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ARTICLE INFO ABSTRACT

Keywords: To learn more about red swamp crayfish related genes in response to bacterial infections, we investigated im-
Immune-related genes mune-related genes induced by lipopolysaccharide (LPS) in the hepatopancreas using high-throughput se-
Lipopolysaccharide quencing method. In present the study, a total of 55,107 unigenes were identified, with an average length of 678

Procambarus clarkii bp. A total of 2215 differentially expressed genes (DEGs) were found, including 669 up-regulated genes and 1546

down-regulated genes. The result of Gene ontology (GO) analysis revealed that 3017 DEGs were enriched in 19
biological process subcategories, 17 cellular component subcategories and 15 molecular function subcategories.
The top 20 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways showed that “ribosome” was the most
abundant group, which had 34 DEGs. KEGG enrichment analysis identified several immune response pathways.
Real-time quantitative reverse transcription-PCR (qQRT-PCR) results exhibited that several immune responsive
genes were greatly up-regulated following LPS stimulation as observed in the results of high-throughput se-
quencing. Overall, this study provides new insight into the immune defense mechanisms of P. clarkii against LPS
infection.

1. Introduction frequently been used as a model organism to study the molecular me-
chanisms of invertebrate innate immunity [7]. The global shrimp in-

The red swamp crayfish, Procambarus clarkii, is distributed in the dustry still faces different serious disease-related problems that are

natural eco-environment worldwide, because of its strongly adaptive
ability and high fecundity [1]. P. clarkii is an important source of high
nutritional proteins, which contains all the essential amino acids re-
quired for human nutrition [2]. Owning to its rapid growth rate and
high economic value, P. clarkii farming is becoming a rapidly devel-
oping aquaculture industry in China, particularly in Jiangsu province
[3-5]. P. clarkii has also been artificially cultivated because of their
superior disease resistance against pathogens [6]. Furthermore, it has

mainly caused by pathogenic bacteria and viruses [8], such as WSSV
[9], IHHNV [10], Vibrio alginolyticus [11], and Spiroplasma eriocheiris
[12]. Therefore, the knowledge on the immune system of crayfish is
highly important for diseases management and development of sus-
tainable crayfish culture [13].

So far, only few studies reported the immune response of shrimp
[14]. We selected the hepatopancreas as a target tissue. As an in-
tegrated organ of immunity and metabolism, hepatopancreas as an
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Table 1
Primers used for qRT-PCR.
Primer name Forward Primer (5%-3") Reverse Primer (5’-3") Purpose
Cofilin ATGGCATCTGGAGTGAAAGT TGCTCAGGTGCTGTAGGTAAT qRT-PCR
Cysteine proteinase AAGTATGTTGACGCAGAGGAGG AAATTGGTTCATTGCCAGGTTG qRT-PCR
HSP21 TTCAGCCGTCGCTTCAATCT AGAGCTTTTGGACGCCTTGA qRT-PCR
HSP70 CCTTCACCGACACAGAACGA ACCGATGAGTCGTTTGGCAT qRT-PCR
Phospholipase D TCTCTTTCCCCTCCCGCCACAAC ACTCACGCTCCACCCAACAATG qRT-PCR
Myeloid differentiation factor 88 CGCCGACGCATTGTCATTC TGCTCGTGGTTCACTGGAT qRT-PCR
Ras-related protein Ral-a GATGTCCGGCGCCAAGAAAAAC TCCTGTCCTGCCGTGTCAAGAAT qRT-PCR
Serine/threonine protein kinase TGCTATGTGAAGCTCGGCTCT GCGATCTGATGCTCCTCCTCT qRT-PCR
TGF beta-inducible nuclear protein GCCTGGGTGCTGGTATCTTGG GTTCGTTCTGTGGCATTGTGT qRT-PCR
Tar RNA binding protein AAAATGTATCGTCAACCACCAC CACCCTCTATCTGCAACAAGTC qRT-PCR
188 ACCGATTGAATGATTTAGTGAG TACGGAAACCTTGTTACGAC qRT-PCR
Table 2
Quality of clean reads.
Samples Clean reads Clean bases GC content % > =Q30 Mapped reads Unique mapped reads Multi mapped reads
PBS 22,067,581 6,589,701,420 53.79% 92.37% 16,817,240 (76.21%) 8,589,918 (51.08%) 8,227,322 (48.92%)
LPS 31,305,267 9,371,998,450 49.07% 92.41% 24,022,870 (76.74%) 15,257,941 (63.51%) 8,764,929 (36.49%)
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Fig. 1. The length distribution of the unigenes in the P. clarkii hepatopancreas transcriptome.
Table 3 important organ plays a key role in immune response during acute virus

Distribution of splicing length.

