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ARTICLE INFO ABSTRACT

Keywords: To understand the homeostasis mechanism of crustacean hepatopancreas to cold stress, iTRAQ proteomics based
Litopenaeus vannamei on the genome database of Litopenaeus vannamei (L. vannamei) was applied to investigate proteins changes and
Hepatopancreas variety of the hepatopancreas during cold stress stage in this study. A total of 4062 distinct proteins were
icTolidA (S;ress identified, 137 differentially expressed proteins (DEPs) including 62 differentially up-regulated proteins (DUPs)

and 75 differentially down-regulated proteins (DDPs) were identified in G1 (18 °C) compared with CK (28 °C),
359 DEPs including 131 DUPs and 228 DDPs were identified in G2 (13 °C for 24 h) compared with CK. Based on
bioinformatics analysis, the cold tolerance of L. vannamei might be related to energy metabolism such as amino
acid, carbohydrate, lipid, and oxidative phosphorylation. Moreover, shrimp immunity was declined during cold
stress stage. However, L. vannamei could cope with cold stress by enhancing the production of ATP and UFA.
Notably, arginine kinase, heat shock proteins, and histones may act as positive regulators in L. vannamei under
cold stress. Ten randomly selected proteins were used for validation using QRT-PCR and the expressions on the
transcription level for most of the genes were similar to the results of iTRAQ. These results indicated that L.
vannamei can maintain the organism homeostasis by a series of orderly regulatory process during cold stress.

Furthermore, the results can provide guidance for shrimp farming.

1. Introduction

Stress is physiological disturbance or damage caused to an organism
by adverse circumstances from a biological standpoint, and stimuli are
responded by multiple systems of the body. In this case, most biological
pathways strive to maintain organism equilibrium (or homeostasis) [1].
Environmental stressors continually disrupt this homeostasis, and the
organism strives to find the homeostatic point for living. Therefore, the
organism needs to equilibrate the fluctuation between far away from
homeostasis and back to or near homeostasis [2,3].

Aquatic animals living in water were easy to suffer from physical,
environmental, and physiological disturbances. As the tropical origin,
the Pacific white shrimp Litopenaeus vannamei (L. vannamei) were easily
affected by temperature [4]. To an organism, temperature (thermal)
stress is created by any changes of temperature. There were many re-
ports about the temperature stress in L. vannamei, such as gut micro-
biota profiles response to cold stress [5], survival, growth, and yield

influenced by variation of water temperature [6], heat shock proteins
(HSPs) [7], microRNAs involved in cold adaptation [8], the mucosal
structure and immune response induced by elevated temperature [9],
energy metabolic enzyme responses to thermal stress [10], proteomic
responses of two contrasting shrimp cultivars [11], TCP-1-eta with cold
tolerance [12], dietary taurine, carnitine, and cholesterol supple-
mentation [13]. Although considerable studies have been devoted to
the temperature stress in L. vannamei from different aspects in recent
years, the organism homeostasis mechanism during cold stress stage
was still unknown. Especially in the published studies of proteomics,
the lack of the genome database of L. vannamei limited the discovery of
functional proteins.

Proteomics is the large-scale study of proteins in a particular tissue
or organism [14]. Meanwhile, it could be used to assess the physiolo-
gical state among different samples under different condition or stress.
In the recent years, the isobaric tag for relative and absolute quantifi-
cation (iTRAQ) proteomics approach technology is considered to be a

* Corresponding author. College of Marine Sciences, South China Agricultural University, Guangzhou, 510642, China

E-mail address: fanlanfen@scau.edu.cn (L. Fan).

https://doi.org/10.1016/j.f5i.2019.06.037

Received 23 April 2019; Received in revised form 25 May 2019; Accepted 17 June 2019

Available online 20 June 2019
1050-4648/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/10504648
https://www.elsevier.com/locate/fsi
https://doi.org/10.1016/j.fsi.2019.06.037
https://doi.org/10.1016/j.fsi.2019.06.037
mailto:fanlanfen@scau.edu.cn
https://doi.org/10.1016/j.fsi.2019.06.037
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fsi.2019.06.037&domain=pdf

L. Fan, et al.

good technology because of the high labeling efficiency, proteome
coverage, automated, and multidimensional [15,16]. With its ad-
vantages, iTRAQ-based proteomics has attracted more attention and
applied in various studies recently [17-21].

In the present study, an iTRAQ proteomics combined bioinformatics
analysis was applied to investigate proteins dynamic change in the
hepatopancreas of L. vannamei during cold stress stage. Moreover, the
published genome sequence of the L. vannamei provided support of
database for the iTRAQ proteomics [22]. To our knowledge, this study
represented the first investigation of the molecular mechanism of cold
stress in shrimp using the genome database of L. vannamei. The results
provided important information on shrimp molecular responses against
cold stress and guidance for shrimp farming.

