elastase unigenes. In addition, we also identiﬁed 24
carboxypeptidase and 31 aminopeptidase unigenes
(Table S2). A total of 36 lipidase-related unigenes
were identiﬁed in this study, consisting of three lipase
unigenes, eight pancreatic lipase unigenes, and 25
phospholipase unigenes.

Gene name

Hit (s)

Identity
(%)

Length
(bp)

Alpha-amylase

1

88

512

Alpha-glucosidase

12

52–94

538–1 011

Chitinase

32

61–95

203–607

Endoglucanase

3

77–79

467–469

Maltase

2

41–67

567–613

Galactosidase

2

70–78

388–675

Alpha-Fucosidase

2

75–77

453–460

Alpha-mannosidase

11

58–89

582–1 379

N-acetyl-β-Dglucosaminidas

5

53–88

633–807

We obtained a total of 17 019 SSRs in the
transcriptomic dataset, followed by 28.17% dinucleotide, 11.14% tri-nucleotide and 0.41% tetra/
penta/hexa-nucleotide repeats (Table 4). The most
common types among the 20 types of tri-nucleotide
repeats were (ATG/GAT/TGA) n, (AGC/CAG/GCA)
n, and (AAT/ATA/TAA) n (Fig.4).

Trypsin

9

46–100

171–392

4 DISCUSSION

Chymotrypsin

6

52–100

258–270

Elastase

4

52–100

266–271

Carboxypeptidase

24

43–100

303–1 670

Aminopeptidase

31

53–100

88–1 669

Lipase

3

67–73

396–399

Pancreatic lipase

8

51–100

210–533

Phospholipase

25

51–100

82–1 445

3.4 Putative SSR identiﬁcation

Information on the genomic resources of
crustaceans is still appreciably lacking, unlike that on
insects and vertebrates. Transcriptome sequencing
has been widely used and provides a viable alternative
to characterizing complete genomes (Havird and
Santos, 2016). After Griﬃtt et al. (2007) provided the
ﬁrst serial analysis of gene expression (SAGE) in
grass shrimp Palaemonetes gugio, García et al. (2017)
provided the ﬁrst de novo transcriptome data of grass
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Fig.4 Distribution of simple sequence repeat (SSR) nucleotide classes among diﬀerent nucleotide types found in Palaemonetes
sinensis
Table 4 Summary information of SSR of Palaemonetes
sinensis
Parameters statistics

Number

Total number of sequences examined

100 644

Total size of examined sequences (bp)

67 325 832

Total number of identiﬁed SSRs

17 019

Number of SSR containing sequences

13 381

Number of sequences containing more than 1 SSR

2 602

Number of SSRs present in compound formation

734

Distribution to diﬀerent repeat type classes
Di_nucleotide

4 795

Tri_nucleotide

1 896

Tetra_nucleotide

67

Penta_nucleotide

0

Hexa_nucleotide

2

shrimp Palaemonetes argentines and identiﬁed
24 378 transcripts. In our current study, we have
provided a total of 116 320 transcripts of P. sinensis
shrimp transcriptome data using Illumina Hiseq
2500TM platform. The average length of all transcripts
and N50 were 771 bp and 1 439, respectively, which
were longer than those in P. argentines (504 bp and
621). Long sequences of good quality enabled us to
obtain more information about genes. Moreover, we
also obtained a total of 17 019 SSRs in the

