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A B S T R A C T

The immune mechanism elicited in pufferfish (Takifugu obscurus) against the invasion of Aeromonas hydrophila is
still poorly understood. We examined the spleen of pufferfish at the transcriptome and proteome levels by using
Illumina-seq and TMT coupled mass spectrometry after 12 h infection by A. hydrophila, respectively. A total of
2,339 genes (1,512 up-regulated and 827 down-regulated) and 537 (237 up-regulated and 300 down-regulated)
proteins were identified. GO and KEGG analyses revealed that the responses to stimulus were the main biological
processes, intestinal immune network for IgT production and calcium signaling pathway. Fourteen genes (8 up-
regulated and 6 down-regulated) and proteins (5 up-regulated and 9 down-regulated) involved immune re-
sponses or signal transduction were validated by qRT-PCR and parallel reaction monitoring to confirm the
reliability of the transcriptomic and proteomic analyses, respectively. Moreover, qRT-PCR and flow cytometry
were used to detect dynamics of the genes in calcium signaling pathway and changes of concentration of cy-
toplasm Ca2+ in spleen cells within a 72 h challenge. This study provides the findings regarding immune re-
sponse, especially intestinal immune network for IgT production pathway and calcium signaling pathway at the
molecular, protein and cellular in pufferfish after infection by A. hydrophila. These results would provide a new
insight and molecular targets into the response to pathogenic infection in pufferfish.

1. Introduction

Aeromona hydrophila, a well-known fish pathogenic bacterium, is
widely distributed in aquatic environment [1]. It is known to produce a
number of extracellular proteins, such as hemolysins, enterotoxins,
proteases, lipases, chitinase, leucocidins, endotoxin, adhesions and so
on [2], which are thought to be the causative agent of various symp-
toms including hemorrhagic septicemia, infection abdominal dropsy,
bacterial hemorrhagic septicemia, epizootic ulcerative syndrome (EUS),
hemorrhagic enteritis and red body disease [3]. In recent years, the
aquaculture loses estimated to reach millions of dollars per annum due
to A. hydrophila which attracted increasing attention of researchers [4].
It has been detected in a variety of fish species, including Nile tilapia

(Oreochromis niloticus) [5], blunt snout bream (Megalobrama am-
blycephala) [6], common carp (Cyprinus carpio) [7], grass carp (Cteno-
pharyngodon idella) [8], zebrafish (Danio rerio) [9], and pufferfish (Ta-
kifugu obscurus) [10,11].

The teleost spleen is one of the major immune organs, which con-
tains many immune cells, such as T and B cells [12], and is the major
source of immunoglobulin. Meanwhile, it acts as a major secondary
lymphoid organ to prevent further lesions during bacterial infections
[13]. In addition, it has been reported that the teleost spleen can initiate
the immune responses associated with calcium [14], and produce im-
mune globulin to clean pathogens [15].

Up to now, an increasing number of studies about the teleost spleen
in response to different stress, including pathogens, chemicals and
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temperature are analyzed by transcriptomics technologies [16–18]. The
transcriptome analysis is fast and comprehensive, which has been
constructed and annotated to aid in the identification of differentially
expressed genes in distinct cell populations [19]. However, a compar-
ison of mRNA expression levels is defined as indirect and temporarily
messages in transmit information. On the contrary, proteins play a di-
rect role in biological processes, and are the basis of organism [20].
Therefore, proteomic techniques have developed rapidly in recent
years, especially isobaric tag for relative and absolute quantitation
(TMT), which provide a lot of convenience for scientific research [21].
More and more studies in aquatic animals use TMT method to examine
differentially expressed proteins, such as common carp (Cyprinus carpio)
[4], Japanese flounder (Paralichthys olivaceus) [22], swimming crab
(Portunus trituberculatus) [23], rainbow trout (Oncorhynchus mykiss)
[24], grass carp (Ctenopharyngodon idella) [25], Atlantic salmon (Salmo
salar) [26], and snakehead murrel (Channa striatus) [27]. These studies
were focusing on the response to different stress, such as A. hydrophila,
Edwardsiella tarda, A. salmonicida, fava bean intake and high tempera-
ture, in order to identify the different stress-responsive proteins.