2. Materials and methods
2.1. Shrimps and cold stress

L. vannamei with average weight 5-6 g were obtained from a shrimp
farm in Panyu (Guangdong, China). Shrimps were transported to the lab
and acclimated in 500 L air-pumped circulating diluted seawater tanks
at least one week prior to stress experiment. The water salinity and
temperature in tanks were consistent with that of the ponds (salinity
5%o and temperature 28 + 1°C) during the acclimation stage. The
shrimps were fed two times per day with commercial feed. Only healthy
shrimps in the intermolt stage were used for further experiments.

Seventy-five shrimps were randomly divided into 3 tanks
(60 x 40 x 35), 25 individuals per plastic aquarium with exposure
chamber and air pump for aeration. An artificial climate incubator
(Temperature range 5-50 °C) was used for temperature control and the
water temperature was decreased from 28 °C to 13 °C in 2 days at a rate
of 2.5°C/8h.

2.2. Sample collection

Hepatopancreas of six individuals from each tank was collected as a
sample while the water temperature was maintained at 28 °C, 18 °C and
13 °C for 24 h separately during cold stress, three samples as one group.
One hepatopancreas was divided into two for the proteomics analysis
and expression validation separately. The hepatopancreas was frozen
immediately in liquid nitrogen and then stored at —80 °C until protein
and RNA extraction.

2.3. Protein extraction

Protein was extracted from hepatopancreas using the method we
established before [4]. Protein extraction was performed using 0.01%
PBS buffer (135mM NaCl, 2.7 mM KCl, 1.5mM KH,PO,, and 8 mM
K,HPO,, pH7.2). The lysate was centrifuged at 12,000 g and 4 °C for
15min. The supernatant was precipitated with chilled acetone con-
taining 10% TCA and incubated at —20 °C for 2 h and then centrifuged
at 12,000 g and 4 °C for 15min. The precipitate was washed by chilled
acetone, incubated at —20 °C for 1 h and centrifuged again at 12,000 g
and 4°C for 15min. The washing was repeated two times. After air-
dried, the pellet was re-dissolved with the lysis buffer (8 M urea, 2M
thiourea, 2% w/v CHAPS, 20 mM Tris-HCl, 30 mM DTT, and 2% v/v
ampholytes). The protein concentration was determined using a BCA
protein assay kit. The extracted protein was detected using SDS-PAGE.

2.4. Protein digestion and iTRAQ labeling

Protein digestion method was according to the method established
by Wisniewski JR et al. [23]. Briefly, total protein (100 pug) for each
sample was digested using trypsin (Promega, USA) at 1:50 trypsin-to-
protein mass ratio at 37 °C for 16 h. Then peptides were reconstituted in
0.2 M TEAB and processed according to the manufacturer's protocol for
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8-plex iTRAQ reagent (AB SCIEX, Framingham, MA, USA). Two biolo-
gical replicates of the control group (CK-1 and CK-2 for the temperature
at 28 °C) were labeled with 113 and 114 isobaric tags, respectively. The
peptides with three biological replicates of 18 °C -treated group (G1-1,
G1-2, and G1-3) were labeled with 115, 116 and 117 isobaric tags,
respectively. The peptides with three biological replicates of 13 °C for
24 h treated group (G2-1, G2-2, and G2-3) were labeled with 118, 119
and 121 isobaric tags, respectively. Samples were placed at room
temperature for 2h, 100 pul deionized water was added into each tube,
and three groups of labeled samples were mixed and dried by Speed-
vacuum concentrator (savant DNA 120, Thermo Scientific).