Length range Transcript

Unigene

200-300 25,653 (32.66%)
300-500 17,388 (22.14%)
500-1000 15,140 (19.28%)
1000-2000 10,985 (13.99%)
2000+ 9376 (11.94%)
total number 78,542

total length 73,001,954

N50 length 1805

Mean length 929.46

22,432 (40,71%)
13,575 (24.63%)
9800 (17.78%)
5609 (10.18%)
3691 (6.70%)
55,107
37,373,065
1136

678.19

infection and infection-induced metabolic changes [15]. Crustacean
hepatopancreas also has multiple biological functions such as secreting
immune digestive enzymes, detoxification of toxic materials, regulates
metabolic processes, biogenesis and innate immune processes. It is
worth noting that crustacean hepatopancreas is particularly susceptible
to infections, and many diseases can be diagnosed by evidence of he-
patopancreas pathology or by its physiological state [16]. Thus, the
knowledge on its immune genes is crucial to understand antimicrobial
mechanisms [17]. The crustacean immune system is mainly based on
innate immune defense [18]. The innate immune system is made up of a
variety of physical barriers, chemical and cellular components that
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Table 4
Summary statistics of the P. clarkii transcriptome annotation.
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Annotated databases Annotated number

Percentage (%)

300 < Length < 1000 Length = 1000

COG_annotation 5712 31.10
GO_annotation 7683 41.83
KEGG_annotation 8534 52.11
KOG_annotation 12,527 46.46
Pfam_annotation 12,958 70.55
Swissprot_annotation 9298 50.62
EggNOG_annotation 16,898 92.00
NR_annotation 15,551 84.67
All_annotated 18,367 100

1839 2425
2802 2777
2956 3634
4233 4950
4460 5563
3136 4141
5890 5975
5790 6128
6572 6261

Nr Homologous Species Distribution

k3l Zootermopsis nevadensis [2111~13.61%]

M Daphnia pulex [1046~6.74%)
Stegodyphus mimosarum [654~4.22%)
Tribolium castaneum [537~3.46%]
Branchiostoma floridae [514~3.31%)

' Saccoglossus kowalevskii [458~2.95%]
Capitella teleta [351~2.26%]
Lottia gigantea [336~2.17%]
Pediculus humanus [332~2.14%)

[E Strongylocentrotus purpuratus [320~2.06%)

Other [8857~57.08%]

Fig. 2. Comparison of P. clarkii hepatopancreas transcriptomic sequences with the known sequences in databases.

form the first line of defense for the body against foreign antigens and
invading pathogens before they establish full infection in cells [19,20].
The invertebrate immune system must rely on non-self-recognition
molecules to ensure efficient defense responses against infectious pa-
thogens that continuously threaten their survival. Lipopolysaccharide
(LPS) from bacterial endotoxin has been regarded as a potential mole-
cule involved in immune recognition and immune defense, and it is the
major constituent of the outer membrane of all Gram-negative bacteria
[21]. This reveals that the release of LPS from bacteria into bloodstream
may cause serious unwanted stimulation of the host immune system
[22].

In the present study, two transcriptome sequencing libraries were
constructed with the hepatopancreas of P. clarkii from LPS infection
group and Phosphate buffer saline (PBS) group. High-throughput se-
quencing was carried out to do a comparative analysis. RNA-sequencing
(RNA-seq) provides a revolutionary way to unveil transcription by
using ultra-high-throughput sequencing technologies to generate hun-
dred millions of short reads from RNA molecules [23]. Differentially
expressed genes (DEGs) were analyzed and identified by comparing two
libraries using different functional databases. Subsequently, we per-
formed Gene Ontology (GO) enrichment and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis to enrich these DEGs
and identified the immune-related DEGs. Taken together, our study will
shed a new light on the immune system and defense mechanisms of P.
clarkii, and pave a new way for fighting against LPS stimulation in P.
clarkii.

2. Materials and methods
2.1. Experimental P. clarkii preparation and immune challenge

P. clarkii with average body weight of 15g and length of 8-9 cm

142

were purchased from a farming pond in Yancheng, Jiangsu Province,
China. Then, we cultured them at 24 °C in water for several weeks. The
individuals were divided into two groups: LPS group and PBS group.
Three samples were chosen to be injected with 10 ul LPS (0.001 g/ml)
and were regarded as testers. At the same time, three samples were
injected with 10 ul PBS, which were served as controls. In our study, the
hepatopancreas of six crayfish in two groups after 24 h infection was
collected for research and these samples were kept at —80 °C.