The pufferfish, mainly distributed along the coastal regions of
China, Japan and Korea, is an anadromous fish with high commercial
value and attention in fish aquaculture [28]. Over the past few decades,
a few of studies conducted in pufferfish had been reported at both
molecular and physiological levels [29–31]. However, due to the lack of
genomic sequence, the research progress of molecular mechanisms in
pufferfish is slow. To our knowledge, this is the first time to combine
transcriptomic and proteomic analyses to investigate the immune re-
sponse in pufferfish. Here, we identified genes and proteins which were
obtained from Illumina-seq and TMT searching for likely protein
identification in NR, GO, KEGG, KOG, Swissport and Uniprot database,
respectively, and focused on the differentially expressed genes (DEGs)
and differentially expressed proteins (DEPs) in immune responses. GO
and KEGG analysis were conducted among the DEGs and DEPs, re-
vealing that response to stimulus was the main biological processes,
intestinal immune network for IgT production and calcium signaling
pathway were the mainly differential pathways activated. These results
would provide a new insight and molecular targets into the systemic
response to pathogens infection in teleost.

2. Materials and methods

2.1. Animals

Healthy pufferfish (T. obscurus) weighing 45.4 ± 5.2 g with a
length of 13.2 ± 0.8 cm were purchase from an aquaculture farm in
Panyu (Guangdong, China), and acclimated in 300 L cycling-filtered
plastic tanks (6 fish/tank) for two weeks before the experimental
treatments. During the acclimation period, the pufferfish were main-
tained in continuously circulating aerated water (pH 7.6 ± 0.2, tem-
perature 25 ± 1 °C, ammonia nitrogen≤ 0.05mg/L, and dissolved
oxygen≥ 6.0mg/L). The commercial fish diet (42% protein, 3.0% fat,
6.0% fiber and 16% ash, supplied by Dabeinong Group, Beijing, China)
was employed to feed twice a day and no clinical sign of diseases was
observed. All animal protocols were reviewed and approved by the
University Animal Care and Use Committee of the South China Normal
University.

2.2. Challenge and sample collection

The challenge experiment was performed by intraperitoneally in-
jecting (100 fish per group) with 100 μL of A. hydrophila (BYK00810)
(purchased from Key Laboratory of Exploration and Utilization of
Aquatic Genetic Resources, Ministry of Eduction, P. R. China) suspen-
sion culture (1×108 CFU/mL) [32,33], which was cultivated in sterile
Luria-Bertani Medium for 24 h at 28 °C, centrifuged at 5,000 rpm for
10min at 4 °C [34] and then suspended in sterile phosphate buffer

saline (PBS) as the treatment group. The fish injected with 100 μL
sterilized PBS were used as the control group (100 fish per group). All
fish were alive after the infection, but the pufferfish injected with
A.Hydrophia showed slower activity, swimming irregular and hepatic
hyperemia compared with the control group. Three fish from each
group were anesthetized in 0.05% MS-222 (Tricaine methanesulfonare,
Aladdin, Shanghai, China) and spleens were individually sampled for
mRNA isolation and flow cytometry analysis at 0, 3, 6, 12, 24, 48 and
72 h post-challenge. In addition, three fish from each group were in-
dividually sampled at 12 h post-challenge [35,36], the highest percen-
tage of spleen cells apoptosis time point (preliminary date), and im-
mediately frozen in liquid nitrogen overnight and stored at −80 °C for
RNA and protein extraction.

2.3. RNA isolation, library preparation, and sequencing

According to the RNA extraction protocols, total RNA was isolated
by using Trizol reagent (Invitrogen, Waltham, MA, USA). The integrity
and purity of the RNA were assessed by 1% agarose gels electrophoresis
and the Nano Photometer® spectrophotometer (IMPLEN, USA), re-
spectively. The quality and quantity of the RNA samples were de-
termined by a Nanodrop2000 spectrophotometer (Thermo, USA).

