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ARTICLE INFO ABSTRACT

Procambarus clarkii is one of the most economically important species in Chinese aquaculture, and is widely
cultured. Infection of P. clarkii populations with bacterial pathogens causes high mortality and great economic
loss, therefore disease control is of significant economic importance. P. clarkii is a model system for studying
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Hepatopancreas immune responses in invertebrates, and its immune system consists solely of the innate response. In the present

Immune system . . . P PN

T ot study, we examined gene expression related to immune function in P. clarkii in response to pathogen challenge.
ranscriptome

The transcriptome of hepatopancreas tissue from P. clarkii challenged with peptidoclycan (PGN) was analyzed
and compared to control specimens. After assembly and annotation, 48,661 unigenes were identified with an
average length of 671.54 bp. A total of 2533 differentially expressed genes (DEGs) were obtained, including 765
significantly up-regulated unigenes and 1757 significantly down-regulated unigenes. Gene ontology (GO) ana-
lysis demonstrated 19 biological process subcategories, 16 cellular component subcategories, and 17 molecular
function subcategories that were enriched among these DEGs. Enrichment analysis using the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database revealed enrichment among immune responses pathways. Taken to-
gether, this study not only enriches the existing P. clarkii transcriptome database, but also elucidates immune
responses of crayfish that are activated in response to PGN challenge.

1. Introduction

The red swamp crayfish, Procambarus clarkii, is a freshwater crayfish
species native to Mexico and North America that was introduced into
China during the 1930s [1]. The red swamp crayfish is now widely
cultured in China because of its good taste, strong ability to adapt to
complex environments, and its commercial value; due to these ad-
vantages, the red swamp crayfish has one of the most economically
important cultured aquatic products in China [2]. Additionally, the red
swamp crayfish serves as a model organism to study aquaculture pa-
thogen infections. Pathogen infections are damaging to the sustain-
ability of the expanding aquaculture industry. In this study, we
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analyzed the transcriptomes of hepatopancreas tissue in red swamp
crayfish challenged with peptidoglycan (PGN). PGNs, major compo-
nents of Gram-positive bacterial cell walls, induce immune activities in
metazoans and plants [3,4]. PGN serves a structural role in the bacterial
cell wall, giving structural strength, as well as counteracting the os-
motic pressure of the cytoplasm [5]. A large amount of survey revealed
that PGN may play a vital role to regulate the immune function. The
PGN can promote phagocytic cell function and facilitate the release of
cytokines and nitric oxide and other immune mediators. In this way,
PGN plays a key role in the anti-infection and anti-tumor immune [6].
In order to identify mechanisms activated in P. clarkii in response to
pathogen infection, a cDNA library was constructed to evaluate
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Table 1

List of the quality of transcriptomic sequencing data of P. clarkii.
sample Clean reads Clean bases GC(%) Q30(%)
PBS 22,067,581 6,589,701,420 53.79% 92.37%
PGN 30,270,827 9,046,226,824 47.43% 93.06%

Table 2

Summary of de novo assembly of transcriptomic profiles of P. clarkii.

Length range Transcript Unigene

200-300 18,969(31.65%) 17,882(36.75%)
300-500 14,772(24.65%) 12,616(25.93%)
500-1000 12,947(21.60%) 9708(19.95%)
1000-2000 8379(13.98%) 5557(11.42%)
2000+ 4868(8.12%) 2898(5.96%)
Total Number 59,935 48,661

Total Length 46,699,941 32,677,798

N50 Length 1292 1035

Mean Length 779.18 671.54

Table 3
Statistical comparison between sequenced data and assembly results.

D Clean Reads Mapped Reads Mapped Ratio
PBS 22,067,581 16,492,695 74.74%
PGN 30,270,827 24,162,368 79.82%

differentially expressed genes (DEGs) in hepatopancreas of red swamp
crayfish challenged with PGN compared to a phosphate-buffered saline
(PBS) control treatment.

Procambarus clarkii is an important cambarid species of freshwater
crayfish. The immune system of invertebrate animals is composed only
of an innate immune component, and invertebrate immune systems
lacks adaptive immune systems [7,8]. The innate immune system is of
vital importance in defense against virus and bacterial pathogens [9],
and detects invasion of microbial pathogens through Toll-like receptors
(TLRs) [10]. Recognition of pathogens by TLRs triggers specific gene
expression responses. Innate immune responses and antigen-specific
acquired immunity are controlled by TLR-responsive gene products
[11].