2.2. RNA extraction, cDNA library construction and transcriptome
sequencying

Total RNA was separately extracted using Trizol (Sangon, China)
and treated with RNase-free DNase (Promega, China), according to the
manufacturer's instructions. RNA purity was assessed by the
NanoPhotometer spectrophotometer (Implen, USA). The RNA Nano
6000 Assay Kit and the Agilent Bioanalyzer 2100 system (Agilent
Technologies, USA) were used to evaluate the RNA integrity. In addi-
tion, RNA concentration was determined using the Qubit RNA Assay Kit
in a Qubit 2.0 Fluorometer (Life Technologies, CA, USA).

cDNA libraries were prepared using TruSeq RNA Sample Prep Kit
(Illumina) [24]. Briefly, the mRNA was purified with poly-T magnetic
beads and then fragmented and reverse transcribed into double-
stranded ¢cDNA. mRNA was randomly interrupted by Fragmentation
Buffer. First strand cDNA was synthesized using a random hexamer
primer and M-MLV Reverse Transcriptase. RNase H and DNA poly-
merase | were used to perform second strand ¢cDNA synthesis subse-
quently. The remaining overhangs were converted into blunt ends via
exonuclease/polymerase activities. After adenylation of the 3’ ends of
DNA fragments, NEBNext Adaptors with hairpin loop structures were
ligated to prepare for hybridization. cDNA was purified with the AM-
Pure XP beads. The purified double-stranded cDNA was subjected to
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Fig. 3. Histogram description of Gene Ontology enrichment of DEGs. All the DEGs fell into three categories: cellular component (CC), molecular function (MF), and
biological process (BP). The X-axis represents various gene function, and Y-axis corresponds to the number of DEGs.

terminal repair and then ligated to sequencing adapters. The sequen-
cing depth was 6G and the length of Illumina sequencing was

37,373,065 bp.

2.3. De novo assembly of sequencing reads

The files from all libraries on the left file (readl files) were pooled
into one big left. fq file, and right files (read2 files) into one big right. fq
file [25]. After cleaning and filtering out linker sequence and low-
quality reads from the raw data, the remaining high quality clean reads
were de novo assembled by Trinity software [26]. Meanwhile, Q20,
Q30, GC-content and sequence duplication level of the clean reads were
measured. Low-quality reads were discarded by setting the maximum
expected error threshold (E_max), which is the sum of the error prob-
ability provided by the Q score for each base, to 1.

2.4. Transcriptome annotation and classification

Gene function was annotated based on the following databases:
NCBI non-redundant protein sequences (NR) (ftp://ftp.ncbi.nih.gov/
blast/db/) [27]; NCBI non-redundant nucleotide sequences (NT) (ftp://
ftp.ncbi.nih.gov/blast/db/FASTA/); Protein family (Pfam) (http://
pfam.xfam.org/); Clusters of Orthologous Groups of proteins (KOG/
COG) (http://www.ncbi.nlm.nih.gov/KOG; http://www.ncbi.nlm.nih.
gov/COG/) [28]; Swiss-Prot (http://www.uniprot.org/downloads)
[29]; KEGG (http://www.genome.jp/kegg) [30]; and GO (http://www.
geneontology.org/) [31]. Among these databases, COG is a valuable
resource that allows more accurate and reliable functional prediction
and classification of gene products based on their orthologous

relationship [32]. All unigenes were used as queries in searching NR,
Swiss-Prot and functionally annotated by GO analysis with Blast2GO
software (http://www.blast2go.org/) [33]. Blast2GO and WEGO soft-
ware were applied to assign GO annotations and perform GO function

classification analysis for the unigenes [34].