Sequencing libraries were generated using NEBNext® Ultra™ RNA
Library Prep Kitfor Illumina® (NEB, USA) following manufacturer's re-
commendations and index codes were added to attribute sequences to
each sample. Briefly, mRNA was purified from total RNA using poly-T
oligo-attached magnetic beads. Fragmentation was carried out using
divalent cations under elevated temperature in NEBNext First Strand
Synthesis Reaction Buffer (5× ). First strand cDNA was synthesized
using random hexamer primer and M-MuLV Reverse Transcriptase
(RNase H-). Second strand cDNA synthesis was subsequently performed
using DNA polymerase I and RNase H. Remaining overhangs were
converted into blunt ends via exonuclease/polymerase activities. After
adenylation of 3′ ends of DNA fragments, NEBNext Adaptor with
hairpin loop structure were ligated to prepare for hybridization. In
order to select cDNA fragments of preferentially 150–200 bp in length,
the library fragments were purified with AMPure XP system (Beckman
Coulter, USA). Then 3 μL USER Enzyme (NEB, USA) was used with size-
selected, adaptor-ligated cDNA at 37 °C for 15min followed by 5min at
95 °C before PCR. Then PCR was performed with Phusion High-Fidelity
DNA polymerase, Universal PCR primers and Index (X) Primer. At last,
PCR products were purified (AMPure XP system) and library quality
was assessed on the Agilent Bioanalyzer 2100 system. Then the library
preparation was sequenced on an Illumina HiSeq platform and paired-
end reads were generated. RSEM (version 1.2.15) was used to quantify
the mRNA abundance [37].

2.4. Differential expression analysis for RNA-seq data

Expected number of fragments per kilobase of transcript sequence
per millions base pairs sequenced (FPKM) values were obtained using
Cufflink software (version 2.1.1), which was used as values for nor-
malized gene expression [38]. Differential expression analyses of two
comparison groups were performed using the DESeq R package (1.10.1)
[39]. DESeq provide statistical routines for determining differential
expression in digital gene expression data using a model based on the
negative binomial distribution. The resulting P-values were adjusted
using the Benjamini-Hochberg method [40]. Genes with an adjusted P-
value< 0.05 and fold change ＞ 2 found by DESeq were assigned as
differentially expressed [41,42].

2.5. Protein isolation, enzymolysis, and TMT labeling

The spleen tissues were grinded by liquid nitrogen into cell powder
in mortar and transferred to 4mL lysis buffer (8M urea, 1% Protease
Inhibitor Cocktail) in a 5mL centrifuge tube. After that, four volumes of
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lysis buffer (8M urea, 1% Protease Inhibitor Cocktail) were added to
the cell powder, followed by sonication three times on ice using a high
intensity ultrasonic processor (Scientz, China). The samples were cen-
trifuged at 12,000×g at 4 °C for 10min and the debris was removed.
Finally, the protein concentration was determined with BCA kit
(Beyotime, China) according to the manufacturer's instructions.

For digestion, the protein solution was reduced with 5mM dithio-
threitol for 30min at 56 °C and alkylated with 11mM iodoacetamide for
15min at room temperature in darkness. The protein sample was then
diluted by adding 100mM TEAB to urea concentration less than 2M.
Finally, trypsin was added at 1 : 50 trypsin-to-protein mass ratio for the
first digestion overnight and 1 : 100 trypsin-to-protein mass ratio for a
second 4 h-digestion.

After trypsin digestion, peptide was desalted by Strata X C18 SPE
column (Phenomenex, USA) and vacuum-dried. Peptide was recon-
stituted in 0.5M TEAB and processed according to the manufacturer's
protocol for TMT kit. Briefly, one unit of TMT reagent was thawed and
reconstituted in acetonitrile. The peptide mixtures were then incubated
for 2 h at room temperature and desalted and dried by vacuum cen-
trifugation.

2.6. LC-MS/MS analysis

The tryptic peptides were dissolved in 0.1% solvent A (formic acid),
directly loaded onto a home-made reversed-phase analytical column
(15-cm longth, 75 μm i.d.). The gradient was comprised of an increase
from 6% to 23% solvent B (0.1% formic acid in 98% acetonitrile) over
26min, 23%–35% in 8min and climbing to 80% in 3min then holding
at 80% for the last 3 min, all at a constant flow rate of 400 nL/min on an
EASY-nLC 1000 UPLC system (Thermo, Waltham, USA).

The peptides were subjected to NSI source followed by tandem mass
spectrometry (MS/MS) in Q Exactive™ Plus (Thermo) coupled online to
the UPLC. The electrospray voltage applied was 2.0 kV. The m/z scan
range was 350 to 1,800 for full scan, and intact peptides were detected
in the Orbitrap at a resolution of 70,000. Peptides were then selected
for MS/MS using NCE setting as 28 and the fragments were detected in
the Orbitrap at a resolution of 17,500. A data-dependent procedure was
alternated between one MS scan followed by 20MS/MS scans with
15.0 s dynamic exclusion. Automatic gain control (AGC) was set at 5E4.
Fixed first mass was set as 100m/z.