2.5. High pH reversed-phase chromatography and NanoLC-ESI-MS/MS
analysis

The peptides mixtures were subjected to the first-dimensional
fractionation procedure using high pH reversed-phase chromatography
column (Agilent, ZORBAX Extended-C 18 2.1). A total of 16 fractions
were finally collected and dried for the following LC-MS analysis. The
lyophilized peptide fractions were re-suspended in 2% acetonitrile
containing 0.1% formic acid, and loaded into a ChromXP C18 (3 um,
120 A) trap column. The online Chromatography separation was per-
formed on the Ekspert nanoLC 415 system (SCIEX, Concord, ON). The
trapping and desalting procedures were carried out at a flow rate of
4 uL/min for 5min with 100% solvent A (0.1% formic acid, 2% acet-
onitrile and 98% water). Then, an elution gradient of 8-38% solvent B
(0.1% formic acid, 98% acetonitrile and 2% water) in 70 min was used
on an analytical column (75 um X 15 cm C18-CL, 3um 120A,
ChromXP, Eksigent). IDA (information-dependent acquisition) mass
spectrum technique was used to acquire tandem MS data on a Triple
TOF 6600 tandem mass spectrometer (Sciex, Concord, Ontario, Canada)
fitted with a Nanospray III ion source. Data were acquired using an ion
spray voltage of 2.4kV, curtain gas of 35 PSI, nebulizer gas of 12 PSI
and an interface heater temperature of 150 °C. The MS was operated
with TOF-MS scans. For IDA, survey scans were acquired in 250 ms and
up to 40 product ion scans (60ms) were collected if exceeding a
threshold of 260 cps with a charge state of 2—-4. A rolling collision en-
ergy setting was applied to all precursor ions for collision-induced
dissociation. Dynamic exclusion was set for 16s.

2.6. Database searching and protein quantification

The MS/MS data were analyzed using IPeak and IQuant software to
obtain the protein identification and quantification [24,25], and NCBI
Penaeus vannamei genome (33273 entries) [22], the following settings
were selected: Enzyme: Trypsin; Variable modifications: Oxidation (M),
iTRAQS8plex (Y); Fixed modifications: Carbamidomethyl (C), iTRAQS-
plex (N-term), iTRAQ8plex (K); Peptide mass tolerance: 20 ppm; Frag-
ment mass tolerance: 0.05Da. Only proteins identified at global FDR
=1% with = 1 peptide were considered for protein lists and further
downstream analysis. To determine a differentially expressed protein, it
must be identified and quantified with at least 1 significant peptide and
the p-values of proteins quantitation should be less than 0.05 and fold
change =1.5.

2.7. Bioinformatics analysis

Functional annotation was performed using Gene Ontology (GO)
(http://www.geneontology.org). The Kyoto Encyclopedia of Genes and
Genomes (KEGG) (http://www.genome.jp/kegg/or http://www.kegg.
jp/) was used to predict the main metabolic pathways [26]. The Clus-
ters of Orthologous Groups (COG) of proteins (http://www.ncbi.nlm.
nih.gov/COG/) database was used for the functional classification. The
eggNOG was also used for the functional classification (http://
eggnogdb.embl.de). The eggNOG database was created in 2007 [27]
and updated to version 4.5.1 in 2016 [28].
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Table 1
The information of genes used for qRT-PCR.
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Name Sequence (5'—3") Length (bp) Accession Number
TMABA-DH-F GCCGTCCTTACAGATTGCCGAGATG 204 XP_027225104.1
TMABA-DH-R AGACAGTTCCTGCTTCAATGGCGTTAG
EIF1AY-F CACATCCGTGGGAAACTCCGAAAGA 179 XP_027212903.1
EIF1AY-R AGCATTCTCGTTCACCTTGACTGATTCT
NPA1-F CACACTTTAGACCTACTGTTCGC 163 XP_027224970.1
NPA1-R TCACCTTCTCTTTCAATTGATCCC
WDR17-F CATAGACGAGACAGATCAAGGC 247 XP_027227450.1
WDR17-R CATGATTGATGAAGTGTAGTTTGGC
TRET1-F CCTTGTTCGCCTTCTTCCTCGTG 108 XP_027226333.1
TRET1-R CGGTGCTGATCTTGCGGTTCC
CRA2-F ACAACGCCTATCAGCCATTCACTC 84 XP_027238674.1
CRA2-R CTGTGGTCACCTTGAAGCCGTAG
SERCA-F TCCTTCGTGTTGGCTTGCTTCG 135 XP_027212602.1
SERCA-R GATGGCGGACTCGGCATTGC
AK-F GGTTTCCTCTACCCTTTCTAGCC 194 XP_027224228.1
AK-R TGTTGTCGTTGTGGTAGATGCC
CEP76-F TTGGTTTGGATGCCTGGGTG 119 XP_027221964.1
CEP76-R ACGGCATCCTGTTGAGGACT
ZC3H13-F CAGCATCTCACACCAAGCAAGGAG 114 XP_027234855.1
ZC3H13-R CATTGACATCACTGCCGACAGACC
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Fig. 1. Distribution of all identified proteins among different molecular weights (A); Distribution of proteins containing the different number of identified unique

peptides (B); Distribution of the reliable protein (C).