2.5. Differentially expressed genes and enrichment analysis

The expression level of overall unigenes was normalized to de-
termine FPKM (Fragments per kilobase of exon model per million
mapped fragments) using RSEM [35]. The gene expression levels were
measured by mapping the clean reads of each sample to the Trinity
transcript assembly through RSEM software [36]. Differential expres-
sion analysis was performed of the different libraries using the DESeq R
package [37]. Based on the negative binomial distribution model, the
DESeq software conducts normalizations, variance estimations, and
differential expression of raw read counts and works best with experi-
ments that have replicates [38]. The resulting P-values were adjusted
for controlling the false discovery rate (FDR). Genes with an adjusted P-
value < 0.05 checked by DESeq were assigned as differentially ex-
pressed. Significance of DEGs ((|log2(foldchange)|) =2, FDR < 0.01)
were identified between LPS and PBS group. Then, GO enrichment and
KEGG enrichment analysis were used to enrich DEGs for further study.
The functional enrichment analysis is a comparative analytical method
that is used to identify enriched genes in the datasets of interest for
molecular functions, biological processes and pathways. GO annotation
has been broadly utilized as functional enrichment studies for large-
scale genes [39]. GO enables gene to be classified and grouped together
according to their functional properties, and describes the attributes of
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Table 5
Table of GO enrichment of all genes and DEGs.
Subcategories Term type Unigenes  DEGs
Metabolic process Biological process 3893 318
(BP)
Cellular process 3992 264
Single-organism process 2948 232
Biological regulation 1294 80
Localization 957 84
Response to stimulus 1053 58
Cellular component organization or 778 53
biogenesis
Multicellular organismal process 734 74
Developmental process 713 69
Signaling 726 36
Reproduction 287 35
Multi-organism process 274 39
Reproductive process 253 33
Locomotion 218 16
Growth 202 11
Biological adhesion 87 6
Immune system process 81 9
Rhythmic process 17 1
Biological phase 3 0
Cell Cellular component 2570 182
((49)
Cell part 2568 182
Organelle 1899 141
Macromolecular complex 1250 97
Membrane 1122 89
Organelle part 907 65
Membrane part 699 52
Membrane-enclosed lumen 200 13
Extracellular region 140 16
Cell junction 62 1
Extracellular region part 59 6
Synapse 57 4
Synapse part 38 3
Extracellular matrix 27 0
Collagen trimer 4 3
Nucleoid 3 0
Extracellular matrix part 3 0
Catalytic activity Molecular function 4179 357
(MF)
Binding 3785 242
Structural molecule activity 497 43
Transporter activity 446 47
Molecular transducer activity 158 7
Enzyme regulator activity 124 12
Nucleic acid binding transcription 116 11
factor activity
Receptor activity 116 6
Electron carrier activity 92 11
Antioxidant activity 58 5
Guanyl-nucleotide exchange factor 48 2
activity
Protein binding transcription factor 32 2
activity
Protein tag 2 0
Metallochaperone activity 1 0
Translation regulator activity 1 0

genes and gene products in organisms [40]. The KEGG database acts as
a major knowledgebase and one of the most authoritative biological
databases in the world to provide significant details regarding the
biological pathways and molecular networks associated with the given
genes and transcripts [41].

2.6. qRT-PCR of genes expression

To further identify the expression levels of immune-related genes,
we used qRT-PCR to confirm our sequencing results. cDNA template
was synthesized by the TUREscript cDNA Synthesize Kit (Aidlab,
China). The 18S rRNA gene was used as a reference gene [18,42]. Then,
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qRT-PCR specific primers were designed using Primer Premier 5.0
software (Table 1). The qPCR reactions were carried out in a 20 pl
volume containing 10 pl of 2 X SYBR Green qPCR Mix, 1 ul of forward
and reverse primers, 1 pl of cDNA template, and 7 ul of RNase-free H,O.
The amplification circumstance was as follows: 95 °C for 10 s, followed
by 40 cycles of 95 °C for 155, 55 °C for 155, and 72 °C for 30 s. The final
concentration of the primer was 0.5 mM/pl. The gene expression level
changes were determined using the 2744CT method [43]. Data are
presented as the mean = standard error of the mean, the SPSS 16.0
program (SPSS, USA) was used to Statistical analysis. The data were
subjected to a one-way analysis of variance (ANOVA), followed by
Duncan's Multiple Range test, and the values were significantly dif-
ferent to the control at the same time point when marked with asterisks
(*P < 0.05, **P < 0.01, ***P < 0.001).