2.7. Database search

The resulting MS/MS data were processed using Maxquant search
engine (v.1.5.2.8). Tandem mass spectra were searched against Uniprot
database concatenated with reverse decoy database. Trypsin/P was
specified as cleavage enzyme allowing up to 2 missing cleavages. First
search range was set to 5 ppm for precursor ions, and main search range
set to 5 ppm and 0.02 Da for-fragment ions. Carbamidomethyl on Cys
was specified as fixed modification and oxidation on Met was specified
as variable modifications. FDR was adjusted to<1% and minimum
score for peptides was set> 40. Significantly changed proteins were
identified using a Student's t-tests (a two-sided P < 0.05) and fold
changes (> 1.2 or < 0.8333) [43,44].

2.8. Confirmation using qRT-PCR and PRM-MS analyses

To validate the veracity transcriptome result, fourteen DEGs in-
volved in immune responses were selected for validation using qRT-
PCR. The RNA used for qRT-PCR were the same with those used to
construct cDNA library. The primers were designed using Primer 5.0
(Table 4) and synthesized by Tsingke Biological Technology Co., Ltd
and β-actin (GenBank Accession NO. EU871643.1) acted as the re-
ference gene. The qRT-PCR with SYBR Green dye (TaKaRa, Japan) was
performed on an ABI 7500 Real-Time PCR system (Applied Biosystem,
USA) [45]. The qRT-PCR reaction volume was 20 μL, containing 3 μL of

1:10 diluted cDNA, 10 μL of 2×TaKaRa Ex Taq™ SYBR premix, 2 μL of
each primer (10 μM), 0.4 μL ROX Reference Dye Ⅱ (Takara, Japan) and
2.6 μL ddH2O. The PCR program was 94 °C for 30 s, followed by 40
cycles at 95 °C for 5 s, 60 °C for 30 s and 1 cycle of 95 °C for 30 s, 60 °C
for 60 s. The melting curve analysis was implemented to confirm the
credibility of each qRT-PCR analysis. Each sample was analyzed in
triplicate to certify the repetitiveness and credibility of experimental
results was measured by using 7500 SDS software (Applied Biosystem,
USA) with 2−ΔΔCt methods [46] and one way analysis.

To confirm the protein expression levels obtained using TMT ana-
lysis, the PRM-MS analysis carried out at the Jingjie PTM BIO
(Hangzhou, China) Co., Ltd. The proteins (60 μg) used for PRN-MS
analysis were the same with the TMT analysis and were prepared, re-
duced, alkylated, and digested with trypsin following the protocol for
TMT analysis. The obtained peptide mixtures were dissolved in 0.1%
solvent A, directly loaded onto a home-made reversed-phase analytical
column (15 cm length, 75 μm i.d.). The peptides were subjected to NSI
source followed by tandem mass spectrometry (MS/MS) in Q Exactive™
Plus (Thermo, USA) coupled online to the UPLC. Fourteen proteins
were selected, including five up-regulated and nine down-regulated.

2.9. Cytoplasmic free-Ca2+ concentration in spleen cells

The cell-permeant probe Fluo-3/acetoxymethyl ester (fluo-3/AM)
(Beyotime Biotechnologies, China) was used to monitor the level of
intracellular calcium concentration, as described by a previous method
[47]. In brief, the spleen tissue from each of fish was collected and
washed by RPMI-1640 (Gibco, USA) to remove blood and fat cells,
broken lightly and filtered with 200 mesh screen (BD, USA), then the
number of cells were calculated and the cell concentration was adjusted
to 0.5×107 cells/mL. Diluted spleen cells 200 μL was obtained and
then incubated with 10 μM fluo-3/AM for 30min in the dark, washed
three times by sterile PBS and suspended by 200 μL PBS. To detected
the green fluorescence emitted by fluo-3/AM de-esterified with cyto-
plasmic free calcium, the flow cytometry (BD) was set up
(λexcitation= 506, λemission= 526). Cytoplasmic free-Ca2+ concentra-
tion was expressed as mean fluorescence of fluo-3/AM.