2.8. Quantitative real-time PCR (qRT-PCR) analysis

Total RNA was extracted from shrimp hepatopancreas using Trizol
reagent (Takara Bio, Otsu, Japan) following the manufacturer's pro-
tocol. The RNA quality was assessed by electrophoresis using 1.0%
agarose gel. Total RNA was purified and first-strand cDNA was syn-
thesized using PrimeScript” RT Reagent Kit With gDNA Eraser (Takara
Bio Inc., Shiga, Japan) according to the instructions of the manu-
facturer.

Based on the identified differentially expressed proteins, 10 ran-
domly selected proteins were used to analyze the transcription level
under cold stress using qRT-PCR with B-actin as the internal control.
The qRT-PCR assay was carried out on a CFX Connect™ Real-Time
System (Bio-Rad, Hercules, CA, USA) using THUNDERBIRD  SYBR®
qPCR Mix (TOYOBO, Osaka, Japan). The qRT-PCR was carried out with
95°C for 1min followed by 40 cycles of 95°C for 15s, 60 °C for 15s
(WDR17,TRET1,CRA2, and CEP76 were used 58 °C for 30s) and 72 °C
for 45s, and then a step at 95 °C for 15s, finally followed by a step at
60 °C for 15s. Gene expression was presented using the comparative Ct
method (2724Y method [29]. The information of the primers was
presented in Table 1.

2.9. Statistical analysis

The experiments were performed with three biological replicates
per treatment. All the data were expressed as mean * SD of triplicates.
Data were statistically analyzed by SPSS 21.0 (IBM, USA) with One-way
ANOVA and Duncan's method at P < 0.05 level.
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3. Results
3.1. Protein profiling from quantitative proteomics analysis

Using the iTRAQ LC-MS/MS proteomic analysis, a total of 481268
spectra were obtained. After data filtering to eliminate labeling free and
low-scoring spectra, a total of 131323 identified spectra were matched
to 25616 peptides. Then, proteins were assembled and identified with
the false discovery rate (FDR) of peptides was < 0.01, and 4062 pro-
teins were identified based on NCBI Penaeus vannamei genome re-
ference. Considering the statistical significance of protein mass dis-
tribution, the number of identified proteins accounted for most
(84.34%) of the total identified proteins in groups with molecular
weight 0-10kDa (0.71%), 10-20kDa (9.95%), 20-30 kDa (13.88%),
30-40kDa (15.63%), 40-50kDa (13.37%), 50-60kDa (11.62%),
60-70kDa (7.24%), 70-80kDa (5.19%), 80-90kDa (3.69%) and
90-100 kDa (3.03%) (Fig. 1A). Among all the identified proteins, 63.2%
were covered with 2 peptides or more (Fig. 1B), indicating a good se-
quence coverage of identified proteins. In terms of estimating incorrect
peptide and protein identifications, the target-decoy search strategy
was used with FDR < 1%, and the results showed the reliability of
protein identification (Fig. 1C).

3.2. Identified protein functional annotation
The putative functions of identified proteins were annotated based

on the GO, KEGG, COG and eggNOG database. Among the 4062 iden-
tified proteins, a total of 1618 had GO annotations, a proportion of


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=XP_027225104.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=XP_027212903.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=XP_027224970.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=XP_027227450.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=XP_027226333.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=XP_027238674.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=XP_027212602.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=XP_027224228.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=XP_027221964.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=protein&doptcmdl=genbank&term=XP_027234855.1
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Fig. 2. GO categorization of all identified proteins. Most proteins divided into the three major categories, including biological process, cellular component and

molecular function.

39.83% of all proteins; A total of 3218 had KEGG annotations, a pro-
portion of 79.22% of all proteins; A total of 1755 had COG annotations,
which took a proportion of 43.21% of all proteins; Finally, a total of
3813 had eggNOG annotations, a proportion of 93.87% of all proteins.

According to GO terms, 1618 proteins were classified into three
major functional categories, containing biological progress, cellular
component, and molecular function (Fig. 2). The functional enrichment
analysis of GO annotations for biological processes showed that pro-
teins were mostly involved in cellular process (880), metabolic process
(872), and single-organism process (655). GO annotations for molecular
component showed that proteins were mainly involved in cell (789),
cell part (784), and organelle (546). Proteins with the molecular
function classification were mainly involved in the catalytic activity
(916) and binding (758).

According to KEGG database, 3218 proteins were classified into 318
biological pathways (Fig. 3). All the pathways were mapped to meta-
bolism, genetic information processing, environmental information
processing, cellular processes, organismal systems, and human diseases.
The most abundant proteins were involved in signal transduction (29
pathways) which were belonging to the environmental information
processing, followed by the immune system (20 pathways) and endo-
crine system (18 pathways) which were belonging to organismal sys-
tems. In addition, proteins were mainly involved in lipid, carbohydrate
and amino acid metabolism which was belonging to metabolism.