3. Results and discussion
3.1. De novo assembly and splicing

We used Illumina Hiseq 2000 sequencing platform to construct
cDNA libraries of experimental and control groups. A total of
22,067,581 clean reads from PBS-injected group and 31,305,267 clean
reads from LPS-challenged group were obtained. There were
6,589,701,420 clean bases in PBS group while LPS group has
9,371,998,450 clean bases. Q30 was higher than 92%, and the G + C
content was approximately 54% in PBS-injected samples and 49% in
LPS-treated samples. Besides, 16,817,240 (76.21%) and 24,022,870
(76.74%) clean reads were respectively obtained from two groups. The
results revealed that 15,257,941 (63.51%) of the reads were uniquely
mapped to the genome for the LPS group and 8,589,918 (51.08%) for
the control group. Furthermore, 8,764,929 (36.49%) and 8,227,322
(48.92%) of the reads, respectively, were multiply mapped to these
groups (Table 2). Using Trinity v2.0.6, 78,542 transcripts were gener-
ated with mean length of 929.46 bp and N50 length of 1805 bp; 55,107
unigenes were identified with average length of 678.19 bp and N50
length of 1136 bp.The results also exhibited that most of the unigenes
were distributed at 200-300 bp, 300-500 bp, and 500-1000 bp. Among
these unigenes, 36,007 (65.34%) were within the range of 200-500 bp,
9800 (17.78%) were 500-1000 bp, 5609 (10.18%) were 1-2 kbp, and
3691 (6.70%) unigenes were longer than 2kbp (Fig. 1 and Table 3).
These results indicate that the data is of high-quality, and the obtained
unigenes are reliable and suitable for annotation analysis.

3.2. Functional annotation of assembled unigenes

To further understand the molecular functions of the genes, we
annotated the unigenes against seven databases, including NR, Swiss-
Prot, GO, COG, KOG, eggNOG, and KEGG. The number of unigenes that
could be annotated in the different databases were as follows: 15,551 in
NR (84.67%); 8534 in KEGG (52.11%); 5712 in COG (31.10%); 9298 in
Swiss-Prot (50.62%); 16,898 in eggNOG (92.00%); 12,958 in Pfam
(70.55%); 7683 in GO (41.83%); and 12,527 in KOG (46.46%)
(Table 4).

In addition, NR annotation revealed that 11,499 unigenes were
matched to various species genomes such as Zootermopsis nevadensis
(2111, 13.61%), Daphnia pulex (1046, 6.74%), Stegodyphus mimosarum
(654, 4.22%), Tribolium castaneum (537, 3.46%), Branchiostoma floridae
(514, 3.31%), Saccoglossus kowalevskii (458, 2.95%), Capitella teleta
(351, 2.26%), Lottia gigantea (336, 2.17%), Pediculus humanus (332,
2.14%), Strongylocentrotus purpuratus (320, 2.06%) and others (8857,
57.08%) (Fig. 2).

3.3. Classification of transcriptome sequences

A total of 7683 unigenes were classified into three main categories
on the basis of their functional annotation, including “biological
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Fig. 4. 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.

KOG Function Classification of Consensus Sequence

2000 -

1500 -

Frequency

1000 -

=A: RNA processing and modification
B: Chromatin structure and dynamics
C: Energy production and conversion
D: Cell cycle control, cell division, chromosome partitioning
E: Amino acid transport and metabolism
|2 F: Nucleotide transport and metabolism
|7 G: Garbohydrate transport and metabolism
H: Coenzyme transport and metabolism
. I: Lipid transpon and metabolism
. J: Translation, ribosomal structure and biogenesis
K: Transcripticn
L: Replication, recombinaticn and repair
[T M: Cell wallmembrane/envelope biogenesis
[ N: Coll motility
=0: Posttranslational modification, protein turnover, chapercnes
P: Inorganic ion transport and metabolism
- Q: Secondary metabolites biosynthesis, transport and catabolism
= R: General function prediction only
S: Function unknown
-T: Signal transduction mechanisms
U: Intracellular trafficking, secretion, and vesicular transport
V: Defense mechanisms
W: Extracellular structures
I Y: Nuclear structure
Z: Cytoskeleton

Fig. 5. KOG function classification of consensus sequence. 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.

process” (BP), “cellular component” (CC), and “molecular function”
(MF). Further, they were categorized 19, 17, and 15 subcategories in
the biological process, cellular component and molecular function ca-
tegories, respectively. Most of unigenes in the “biological process” ca-
tegory were involved in “cellular process” and “metabolic process”,
which included 3992 (21.57%) and 3893 (21.03%) unigenes, respec-
tively. Within the “cellular component” category, a number of unigenes
were assigned to “cell” (2570, 22.14%) and “cell part” (2568, 22.12%)
subcategories. In the “molecular function” category, the most abundant
groups were “catalytic activity” (4179, 43.28%) and “binding” (3785,
39.20%). Unigenes were assigned to the main GO categories as follows:
18,510 associated to BP, 11,608 to CC and 9655 to MF (Fig. 3 and
Table 5).