transcriptomic dataset. The SSR number of P. sinensis
was smaller than that in most crabs such as Portunus
trituberculatus (22 673), Scylla paramamosain
(19 011) and Eriocheir sinensis (141 737), but larger
than that in shrimps such as Macrobrachium
nipponense (6 689) and Fenneropenaeus chinensis
(14 981). This information will provide a basis for
future studies on the molecular biology of P. sinensis.
Although the activity and composition of digestive
enzymes have been assessed in many crustacean
species (Figueiredo and Anderson, 2009; Ayalaborboa
et al., 2013; Sacristán et al., 2015), the corresponding
molecular information is still lacking. Therefore,
identiﬁcation of genes related to digestive enzymes is
useful and helps to establish the functioning of the
crustacean digestive system in relation to the
nutritional requirements and feeding habits at the
molecular level. Unigenes related to digestive
enzymes were highly represented in this study. A total
of 180 unigenes were identiﬁed, which were composed
of 69 carbohydrases, 74 proteinases, and 36 lipidases
(Table 3). However, Wang et al. (2014) and
Dammannagoda et al. (2015) identiﬁed only 114 and
139 digestive enzyme genes from the hepatopancreatic
transcripts of P. trituberculatus and Cherax
quadricarinatus,
respectively.
Although
the
hepatopancreas is the main organ for digestive
enzyme synthesis in the crustacean digestive system,
other digestive organs, such as the intestine and
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stomach can also synthesize digestive enzymes (Shi
et al., 2009; Proespraiwong et al., 2010; Ayalaborboa
et al., 2013). Therefore, transcriptomes of whole
digestive systems are needed to identify all the
digestive enzyme genes. Because it was diﬃcult to
separate the digestive apparatus manually from such
small a shrimp (only 2–5 cm), the whole body of
P. sinensis was used in this study.
Carbohydrase is crucial for carbohydrate
metabolism in crustaceans (Perera et al., 2008; Jiang
et al., 2009), and plays an important role in triggering
the utilization of protein and lipid for energy
production (Holme et al., 2009; Gucic et al., 2013).
According to our sequence analysis, nine categories
of carbohydrase were identiﬁed, of which alphaglucosidase, alpha-mannosidase, and chitinase
enzyme genes were expressed highly with over 10
hits (Table 3). Chitinolytic enzymes are involved in
digestion of chitin-containing food, and they are
present in many crustaceans (Kono et al., 1995). In
our study, 32 chitinase unigenes were identiﬁed in P.
sinensis, the highest number for any carbohydrases
(45.71%), which showed close similarity with the
reported chitinase sequences in the morotoge shrimp
Pandalopsis japonica (Table S2).
Commercial shrimp feeds are protein-rich in
comparison with other aquatic animal feeds (MartinezCordova et al., 2003; Cavalli et al., 2004). However,
there is scarcity of information on the protein
requirements of Palaemonidae species (Palma et al.,
2015). Given their relatively high protein
requirements, the initial focus of protein requirement
studies should be proteinases. In most studies, the
presence of these enzymes has only been detected in
raw extracts, using synthetic substrates and speciﬁc
inhibitors for each enzyme. In the present study, a
total of 19 serine proteinase genes were identiﬁed,
including nine trypsin, six chymotrypsin, and four
elastase unigenes. In addition, we also identiﬁed 24
carboxypeptidase and 31 aminopeptidase unigenes
(Table S2). Dietary lipids play an important role in
crustacean nutrition, by providing essential fatty acids
and energy. However, lipid digestion has not been
studied in the Palaemonidae species. A total of 36
lipidase-related unigenes were identiﬁed in this study,
including three lipase unigenes, eight pancreatic
lipase unigenes, and 25 phospholipase unigenes.
A better understanding of the crustacean feeding
habits will contribute to increasing the performance
of crustacean breeding programs (Varadharajan and
Pushparajan, 2012). In general, Palaemonetes are