The COG classification was vital for functional annotation and
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evolutionary study. A total of 1755 proteins were finally mapped to 24
different COG categories (Fig.S1). Based on the number of unique
proteins identified in each functional category, the most frequently
detected functional category was “posttranslational modification, pro-
tein turnover, chaperones”, including 203 members and representing
more than 11.57% of all the identified proteins. The following cate-
gories were “translation, ribosomal structure and biogenesis” (179
members), “general function prediction only” (175 members), “Carbo-
hydrate transport and metabolism” (166 members), “Lipid transport
and metabolism” (154 members) and “Amino acid transport and me-
tabolism” (147 members).

According to eggNOG, 3813 proteins were classified into five cate-
gories at level 1, cellular processes and signaling, energy production
and conversion, information storage and processing, metabolism, and
poorly characterized. At level 2, proteins were mostly involved in
posttranslational modification, protein turnover, chaperones (624) ex-
cept function unknown (1563), followed by signal transduction me-
chanisms (572), intracellular trafficking, secretion, and vesicular
transport (374), carbohydrate transport and metabolism (302), trans-
lation, ribosomal structure and biogenesis (296), lipid transport and
metabolism (280) and amino acid transport and metabolism (271)
(Fig.S2).

The subcellular location of a protein was closely connected with its
function. Newly synthesized proteins in the cytoplasm were targeted to
the correct subcellular compartments and played their biological roles.
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In our study, a total of 4061 proteins were finally mapped to 10 dif-
ferent subcellular locations. Most of the proteins were located in the
cytoplasm (1416), followed by nucleus (810), extracellular (673), mi-
tochondria (542) and plasma membrane (402) (Fig.S3).

3.3. Differential expressed proteins during cold stress stage

Using a cutoff 1.5-fold change and a p-value less than 0.05, 137
differentially expressed proteins (DEPs), including 62 differentially up-
regulated proteins (DUPs) (Tables 1) and 75 differentially down-regu-
lated proteins (DDPs) (Table S2), were identified in G1 compared with
CK; 359 DEPs, including 131 DUPs (Table S3) and 228 DDPs (Table S4),
were identified in G2 compared with CK. The total DEPs were further
estimated by a hierarchical cluster analysis among the three compar-
ison groups. The hierarchical clustering of the DEPs provided a visua-
lized mode to display the clustering patterns of the DEPs among the
three groups, which showed the ratio's absolute value of DEPs among
all groups is G2 > G1 > CK (Fig. 4). Moreover, the clustering patterns
of the DEPs PCA analysis also showed a similar cluster result according
to the hierarchical clustering (Fig.S4).
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3.4. Functional enrichment analysis of DEPs

The DEPs were annotated based on the GO, KEGG, COG and
eggNOG database. A total of 20 significantly changed GO terms (P-
value < 0.05) were obtained in the DEPs of G1-VS-CK (Fig.S5A), con-
taining 8, 6 and 6 terms for the categories of biological progress, cel-
lular component, and molecular functions, respectively. A total of 20
significantly changed GO terms (P-value < 0.05) were obtained in the
DEPs of G2-VS-CK (protein number > 10) (Fig.S5B), containing 11, 1,
and 8 terms for the categories of biological progress, cellular compo-
nent, and molecular functions, respectively. Moreover, the enrichment
factor analysis which reflected the degree and significance of enrich-
ment was carried out (Fig.S5C and Fig.S5D).

In the enrichment analysis of KEGG pathway for the DEPs, a total of
38 KEGG pathways were detected in the G1-VS-CK group (Fig. 5A),
with 8 significantly changed KEGG pathways (P values < 0.05) were
detected (Fig. 5C). Moreover, a total of 43 KEGG pathways were de-
tected in the G2-VS-CK group (Fig. 5B), with 16 significantly changed
KEGG pathways (P values < 0.05) were detected (Fig. 5D). The
number of DEPs involved in the enrichment of KEGG pathway increased
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Fig. 5. Enrichment analysis of KEGG pathway for the DEPs in G1-VS-CK (A) and G2-VS-CK (B). The enrichment factor analysis of KEGG pathway for the DEPs in G1-
VS-CK (C) and G2-VS-CK (D).