In addition, a total of 5712 and 12,527 unigenes were classified into
25 categories in the COG and KOG database, respectively. Among these
categories, “general function prediction only” is the largest group
(Fig. 4 and Fig. 5).

3.4. Identification and analysis of DEGs

Among the identified unigenes, many genes were found to be dif-
ferentially expressed after LPS challenge. Through the differential ex-
pression analysis, we identified a total of 2215 significant DEGs be-
tween the LPS-challenge and PBS control groups. As shown in volcano
plot, of these unigenes, 669 were strongly upregulated and 1546
downregulated. In the volcano plot, the red pots represent significantly
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Fig. 6. Volcano plot of DEGs identified between LPS and PBS group. The red
pots represent significantly up-regulated unigenes. The green pots represent
significantly down-regulated unigenes. The black pots mean no significantly
differential expression.

up-regulated unigenes, the green pots represent significantly down-
regulated unigenes and the black pots mean no significantly differential
expression (Fig. 6). The number of DEGs identified in different func-
tional databases were: 536 in COG, 625 in GO, 657 in KEGG, 984 in
KOG, 1251 in Pfam, 883 in Swiss-Prot, 1307 in eggNOG, and 1370 in
NR (Table 6).

3.5. Identification and analysis of DEGs

All DEGs were categorized into three GO categories by topGO, in-
cluding “biological process” (BP), “cellular component” (CC), and
“molecular function” (MF), containing 18, 14, and 12 subcategories,
respectively. Among the BP categories, the top three by frequency were
“metabolic process”, “cellular process” and “single-organism process”
with 318, 264 and 232 DEGs, respectively. Moreover, the subcategory
“immune system process” (9 DEGs) was closely related to immune re-
sponse. Within the CC category, “cell” (182 DEGs), “cell part” (182
DEGs), and “organelle” (141 DEGs) were most abundant subcategories.
Whereas the top clusters by frequency were “catalytic activity” (357
DEGs), “binding” (242 DEGs), and “structural molecule activity” (43
DEGs) in the MF category, (Fig. 3 and Table 5). Among these sub-
categories, “antioxidant activity” was associated with immune and
antioxidant responses.

COG annotation revealed that a total of 724 DEGs could be classi-
fied into 25 categories. Of which, “general function prediction only (R)”
(153, 21.13%) was the largest group, followed by “amino acid transport
and metabolism (E)” (67, 6.25%) and “carbohydrate transport and
metabolism (G)” (61, 8.43%). Eight DEGs (1.10%) were related to the
“Defense mechanisms (V)”. Additionally, the biological role of ten DEGs
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remained unknown (Fig. 7 and Table 7).

KEGG pathways were divided into four categories: “cellular pro-
cesses”, “environmental information processing”, “genetic information
processing”, and “metabolism”. The top 20 KEGG pathways and their
term types are shown in Table. Among these pathways, “ribosome” was
the largest group, which had 34 DEGs, followed by “lysosome” (29
DEGs), “carbon metabolism” (27 DEGs) and “biosynthesis of amino
acids” (24 DEGs). In addition, within the top 20 KEGG pathways, four
were related to “cellular processes” term type, with “lysosome” (29
DEGs) being the most abundant group. Four were associated with
“genetic information processing” category, in which the largest group
was “ribosome” (34 DEGs). Twelve were involved in “metabolism”
category, which is the most common category, of which “carbon me-
tabolism” (27 DEGs) was the biggest group (Table 8). The ribosome is
the central player in cellular protein synthesis, polymerizing amino
acids in the order dictated by the genetic information in the mRNA
[44]. Ribosome composition (both RNA and protein) plays an im-
portant role in the regulation of cell physiology [45]. Lysosomes play
key biological roles in innate immunity and various aspects of cell
physiology, which are involved in the process of immune cells against
pathogens [46]. They also participate in fundamental functions re-
quired for plasma membrane repair, signaling transduction and energy
metabolism [47]. Amino acids have the potential effects on various
physiological and immunological functions in animals [48].