3. Results

3.1. Overview of RNA transcriptome and proteome profiles of pufferfish
spleen

A total of 167,946 transcripts and 101,455 genes, with an average
length of 1,154 bp and 1,716 bp (ranging from 201 bp to 24,814 bp)
and an N50 of 2,642 bp and 2,986 bp were resulted by the transcriptome
sequencing. The statistics of the sequencing data and the assembly re-
sults were summarized in Table 1. To assess the quality of the

Table 1
Summary of the transcriptome and proteome data in the spleen of pufferfish.

Transcriptome date Proteome date

Output results MS/MS spetrum database
Raw reads (mean) 52,429,761 Total spectrums

Peptides
188,618
21,588Clean reads (mean) 50,510,712

GC percentage (mean) 50.31% Unique peptides 20,550
High quality reads Quantifiable proteins 3,672
Q20 (mean) 97%
Q30 (mean) 92.5%
Assembly results
Transcripts number 167,946
Total Nucleotides (bp) 193,786,149
Transcripts N50 length (bp) 2,642
Transcript mean length (bp) 1,154
Transcript largest length (bp) 24,814
GC percentage (%) 50.63
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transcriptome, the unigene at Supplementary Fig. 1A showed the dis-
tribution of raw read lengths, a decreasing number of transcripts with
increasing unigene length. In order to obtain comprehensive genetic
information, we carried out the genetic function notes of seven data-
bases (Nr, Nt, KO, SwissProt, Pfam, KOG/COG, GO), all of the 101,455
genes were annotated, of which 21,948 genes were found in a Venn
diagram of pufferfish spleen in five databases (Supplementary Fig. 1B).
By comparing and annotating with the Nr database, 54,577 (53.79%)
showed positive hits. The spleen transcriptome of pufferfish and tiger
puffer (Takifugu rubripes, 74.3%) had the highest similarity, followed by
croceine croaker (Larimichthys crocea, 7.3%) (Supplementary Fig. 1C).
In addition, other fishes such as bicolor damselfish (Stegastes partitus,
3.2%), Nile tilapia (Oreochromis niloticus, 2%), and tongue sole (Cyno-
glossus semilaevis, 0.8%) were also in the top of the top. Then, the RNA-
Seq reads mapped to the databases were aligned and estimated. In total,
87,961 expressed genes were detected in the spleen tissue examined
and 2,339 DEGs (1,512 up-regulated and 827 down-regulated) were
detected in the comparisons of experimental and control group
(Supplementary Fig. 2A) (Supplementary Table 1).

In addition, by searching against the pufferfish Uniprot database,
4,133 proteins were identified from a total of 188,618 spectra, 21,588
peptides, and 20,550 unique peptides in the proteomic analysis. A total
of 537 DEPs (237 up-regulated and 300 down-regulated) have showed
significantly differential expression (Supplementary Fig. 2B)
(Supplementary Table 2).

3.2. GO and KEGG enrichment analysis of DEGs and DEPs

In biology, different genes coordinate and exercise their biological
functions, so the most important biochemical pathways and signal
transduction pathways of gene participation are determined by the
significance enrichment of pathway. GO functional annotations were
used to better understand the biological functions of DEGs and DEPs in
pufferfish. All the genes and proteins were classified into three cate-
gories: biological process, cellular component, and molecular function.
The significant GO terms in these three categories and DEGs and DEPs
of them were showed in Fig. 1A and B. For the DEGs, we found that
3,265 GO terms were assigned to 2,339 transcripts, including 2,313 and
2,913 terms for up and down-regulated genes, respectively (Fig. 1A and
B). For the 537 DEPs, 237 up-regulated proteins were annotated to 104
GO terms, whereas 300 down-regulated proteins were assigned to 142
GO terms.

KEGG analysis was performed and all the DEGs and DEPs were as-
signed. Among 2,339 DEGs and 537 DEPs resulting from the compar-
ison between experimental versus control group, 1,062 genes could be
annotated to 282 KEGG pathways and 199 proteins were annotated to
30 KEGG. Basically, the main 6 KEGG pathways were classified: i) or-
ganismal systems; ii) human diseases; iii) metabolism; iv) environ-
mental information processing; v) genetic information processing; and
vi) cellular processes. Platelet activation, calcium signaling pathway, Fc
gamma R-mediated phagocytosim, chemokine signaling pathway, B cell
receptor signaling pathway, T cell receptor signaling pathway, Toll-like
receptor signaling pathway and Intextinal immune network for IgT
production were the important terms of DEGs associated with immune
responses. Calcium signaling pathway, cell adhesion molecules (CAMs)
and Intestinal immune network for IgT production were the important
terms associated of DEPs with immune responses.