according to the cold stress intensity (from normal temperature of the DEPs between G1-VS-CK and G2-VS-CK was shown with a Venn
28°C-18°C and finally 13 °C for 24 h). The COG, EggNOG annotations diagram (Fig. 6A). 100 proteins were shared by G1-VS-CK and G2-VS-
and subcellular location categorization of the DEPs were shown in CK. Using Mfuzz, the DEPs ratios of multigroup were clustered
Figure S6. (Fig. 6B). Mfuzz clustering on the mean expression values resulted in
nine clusters. The protein expression almost declined to the lowest
value in Cluster 3 (15 DEPs), while the protein expression raised to the
highest value in Cluster 7 (24 DEPs). Moreover, the clustered proteins
were shown in the heat map (Fig. 6C) and pathway analysis of DEPs
was analyzed (Fig. 6D). The most DEPs in G2-VS-CK group participated

3.5. Multigroup analysis of the DEPs

Multigroup analysis of DEPs was performed to explore the re-
lationship between G1-VS-CK and G2-VS-CK. The intersection analysis
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in the pancreatic secretion pathway, while cardiac muscle contraction 4.1. DEPs related to metabolism
pathway in G1-VS-CK group.
The DEPs related to metabolism in G1-VS-CK and G2-VS-CK groups
were involved in energy metabolism, coupled with substance bio-

3.6. Verification of the DEPs synthesis, biodegradation and metabolism, such as amino acid, carbo-

hydrate, glycan, lipid, cofactors and vitamins, terpenoids and polyke-

The proteome data were verified on the transcription level to con- tides, nucleotide, xenobiotics and secondary metabolites.

firm if the level of transcription and translation were correlated. qRT- In the amino acid metabolism, most DEPs were up-regulated, in-
PCR results showed that the expressions on transcription level for most dicating that amino acid was the main energy resource for the shrimp in
of the genes were similar to the results of iTRAQ in shrimp during cold response to cold stress. We focused our interesting in arginine kinase
stress stage except EIF1AY, CEP76, and ZC3H13 among the 10 ran- (AK, EC 2.7.3.3, accession number: XP_027224228.1), an up-regulated
domly selected proteins (Fig. 7). DEP related to amino acid metabolism in G1-VS-CK and G2-VS-CK

groups. AK as a phosphagen kinase played a pivotal role in energy
metabolism in invertebrates. It was also demonstrated that shrimp AK

4. Discussion can cause an allergic reaction in hypersensitive individuals [30]. It has
been reported that AK responded to laminarin stimulation in the hae-
L. vannamei living in water was easy to suffer from temperature molymph of Chinese shrimp Fenneropenaeus chinensis [31]. AK expres-
stress. Protein as a basic substance of life performed a vital function. In sion responded to many stresses no matter environment or pathogen,
this study, iTRAQ technology was used instead of the traditional 2-DE such as salinity [32,33], hypoxia [34,35], Vibrio alginolyticus [36], LPS
gel-based proteomic method to investigate the protein expression dy- [37]. Our result confirmed that AK was gradually up-regulated during
namic changes in the hepatopancreas of L. vannamei during cold stress cold stress stage, indicating that AK played a vital regulation role in
stage. Protein changes, protein modes of action, and potential bio- response to cold stress.
markers responding to cold stress were investigated during cold stress In the carbohydrate metabolism, most DEPs were up-regulated at
stage. In total, 4062 proteins were identified and quantified under cold 18 °C but down-regulated at 13 °C for 24 h, meaning that carbohydrate
stress based on the genome of L. vannamei. To our knowledge, this study can be used as an energy resource for shrimp during the initial stage of
is the first report on the proteomics in Pacific white shrimp using the cold stress but carbohydrate metabolism was hard to cope with cold
published genome database of L. vannamei. The putative functions of all stress along with the stress strengthening. Only the DEPs related to
identified proteins were annotated based on the GO, KEGG, COG and pathways of propanoate metabolism and pentose and glucuronate in-
eggNOG database. terconversions were always up-regulated during the cold stress stage.
In the present study, most proteins were annotated with “post- The previous study has reported that propanoate metabolism pathway
translational modification, protein turnover, chaperones” function, was significantly changed in response to acute low salinity stress of L.
meaning that most proteins involved in protein chemical modification vannamei [38]. Moreover, pathways analysis of the gills in the red
after translation, synthesis and degradation, folding, maintenance, in- swamp crayfish Procambarus clarkii also showed that propanoate me-
tracellular transport, degradation as well as in facilitating cell signaling tabolism pathway was a differentially expressed pathway infected with
based on the COG and eggNOG database except function unknown. The WSSV [39]. Additionally, most of the DEPs related to carbohydrate
results of KEGG confirmed that signal transduction is the most impacted metabolism were enzymes, such as phosphoglycerate kinase, alpha-
pathway. Meanwhile, most proteins were annotated with “catalytic amylase, xylose isomerase, and hydroxybutyrate dehydrogenase.
activity and binding” based on the GO database, which means the an- In the lipid metabolism, most DEPs related to glycerolipid meta-
notation of proteins in the different database was similar. Moreover, bolism, synthesis and degradation of ketone bodies, sphingolipid me-
more proteins were identified to involve in amino acid, carbohydrate tabolism, steroid hormone biosynthesis, glycerophospholipid, steroid
and lipid transport and metabolism pathway in the four databases, in- biosynthesis, and ether lipid metabolism were down-regulated during
dicating that it is of greatest importance to assess the relationship be- cold stress stage. However, we paid more attention to the DEPs related
tween the cold tolerance and energy metabolism of L. vannamei. to biosynthesis of unsaturated fatty acids (UFA), which were up-
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regulated according to the cold stress. UFA is the key component of
cellular membrane involved in energy metabolism. In fish, to maintain
greater membrane fluidity at the lower temperatures, increasingly high
cell membrane content of UFA was induced by the increasingly cold
environment [40,41]. It has been reported that increasing the levels of
plant oils (more UFA) in Nile tilapia (Oreochromis niloticus) feeds can
enhance their cold tolerance [42]. In our present study, we deduced
shrimp can activate UFA pathway to cope with cold stress.