RNA-sequencing (RNA-seq) uses deep-sequencing technologies to
produce transcriptome profiles. RNA-seq provides a much more
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accurate measurement of levels of specific transcripts than other tech-
nologies, and is a reliable high-throughput method for transcriptome
analysis [12]. This technology brings new methods and novel insights
to transcriptomic experiments. RNA-seq has previously been applied to
work out the complexity of the P. clarkii transcriptome [13]. In the
present study, cDNA libraries were established from hepatopancreas
tissue of two groups of P. clarkii, one injected with PGN and the other
exposed to PBS. The DEGs were analyzed and categorized into different
functional sets. The immune-related DEGs were identified and analyzed
using GO (Gene ontology) and KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway enrichment analysis. The results of this study clarify
the gene expression responses of P. clarkii to pathogen challenge, and
provide crucial information for future studies into the P. clarkii immune
system.

2. Materials and methods
2.1. Experimental PGN infection and hepatopancreas tissue collection

P. clarkii were purchased from the Yancheng market in Yancheng,
Jiangsu Province, China. Similarly sized (20-25g) specimens were
chosen and placed in an ultraviolet radiation sterilization circulating
water temperature-controlled aquaculture system for several weeks
[14]. Qualified samples were stabilized for one week [15,16]. All
crayfish in the experimental group (three individuals) and three cray-
fish in the control group received an injection of 20 pL. PGN (1 mg/ml)
or 20 uL PBS, respectively. Twenty-four hours post-injection, the he-
patopancreas tissues were collected and stored at —80 °C.

2.2. RNA extraction, library construction, and RNA sequencing

Total RNA was extracted using TRIzol reagent (Sangon, China), in
accordance with the manufacturer's instructions. After extraction, the
RNA concentration was measured by a Nanodrop spectrophotometer,
and the purity and completeness of extracted RNA were checked using
Qubit 2.0 and an Agilent 2100 instrument, respectively.

After confirmation of sample quality, cDNA libraries were con-
structed. Briefly, mRNA was enriched by incubation with magnetic
beads coupled to oligo (dt) [17]. Fragmentation buffer was then added
to randomly digest the mRNA into pieces. Subsequently, first-strand
cDNA synthesis was performed using random hexamers. and buffer,
dNTPs, RNase H, and DNA polymerase I. Library fragments were pur-
ified with AMPure XP beads to select cDNA fragments of 150-200 bp in

Nr Homologous Species Distribution

Zootermopsis nevadensis [1870~13.18%]
[] Daphnia pulex [1021~7.20%)]
Stegodyphus mimosarum [599~4.22%]
Tribolium castaneum [489~3.45%]
Branchiostoma floridae [480~3.38%]
Saccoglossus kowalevskii [406~2.86%]
Capitella teleta [343~2.42%]
Crassostrea gigas [299~2.11%]
Ixodes scapularis [298~2.10%]
Pediculus humanus [297~2.09%]
Other [8083~56.98%]

Fig. 1. Nr homologous species distribution of best hits for each unigene
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Table 4

Distribution of DEGs in different functional databases.
Annotated databases Annotation number Percentage(%) 300 < length<1000 length =1000
COG_annotation 5258 30.80 1848 2156
GO_annotation 7294 42.73 2925 2502
KEGG_annotation 8161 47.81 3209 3180
KOG_annotation 11672 68.11 4462 4275
Pfam_annotation 12086 70.80 4714 4757
Swissprot_annotation 8643 50.63 3293 3569
EggNOG_annotation 15422 90.35 6093 4947
NR_annotation 14209 83.24 5932 5080
All_annotation 17070 100 6811 5392
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Fig. 2. COG function classification of consensus sequence. The X-axis represents names of 25 groups, the Y-axis corresponds to the number of genes in the group.

length. Finally, suitable adaptor-ligated fragments were enriched by
PCR to obtain the final cDNA library.

After the construction of the cDNA libraries, the concentration and
the insert size were measured by Qubit 2.0 and an Agilent 2100 in-
strument, respectively. The effective concentration of the cDNA li-
braries was accurately quantified using qRT-PCR to ensure the quality.
The libraries of PBS- and PGN- infection were then sequenced on an
[llumina Hiseq instrument.

2.3. Sequencing data processing and assembly

Raw sequencing data was filtered to obtain clean, high quality data
by removing raw data with adapter and low-quality reads. Clean data
was then concatenated based on the reference sequence. Subsequently,
the sequences were assembled to form unigenes. At the same time, Q20,
Q30, GC-content, and sequence duplication levels of the clean reads
were calculated.