Vol. 36

opportunistic omnivores, feeding on the littoral
benthic communities (Collins, 1999; Aguzzi et al.,
2005). However, a previous study has shown that P.
sinensis prefers to eat meiofauna and dead tissues
from conspeciﬁcs (unpublished data). It is understood
that the feeding habits of crustaceans have close
relationship with the structure and function of their
digestive enzymes (Aragón-Axomulco et al., 2012).
Therefore, herbivorous species like Macrobrachium
australiense show high levels of carbohydrase and
low levels of protease. Carnivorous species like
Portunus pelagicus and Scylla serrata show an
opposite trend in the levels of these enzymes in their
bodies (Figueiredo and Anderson, 2009). Our
transcriptome data from P. sinensis indicates that the
number of carbohydrase unigenes (69 hits) is similar
to the number of proteinase unigenes (74 hits). It
appears that the feeding habits of P. sinensis reﬂects
an omnivorous or detritivorous habit. Additionally,
Broad (1957) found that the larvae of both
Palaemonetes pugio and Palaemonetes vulgaris were
unable to survive if fed on unicellular algae alone.
Moreover, the feeding strategy of Palaemonetes
antennarius in the laboratory involves facultative
specialization on dead and live animals rather than
plant detritus (Costantini and Rossi, 2001).
Alpha-amylase and endo-β-mannanase, the main
carbohydrases in crustaceans, allow crustaceans to
digest food from plant sources. In our study, only one
genomic sequence of alpha-amylase and none of
endo-β-mannanase were identiﬁed; these values are
lower than that reported from herbivorous or
omnivorous decapod species (Van Wormhoudt et al.,
1995; Dammannagoda et al., 2015; Rodríguez-Viera
et al., 2016). These results indicate that P. sinensis
may be a carnivorous or saprophagous species.
Endoglucanase is a key enzyme for the degradation
of cellulose and allows animals to digest diverse
foods from plant sources (Smant et al., 1998). The
endoglucanase genes have been identiﬁed in mussels
(Xu et al., 2001), clams (Nikapitiya et al., 2010), and
red crayﬁsh (Byrne et al., 1999). Dammannagoda et
al. (2015) identiﬁed 48 endoglucanase genes from the
hepatopancreatic
transcripts
of
Cherax
quadricarinatus. In our study, only three
endoglucanase unigenes were identiﬁed to be related
to cellulose hydrolysis. C. quadricarinatus more
eﬃciently consume and digest vegetal ingredients
than animal ingredients (Campaña-Torres et al., 2005;
Torres et al., 2006), explaining the greater number of
its endoglucanase genes. In addition, many studies
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suggested that there may be at least some endogenous
cytolytic enzymes in saprophagous invertebrates
(Treves and Martin, 1994; Watanabe et al., 1997;
Smant et al., 1998). The molecular discovery of
endoglucanase genes in this study indicates that
P. sinensis has the ability to digest cellulose,
supporting the hypothesis of a saprophagous habit.
Trypsin enzymes play a central role in protein
digestion in crustaceans. In C. quadricarinatus, six
trypsin-related unigenes were identiﬁed, which is not
much lesser than that in P. sinensis. In
P. trituberculatus, 44 trypsin-related unigenes were
identiﬁed. The number of proteinase unigenes
identiﬁed from P. sinensis were the same as that
identiﬁed from C. quadricarinatus (Dammannagoda
et al., 2015). Nonetheless, further research is needed
to consolidate the present knowledge on protein
requirements of this shrimp.

5 CONCLUSION
The current study presents the ﬁrst comprehensive
high-throughput dataset obtained for the Chinese
grass shrimp P. sinensis. A total of 100 644 unigenes
and 17 019 simple sequence repeats were identiﬁed.
Moreover, 180 unigenes were classiﬁed as being
involved with the Chinese grass shrimp digestive
enzyme system, including proteinase, carbohydrase,
lipidase, as well as other related important genes. The
ﬁrst transcriptomic investigation of P. sinensis may
provide abundant genomic data and oﬀer
comprehensive sequence resources for further
elaborate studies on the grass shrimp. Additionally,
the data generated here will contribute to the study of
digestive enzymes, and may help in understanding the
links between digestive enzymes and food habit.
Hence, further research on digestive enzyme genes is
essential, with focus on important aspects like the
levels and patterns of expression of endoglucanase,
alpha-amylase and endo-β-mannanase.
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