In the energy metabolism, most DEPs related to oxidative phos-
phorylation were up-regulated, such as V-type proton ATPase subunit
G, subunit of cytochrome c oxidase, cytochrome b-c1 complex, subunit
of ATP synthase, and NADH dehydrogenase [ubiquinone] 1 (NDUA7,
NDUBS8, NDUFA12, NDUFB10). Oxidative phosphorylation is the pro-
cess to form ATP by transferring the electrons from NADH or FADH, to
O, by a series of electron carriers [43]. Therefore, ATP is the necessary
energy for the shrimp to cope with cold stress.

4.2. DEPs related to organismal systems

The DEPs related to organismal systems in G1-VS-CK and G2-VS-CK
groups were involved in immune system, digestive system, endocrine
system, circulatory system, nervous system, development, excretory
system, aging, sensory system, and environmental adaptation.

In the immune system, most DEPs related to hematopoietic cell
lineage, Thl and Th2 cell differentiation, platelet activation, toll-like
receptor signaling pathway, NOD-like receptor signaling pathway, and
cytosolic DNA-sensing pathway were down-regulated during cold stress
stage. The down-regulated DEPs for hematopoietic cell lineage in-
dicated that the reduction of hematopoietic function of shrimp gave rise
to the total hemocyte count (THC) decrease, which was in accordance
with our previous result of the THC decrease during cold stress using
flow cytometer analysis [44]. The down-regulated DEPs related to Th1
and Th2 cell differentiation indicated that the shrimp immunity de-
clined during the cold stress stage [45]. Another down-regulated pro-
tein at 13°C for 24h was beta-1,3-glucan-binding protein
(XP_027214232.1), which was existed in various kinds of invertebrates
including shrimp and played a vital role in innate immunity [46]. It also
identified that the shrimp immunity was declined during cold stress
stage. In shrimp farming, we should try to enhance the shrimp im-
munity when the climate is severely changed.

In the immune system, the DEPs related to IL-17 signaling pathway,
RIG-I-like receptor signaling pathway, Chemokine signaling pathway,
and leukocyte transendothelial migration were up-regulated only at
13°C for 24h. IL-17 signaling pathway played crucial roles in both
acute and chronic inflammatory responses [47]. RIG-I-like receptor
signaling pathway cooperated with other pathway or factors imparted
innate immunity and modulated the adaptive immune response [48].
Chemokine signaling pathway was crucial in coordinating cell migra-
tion between health and disease and specifically regulating cell posi-
tioning in space and time [49]. Leukocyte transendothelial migration
involved in the inflammatory response [50]. These up-regulated DEPs
illustrated the shrimp can mobilize the body's immune response to
against cold stress although the immunity was declined during cold
stress stage.

In the digestive system, most DEPs were down-regulated, mainly
focused on the pathway of pancreatic secretion, carbohydrate digestion
and absorption, protein digestion and absorption, fat digestion and
absorption. It was due to shrimp would reduce or stop eating during
cold stress. In the circulatory system, we focused our interesting in
cardiac muscle contraction pathway. The DEPs related to systole and
diastole were all up-regulated, indicating shrimp enhanced the circu-
latory system to increase the body's energy supply during cold stress.