To detect whether DEPs were significantly enriched in some func-
tional types, we performed enrichment analysis of functional annota-
tion type of KEGG, as seen in Fig. 2A and B. The up-regulated proteins
were mainly annotated to metabolic pathway, and the down-regulated
to immune related pathways and signal transduction, such as intestinal
immune network for IgT, calcium signaling pathway and so on. There
were three down-regulated proteins between experiment and control
group in intestinal immune network for IgT production (https://www.
kegg.jp/kegg-bin/show_pathway?map04672) (Fig. 2C). In calcium

signaling pathway, we found two up-regulated proteins and seven
down-regulated proteins (https://www.kegg.jp/kegg-bin/show_
pathway?map04020) (Fig. 2D).

3.3. Analysis of DEGs and DEPs related to immune responses

In this report, we focused on the genes and proteins related to the
immune responses. Differential expression genes and proteins involved
in both innate and adaptive immunity had been identified, including 48
up-regulated and 42 down-regulated genes and 3 up-regulated and 7
down-regulated proteins (Supplementary Table 3) (Supplementary
Table 4). The genes were grouped into 16 sub-classes and the main
pathways as follows: Intestinal immune network for IgT production,
Chemokin signaling pathway, antigen processing and presentation, B
cell receptor signaling pathway and so on and the proteins were
grouped into Intestinal immune network for IgT production and cal-
cium signaling pathway.

3.4. Correlation analysis of RNA and protein expressions

To investigate the correlation of expression level in mRNA and
protein, the DEPs obtained in pufferfish spleen proteome analysis were
compared with the mRNAs corresponding to transcriptome analysis.
The results shown 29 proteins (5.4%) differentially expressed at both
mRNA and protein levels between experimental and control groups as
seen in Supplementary Table 5. Among these, 25 genes were changed in
the same direction (either up or down) (Table 2) at the transcriptional
and translation levels, indicating that only partial correlations were
found at the mRNA and protein levels of overall gene expression.

3.5. Analysis of DEGs and DEPs by qRT-PCR and PRM

Quantitative real-time RT-PCR and PRM were performed on some
selected targets in both experimental and control groups to provide
additional mRNA transcript levels and validate the proteome results.
Fourteen immune related genes, including eight up-regulated and six
down-regulated were detected. As shown that the mRNA expression
levels of CD276, HERC1, HCRC1, CAMK2, SDC2, ATP2B, ITGA4 and
CDH5 was significantly up-regulated at 12 h post-infection (dpi) com-
pared to that of the control group (Fig. 3). On the other hand, Fig. 3
showed that the mRNA expression of RASGRP2, STX7, SUN1/2,MHC Ⅱ,
CHRNA7 and ZMYM4 was significantly down-regulated after infection.
There results indicated that transcriptome results indeed reflected the
relative expression level of each gene in vivo, in which up-regulated or
down-regulated genes in qRT-PCR were completely consistent with the
results of transcriptome.

At the same time, fourteen DEPs (up-regulated: ITGB1, PVRL1,
MRC, RAC1 and MAO; down-regulated: IGH, CD38, MHC Ⅱ, CDH1,
MHC Ⅰ, COL1A, CTSL, TFRC and ATPeV0A) were selected for the PRM
analysis. They were responsible for immune responses or signal trans-
duction. The expression values and fold changes for these proteins were
significantly different between the experimental and control groups, in
agreement with the findings of the TMT analysis (Table 3).

3.6. Assessing calcium activity and related genes expression post-challenge
in pufferfish spleen

Finally, we experimentally confirmed the alterations of calcium
activity by injection with A. hydrophila. As shown in Fig. 4A, the con-
centration of cytoplasmic free-Ca2+ were significant increased at 12 h
and 24 h (p < 0.05) after challenged, then began to decrease until
72 h.