3.6. qRT-PCR analysis of DEGs

To ensure the reliability of DEGs, we selected several immune-re-
lated genes for qQRT-PCR, including Cofilin, Cysteine proteinase, HSP21,
HSP70, Phospholipase D, Myeloid differentiation factor 88, Ras-related
protein Ral-a, Serine/threonine protein kinase, TGF bata-inducible
nuclear protein and tar RNA binding protein (Fig. 8). In comparison
with the control group, most genes were upregulated and increased at
least two-fold, which are consistent with those obtained by the tran-
scriptome. Additionally, HSP70 expression was remarkably enhanced
(15-fold) compared to PBS group. It suggests that HSP70 is the most
strongly induced in response to various cellular stresses [49]. HSP70s
play important roles in immune responses against bacterial infections to
protect cells [50], participating in many important cellular processes
including protein synthesis, translocation, assembly, and degradation
[51]. Relatively speaking, HSP21 expression was not greatly increased,
however upregulation was observed as reported in nervous tissue [52].
Protein kinases regulate the metabolic process, functions of nervous
system, immune responses, and also playing pivotal roles in nearly
every aspect of cell physiology [53]. RNA-binding proteins are critically
important to the structure and interactions of the RNAs and play critical
roles in their biogenesis, stability, function, transport and cellular lo-
calization [54], involving in the inflammation and immune processes.
Accordingly, our study is reliable enough to perform further in-
vestigation.

3.7. Pathways related to immune response

The peroxisome pathway seems to be involved in immune responses
(Fig. S1). Cara and his co-workers suggested that peroxisomes are re-
quired for immune responses for microbial infections [55]. We ob-
served upregulation in the several peroxisome-associated genes such as
peroxin-3 (PEX3), phytanoyl-CoA hydroxylase (PHYH), long-chain
acyl-CoA synthetase (ACSL) and xanthine dehydrogenase/oxidase

Table 6

Number of DEGs in different function database.
DEG set Annotated COG GO KEGG KOG Pfam Swiss-Prot EggNOG Nr
PBS vs LPS 1459 536 625 657 984 1251 883 1307 1370
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Fig. 7. Classification of the unigenes annotated in COG. The X-axis represents names of 25 groups, the Y-axis corresponds to the number of genes in the group.

Table 7

Classification table of the unigenes annotated in COG.
Class name Abbreviation Numbers Percentage (%)
Translation, ribosomal structure and biogenesis J 50 6.91
RNA processing and modification A 3 0.41
Transcription K 28 3.87
Replication, recombination and repair L 34 4.70
Chromatin structure and dynamics B 5 0.69
Cell cycle control, cell division, chromosome partitioning D 11 1.52
Nuclear structure Y 0 0
Defense mechanisms \% 8 1.10
Signal transduction mechanisms T 31 4.28
Cell wall/membrane/envelope biogenesis M 12 1.66
Cell motility N 3 0.41
Cytoskeleton Z 16 2.21
Extracellular structures w 0 0
Intracellular trafficking, secretion, and vesicular transport U 5 0.69
Posttranslational modification, protein turnover, chaperones (0] 45 6.22
Energy production and conversion C 41 5.66
Carbohydrate transport and metabolism G 61 8.43
Amino acid transport and metabolism E 67 9.25
Nucleotide transport and metabolism F 10 1.38
Coenzyme transport and metabolism H 10 1.38
Lipid transport and metabolism I 37 5.11
Inorganic ion transport and metabolism P 39 5.39
Secondary metabolites biosynthesis, transport and catebolism Q 45 6.22
General function prediction only R 153 21.13
Function unknown S 10 1.38

(XDH). While some of the genes showed down regulation, including
Peroxin-11B (PEX11), acyl-CoA oxidase (ACOX), bile acid-CoA: amino
acid N-acyltransferase (BAAT) and so on. Peroxisomes are single
membrane-bound organelle found in approximately all eukaryotic or-
ganisms [56]. They regulate many important metabolic pathways, in-
cluding the B-oxidation of fatty acids, synthesis of ether glyceropho-
spholipids and bile acids, the catabolism of some amino acids and
polyamines and detoxification of reactive oxygen species [57]. PEX3
protein is believed to contain only one transmembrane domain and

exposing the majority of its polypeptide chain into the cytosol [58]. The
PEX3p is a peroxisomal integral membrane protein that controls ma-
turation of preperoxisome biogenesis, whereas PEX3 involves in as-
sembly of peroxisomal membrane [59]. PHYH catalyzes a key step in
the fatty acid metabolism [60]. The a-oxidation pathway-associated
enzymes are produced in a variety of organisms, indicating its im-
portance in general detoxification mechanism [61]. ACSL belongs to the
acyl-CoA synthetase (ACS) family, catalyzing free FA thioesterification
to CoA [62]. ACSL proteins play important roles in lipid synthesis and
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Table 8
Unigene number in the top 20 KEGG pathway.
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Pathway Term Type All genes in pathway DEGs in pathway