The cDNA library from the PBS- and PGN-treated groups were se-
quenced with an Illumina Hiseq 2500 instrument. A large amount of
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high-quality reads were obtained, which is necessary to ensure the
accuracy of sequence assembly and subsequent analyses. The quality
scores of most of the reads in PGN-treated groups were over the Q30
level, indicating that the data are reliable for further analysis. Trinity
software was used for the de novo assembly of the RNA-Seq data.

2.4. Functional annotation and classification of unigenes

Unigenes were aligned against the NCBI non-redundant protein
database NR (http://www.ncbi.nlm.nih.gov), Swiss-prot (http://www.
uniprot.org), the Clusters of Orthologous Group of Proteins database
(COG,  http://www.ncbi.nlm.nih.gov/COG/), and the Kyoto
Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/
kegg) by BLASTx with E-value of less than 10> [18-20]. Unigenes
were defined according to top hits against known sequence retrieved
from the BLAST search [12,21]. The NR database is a redundant protein
database containing information from Swiss-Prot, PIR, PRF, and PDB
[22]. The Swiss-Prot database is maintained by EBI, and contains cu-
rated protein annotation data. The Clusters of Orthologous Group is a
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Fig. 3. Classification of the unigenes annotated in KOG (26 groups). The X-axis represents the names of the 26 groups, and the Y-axis corresponds to the percentage of
the number of genes in the group accounting for the total number of annotated genes.

database used to obtain detailed functional predictions and classifica-
tions of unigenes [23]. The NOG database contains functional de-
scription and classification information of homologous proteins, com-
bining COG, KOG, and additional databases, and covers more protein
sequences than the COG and KOG databases alone, including 5228 viral
proteins.

3. Results and discussion
3.1. Assembly and splicing

A total of 22,067,581 clean reads were obtained from the control
(PBS-treated) samples and 30,270,827 clean reads from the PGN-
treated samples; clean base numbers for these groups were
6,589,701,420 and 9,046,226,824, respectively. Q30 values for the two
groups were about 92.37% and 93.06%, respectively. The G + C con-
tent of the sequences was approximately 53.79% in the PBS-treated
samples and 47.43% in PGN-treated samples (Table 1). 59,935 tran-
scripts were generated with a mean length of 779.18 bp and an N50
length of 1292 bp, as assessed by Trinity software. 48,661 unigenes
were identified with an average length of 671.54 bp and an N50 length
of 1035 bp. Among these unigenes, 30,498 (62.68%) were in the range
of 200-500 bp, 9708 (19.95%) in the 500-1000 bp range, 5557
(11.42%) in the 1-2 kbp range, and 2898 (5.96%) unigenes were longer
than 2 kbp (Table 2). Additionally, 74.74% and 79.82% were mapped
to the genome in the PBS control group and the PGN infection group,
respectively (Table 3). These results indicate the high quality of the
data, and demonstrate that the unigenes are suitable for further ana-
lysis. The raw reads of RNA-Seq were deposited in the Sequence Read
Archive (SRA) database of NCBI with the accession numbers of
SRR8151935 and SRR8151934. In addition, 1870 (13.18%), 1021
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(7.20%), and 599 (4.22%) unigenes were homologous to protein coding
sequences from Zootermopsis nevodensis, Daphnia pulex, and Stegodyphus
mimosarum, respectively (Fig. 1).

3.2. Functional annotation and classification

Eight databases were used to annotate the unigenes to obtaining
comprehensive gene function information, including COG, GO, KEGG,
KOG, Swissprot, eggNOG, NR, and Pfam. In total, 17,070 unigenes were
annotated as follows: 5285 in COG (30.80%), 7294 in GO (42.73%),
8186 in KEGG (47.81%), 11,672 in KOG (68.11%), 12,086 in Pfam
(70.80%), 8643 in Swiss-prot (50.63%), 15,422 in eggNOG (90.35%),
and 14,209 in NR (83.24%) (Table 4) [24].