Among the DEPs, heat shock 70kDa protein 14-A (HSPA14,
XP_027238916.1) related to antigen processing and presentation in the
immune system, was up-regulated at 13 °C for 24 h, which functioned in
maintaining cellular homeostasis during environmental stress
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(temperature, oxidative, chemical, and pathogenic stresses) as a protein
of HSP family [51-53]. Moreover, as molecular chaperones for other
cellular proteins, HSPs had great cytoprotective effects.

4.3. DEPs related to environmental information processing

The DEPs related to environmental information processing in G1-
VS-CK and G2-VS-CK groups were involved in signal transduction (13 in
G1-VS-CK and 29 in G2-VS-CK) and signaling molecules and interaction
(5 in G1-VS-CK and 13 in G2-VS-CK). Most DEPs were involved in signal
transduction, such as Notch signaling pathway, TGF-beta signaling
pathway, AMPK signaling pathway, Sphingolipid signaling pathway
and so on. The Notch signaling pathway was a conserved cell signaling
pathway and played an important role in growth and development
[54,55]. Recent studies indicated that the upregulation of the Notch
signaling pathway may contribute to oxidative stress injuries (OSI)
[56], therefore inhibiting the Notch signal might protect cells from OSI
[57]. In this study, the down-regulated DEPs in Notch signaling
pathway may mean that during cold stress stage shrimp activated the
self-protection mechanism against OSI. As a down-regulated DEPs re-
lated to Notch signaling pathway, Astacins was a family of multidomain
metalloendopeptidases which was either secreted or membrane-an-
chored [58]. However, the function of astacin to cold stress was un-
clear. We will focus on its function in further study.

4.4. DEPs related to human diseases

The DEPs related to human diseases in G1-VS-CK and G2-VS-CK
groups were involved in immune diseases, infectious diseases: viral,
infectious diseases: bacterial, infectious diseases: parasitic, cancers:
overview, endocrine and metabolic diseases, neurodegenerative dis-
eases, substance dependence, drug resistance: antineoplastic, cancers:
specific types, cardiovascular diseases.

All DEPs related to systemic lupus erythematosus pathway in im-
mune diseases were up-regulated (H2B, H3, H4), which were all be-
longing to histones. More studies have suggested that histones may
participate in the reaction of cells to environmental stresses, such as
heavy mental [59], osmotic stress [60], oxidative stress [61]. It also has
been reported that high expression of core histone proteins (H2A, H2B,
H3, and H4) was found in hemocytes of L. vannamei which had anti-
microbial activity [62]. Antimicrobial histone proteins have been
widely reported, such as H2B-like proteins in catfish skin [63], H4 in
human sebocytes [64], Histone H5 [65], Histone H2A [66,67]. In our
present study, the up-regulated histones may play important innate
immunity function to avoid pathogen during cold stress.

Heat shock 70kDa protein cognate 5 (HSC70-5, XP_027230517.1)
related to tuberculosis in infectious diseases: bacterial, was up-regu-
lated at 13 °C for 24 h, which was localized in the mitochondria and
conferred thermal tolerance to regulate mitochondrial morphology and
cellular homeostasis by preventing protein aggregation [68]. Ad-
ditionally, HSC70-5 was confirmed to involve in WSSV toleration of L.
vannamei [69]. In this study, the upregulated HSC70-5 may decrease
the shrimp's cumulative mortality during cold-stress by reducing the
aggregation of proteins. HSC70-5 and HSPA14 were the HSPs which
were related to cold stress after GRP78 [4].

4.5. Correlation between transcription and translation level of DEPs

The transcription level for most of the genes was similar to the re-
sults of iTRAQ in the shrimp during cold stress stage, which indicated
there was a good correlation between transcription and translation
[70,71]. However, as an economic aquatic animal for L. vannamei, the
limitation of antibodies limited the verification on translation level by
Western blot analysis. In further research, we will focus on the proteins
and pathways correlated with cold stress to study their function and
molecular mechanism deeply.
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5. Conclusion

In summary, this study is the first proteomic analysis of shrimp
during cold stress by using the genome database of L. vannamei. Cold
stress was involved in the disruption of homeostasis and triggered a
series of molecular pathways which contained many key proteins reg-
ulating the organism homeostasis. Based on the proteomics data, the
cold tolerance of L. vannamei might be related to the energy metabolism
and body immunity. Moreover, L. vannamei could cope with cold stress
by enhancing the production of ATP and UFA. Notably, arginine kinase,
heat shock proteins, and histones may act as positive regulators in L.
vannamei under cold stress. These results indicated that shrimp can
maintain the organism homeostasis by a series of orderly regulatory
process during cold stress. Furthermore, the results can provide gui-
dance for shrimp farming.
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