Ribosome Genetic Information Processing 463 34

Lysosome Cellular Processes 178 29

Carbon metabolism Metabolism 198 27

Biosynthesis of amino acids Metabolism 177 24

Phagosome Cellular Processes 166 20

Oxidative phosphorylation Metabolism 202 19

RNA transport Genetic Information Processing 197 18

Glycolysis/gluconeogenesis Metabolism 122 18

Protein processing in endoplasmic reticulum Genetic Information Processing 245 14

Spliceosome Genetic Information Processing 213 14

Peroxisome Cellular Processes 113 13

Arginine and proline metabolism Metabolism 74 12

Starch and sucrose metabolism Metabolism 59 12

Glycerolipid metabolism Metabolism 53 12

Endocytosis Cellular Processes 178 11

Glutathione metabolism Metabolism 79 11

Glycine, serine and threonine metabolism Metabolism 45 11

Purine metabolism Metabolism 196 10

Amino sugar and nucleotide sugar metabolism Metabolism 63 10

Glyoxylate and dicarboxylate metabolism Metabolism 63 10
204 - PBS during ammonia treatment [67]. The crustacean hepatopancreas is the
154 E3 LPS most important tissue and plays an important role in detoxification,
10l A B RNA-seq organic metabolism and immune defense system, the study of P. clarkii

Relative expression levels

Fig. 8. Relative expression profiles of several genes involved in the immune
response to the LPS challenge. The 18S rRNA gene was used as an internal
reference. Gene expression levels in the control group were set as 1.0. Data are
expressed as mean fold-change (mean + standard error, n = 3) relative to the
control group. The values were significantly different to the control at the same
time point when marked with asterisks (*P < 0.05, **P < 0.01,
**p < 0.001).

storage, fatty acid catabolism, vectorial acylation, and synthesis of cutin
and wax, and their activities are required for active fatty acids [63].
Xanthine oxidase is a versatile metalloflavoprotein enzyme, belonging
to reactive oxygen species-generating oxidases, it catalyze the oxidative
hydroxylation of hypoxanthine and xanthine to uric acid in purine
catabolism, while simultaneously producing reactive oxygen species
[64,65]. From the KEGG pathway analysis, we can get to know more
about immune responses and metabolism of P. clarkii hepatopancreas
against LPS injection.

The hepatopancreas and hemolymph are considered the vital tissues
and organs of shrimp humoral immunity and cellular immunity. To
date, many authors suggested that excessive production of ammonia
can inhibit normal immune function of shrimp and the hepatopancreas
involves in ammonia-stress responses of shrimp [66], suggesting that
hepatopancreas is an important organ to study transcriptomic changes
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under the stress of Cd [68] and Cr [69] also selected hepatopancreas as
the target tissue. The present study may enrich the data of hepato-
pancreas with the method of high-throughput sequencing.

Recent studies on shrimp have shown that, some specific complex
carbohydrates can induce the host to enhance their immunity and have
immune activation characteristics, which are known as
munostimulants [70]. At present, microbial derivatives are one of the
main immunostimulants such as LPS and PGN, which are widely used to
study immune responses in aquatic animals. In crustaceans, im-
munostimulants activate phagocytes and improve their phagocytosis
efficiency; stimulate the generation of antibacterial and lysozyme ac-
tivity in hemolymph; activate prophenol oxidase system and produce
recognition signals [71]. Sritunyalucksana et al. reported that anti-
bacterial activity of black tiger prawn is enhanced after LPS treatment
[72]. Though immunostimulants can effectively enhance the activity of
immune factors, a large quantity of immunostimulants have been found
to cause immunosuppression in host.

im-

4. Conclusion

In conclusion, in this study, we analyzed hepatopancreas tran-
scriptome of P. clarkii after LPS and PBS injection. A total of 55,107
unigenes were identified, which were annotated using different func-
tional databases, including NR, Swiss-Prot, GO, COG, KOG, eggNOG,
and KEGG. Among the identified DEGs (2215), 669 were found to be
up-regulated genes and 1546 down-regulated genes. This study shed a
light on the transcriptome of P. clarkii and also improves our knowledge
regarding the immune-related genes and immune responses of P. clarkii
to LPS challenge. At the same time, it also provides new insight into
understanding P. clarkii immune defense mechanism against bacterial
infections, contributing to further study.
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