3.3. GO, COG and KOG classification of transcriptome sequences

The functions of the target unigenes were classified by the GO and
KEGG databases [25-27]. GO database is a functional classification
system of genes that follows international standards. It offers a stan-
dard, dynamically updated database to describe gene functions in or-
ganisms [28]. The GO database describes the molecular function of the
gene products, the cellular environment, and biological processes that
genes are involved in Ref. [20]. The GO database is applicable to all
species. In total, 7294 unigenes were classified into three main cate-
gories including “cellular component”, “molecular function”, and
“biological process” and 52 additional subcategories. Within the “cel-
lular component” category, most unigenes were assigned into the “cell”
subcategory (2427, 22.17%). In the “molecular function” category,
many unigenes were in the “catalytic activity” (4024, 44.04%) and
“binding” subcategories (3552, 38.87%). The majority of unigenes in
the category of “biological process” were involved in the “metabolic
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Fig. 4. Volcano plot of DEGs identified between the PGN and
PBS groups. The red dots represent significantly up-regulated
unigenes. The green dots represent significantly down-regu-
lated unigenes. The black dots represent unigenes that did
not have any significant differential expression. (For inter-
pretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Table 5
The number of DEGs analyzed by different functional databases.

DEG set Annotated COG GO KEGG KOG Pfam Swiss-Prot eggNOG Nr

PBS vs PGN 1522 506 634 696 991 1293 907 1313 1380

process” (4918, 26.36%) and “cellular process” (3865, 20.71%) sub-
category. In the GO classification, 69 unigenes were assigned to “im-
mune system process” and 885 unigenes were annotated to “response to
stimulus”. These results suggest that the processes induced by PGN are
related to immune responses. COG database is used to acquire detailed
functional predictions and classifications of unigenes. A total of 5258
unigenes were classified into 25 categories; “General function predic-
tion only” is the largest group (Fig. 2). In the KOG classification, 11,672
unigenes were classified into 25 categories. Among these groups,
“General function prediction only” is the largest group (Fig. 3).

3.4. Identification and analysis of DEGs

All of the unigenes were analyzed with the g-value threshold re-
stricted to ¢ < 0.005 [24,30], |log, (foldchange)| =2. We identified
2522 significant DEGs between the PGN-challenged and PBS control
groups, including 765 up-regulated and 1757 down-regulated unigenes
(Fig. 4). The number of DEGs represented and characterized in the
different functional databases are as follows: 506 in COG, 634 in GO,
696 in KEGG, 991 in KOG, 1293 in Pfam, 907 in Swiss-Prot, 1313 in
eggNOG, and 1380 in Nr (Table 5). In the volcano plot, the red dots
represented significantly up-regulated unigenes, and the green dots
represented significantly down-regulated unigenes. The black dots re-
presented unigenes that were not significantly differentially expressed
[29-31]. The magnitude in change in levels of up-regulated DEGs was
significantly lower than the magnitude in change of levels of down-

regulated DEGs.

3.5. Enrichment analysis of DEGs

In the GO database, all DEGs were classified into three categories by
topGO, including “biological process” (BP), “cellular component” (CC),
and “molecular function” (MF) [32], composed of 19, 16, and 17 sub-
categories, respectively. Among the various categories of BP, the top
three by frequency were “metabolic process”, “cellular process”, and
“single-organism process”. In the CC classes, “cell”, “cell part”, and
“organelle” constituted the top three clusters by frequency. Within the
MF subcategories, “catalytic activity”, “binding”, and “transporter ac-
tivity” were the most enriched groups (Fig. 5).

GO analysis identified 177 unigenes enriched in the “Immune
system process” and 2925 unigenes in the “Response to stimulus” ca-
tegories. The “Immune system process” category includes eight sub-
categories: “Immune system process”, “Regulation of defense response
to virus”, “Mucosal immune response”, “Innate immune response”,
“Regulation of innate immune response”, “Innate immune response in
mucosa”, “Immune response” and “Positive regulation of immune re-
sponse”. “Immune response”, which contains 56 unigenes and 7 DEGs,
dominates these subcategories. Within the “Response to stimulus” ca-
tegory, the largest subcategory was “Response to stimulus”, with 1001
unigenes and 72 DEGs (Table 6).

In the present study, many genes response to the PGN stimulus
strongly, such as chitinase, heat shock protein 70 (Hsp70) and
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Fig. 5. Histogram depiction of Gene Ontology enrichment of DEGs. All the DEGs fell into three categories: “biological process” (BP), “cellular component” (CC), and
“molecular function” (MF). The X-axis represents various gene functions, and the Y-axis corresponds to the number of DEGs.

Table 6
The number of unigenes related to the immune system enriched in different GO
terms.
GO ID Term Unigene DEGs P-value
G0:0002376  immune system process 84 11 0.23348
G0:0050688  regulation of defense response to 1 0.56679
virus
GO:0002385 mucosal immune response 2 0 0.62361
GO0:0045087 innate immune response 27 5 0.32269
G0:0045088  regulation of innate immune 2 0 0.98829
response
G0:0002227  innate immune response in mucosa 1 0 0.2409
GO:0006955 immune response 56 7 0.51666
GO0:0050778  positive regulation of immune 4 1 0.67022
response
G0:0080134 regulation of response to stress 20 2 0.89527
GO:0009968  negative regulation of signal 51 4 0.36829
transduction
G0:0033554  cellular response to stress 152 7 0.95479
G0:0007165  signal transduction 601 33 0.98321
GO0:0009967  positive regulation of signal 19 1 0.50876
transduction
GO0:0050896 response to stimulus 1001 72 0.96116
GO0:0048583  regulation of response to stimulus 221 12 0.73937
GO0:0051716  cellular response to stimulus 715 38 0.9998
GO0:0006974  cellular response to DNA damage 115 3 0.94912
stimulus
GO0:0009416 response to light stimulus 30 0 0.79202
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hemocyanin (HMC). Chitinases were identified from red swamp cray-
fish (P. clarkii) within |log2(fold change)| = 10.214. The transcripts of
chitinases were found to be up-regulated significantly in hepatopan-
creas. Researches before have already indicated that chitinases are of
much concern in defense against viruses [33]. Chitin, the second most
important natural polymer in the world, which mainly derived from
shrimp and crabs [34]. It is the main structural material in cell walls of
the shell and radulae of mollusks. In the middle to late 1980s, the ac-
tivation of chitin and chitin derivatives in immune responses was re-
vealed and explored. It had been demonstrated that chitin was a size-
dependent pathogen-associated molecular pattern, activating toll-like
receptor 2 (TLR2) in an innate immunity pathway [35]. Hsp70 is of
vital importance to resist environmental stresses and to stimulate innate
immune system. The obviously high levels of Hsp70 transcript were in
hepatopancreas according to the research before [36]. Hsps play an
essential role in protecting cells by folding and translocating nascent
proteins and are preserved throughout evolution extensively. Hsp70
induces and participates in protein folding and apoptosis. What's more,
it is involved in specific immune responses and in innate immune re-
sponses which works as regulators [37]. In hepatopancreas of P. clarkii
challenged with PGN, Hsp70 was found to be significantly up-regulated
within |log2(fold change)| = 8.273. HMCs, versatile macromolecules,
contain strong immunogenic and immunomodulatory properties [38].
It has the function of multifunctional non-specific innate immune de-
fense in shrimp [39], Which was found to be up-regulated with the
value |log2(fold change)| = 6.900.
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annotated genes. The Y-axis represents the name of pathway.

The KEGG database is a resource that is used to understand high-
level functions of biological systems and to integrate the data in
genomics, chemical molecules, and biochemical systems, such as
pathway, drugs, disease, genes, and genome [40]. A total of 696 uni-
genes were assigned into 179 known pathways; the largest group was
“lysosome”, which plays a vital role in normal cell processes [41-43],
containing 33 unigenes, followed by “phagosome” (24), “carbon me-
tabolism” (19), and “ribosome” (18). The impairment caused by lyso-
somal dysfunctional leads to decreased clearance of damaged orga-
nelles and toxic macromolecules [44]. The 179 pathways were divided
into four categories: “cellular processes”, “environmental information
processing”, “genetic information processing”, and “metabolism”
(Fig. 6). Within the “cellular processes” category, “lysosome” (33,
4.74%) and “phagosome” (24, 3.45%) were the most common sub-
categories. In the “metabolism” category, “carbon metabolism” (19,
2.73%) was the most abundant subcategory. Within the “environmental
information processing” category, “wnt signaling pathway” (12, 1.72%)
was the most common subcategory. The majority of genes enriched in
the “genetic information processing” category were involved in the
“ribosome” (18, 2.59%) subcategory.
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4. Conclusion

In conclusion, here we provide a detailed analysis of the tran-
scriptome profile of hepatopancreas tissue from P. clarkii challenged
with PGN. A total of 48,661 unigenes were identified and functionally
annotated. When investigating the changes in P. clarkii after challenge
with PGN, 2522 significantly DEGs were identified: 765 genes were up-
regulated and 1757 were down-regulated. Among these, 954 immune-
related unigenes were identified. A large number of genes and pathways
involved in immune responses were identified and functionally anno-
tated. The present study extends our understanding of the immune re-
sponses of P. clarkii to PGN challenge, and provides insights into the
immune system and defense mechanisms activated in the hepatopan-
creas of P. clarkii.
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