The expression patterns of SERCA and CD38 were investigated at 0,
3, 6, 12, 24, 48 and 72 h following A. hydrophila challenge in spleen.
Both of them were DEPs in calcium signaling pathway. As seen in
Fig. 4B, the basal transcript level of SERCA was elevated at the early

S. Fu, et al. Fish and Shellfish Immunology 91 (2019) 1–11

4

https://www.kegg.jp/kegg-bin/show_pathway?map04672
https://www.kegg.jp/kegg-bin/show_pathway?map04672
https://www.kegg.jp/kegg-bin/show_pathway?map04020
https://www.kegg.jp/kegg-bin/show_pathway?map04020


phase (3 h post-treatment), and then down-regulated until 24 h post-
infection. It also significantly increased at 48 h post-infection
(p < 0.05), and then went down to the initial state at 72 h. The CD38
gene expression was down-regulated until 24 h post-treatment and
significantly increased at 48 h post-infection and then went down to the
initial state at 72 h.

These data collectively in Fig. 4 not only validated DEGs and DEPs,
but also confirmed in particular the down-regulation of cellular path-
ways related to immune responses or calcium signaling pathway shown
in the network model.

4. Discussion

With the recent advancement of DNA sequencing technology, more
and more studies about the molecular mechanisms mediate the immune
response of fishes against pathogen infection [48,49]. In this study,
there were a total of 2,339 DEGs and 537 DEPs between experimental
group and control group, which were assigned multiple potential
function in molecular function and biological process. The number of
the same direction (either up or down at transcription level and protein
level) identified genes was 25, indicating that only partial correlations
were found at the mRNA and protein levels of all genes expression,
which may be caused by post-transcriptional regulation and post-
translational modifications or other unknown factors [50]. GO and
KEGG analyses suggested that immune system and the signal trans-
duction were the differential pathways activated at transcription level
and protein level, 16 immune-related categories involving 90 DEGs
were scrutinized. Especially intestinal immune network for IgT pro-
duction and calcium signaling pathway.

4.1. Consistently expressed genes at RNA and protein levels

Only nine of the proteins, Syntaxin-7 (STX7), Poly [ADP-ribose]

polymerase 3 (PARP), Tyrosine-protein kinase HCK (HCK), Cytidine
deaminase-like (CDA), L-lactate dehydrogenase A chain (LDH), Keratin
(KRT1), Thrombomodulin (THBD), G6P aminotransferase [isomerizing]
2 (GFPT), gamma-glutamyl hydrolase-like (GGH), whose RNA and
protein levels were consistent were annotated into KEGG pathway.
Most of them were metabolism-related enzymes, such as CDA, LDH,
GFPT, GGH, there were up-regulated, which indicated that the meta-
bolism might be activated in pufferfish spleen tissues after infected with
A. hydrophila. HCK is a member of the SRC family of cytoplasmic tyr-
osine kinases, it can enhance immune and epithelial cell invasion [51],
its up-regulation might be the result of pathogen infection. KRT1 is a
member of keratin family and its constitution and expression patterns
are complex and often distinctive in human [52]. THBD serves as a
cofactor for thrombin, it can enhance the specificity of the latter serine
protease and increase their proteolytic activation rate with concomitant
anticoagulant, antifibrinolytic and anti-inflammatory benefits to the
vascular wall [53]. STX7 is contained in endosomes and is importance
in the early phases of endo-phagocytic pathway [54], PARP is a family
of proteins involved in a number of cellular processes such as DNA
repair, genomic stability and programmed cell death [55]. Both of them
were down-regulated, which were consistent with the down-regulated
result that the apoptosis of spleen cells reached the peak after 12 h of
infection with A. hydrophila.

4.2. Intestinal immune network for IgT

In the intestinal immune network for IgT production pathway, the
major histocompatibility complex Ⅱ (MHC Ⅱ) recognizes and presents
antigens to the B-cell activating factor (BAFF), interacting with the
transmembrane activator and CAML interactor (TACI) and ultimately
resulting in B cell differentiation into IgT+ B cells [56,57]. It is known
that the IgT antibodies are produced by IgT+ B cells and a major
functional component of humoral branch of the adaptive immune

Fig. 1. GO categories assigned to the significantly up-regulated (A) and down-regulated (B) transcripts (DEG) and proteins (DEP) in pufferfish spleen in response to A.
hydrophila. The genes and proteins were categorized on the basis of GO annotation. The proportion of each category displayed is based on cellular component,
molecular function and biological process in percentage. Left, transcripts (DEG) and right, proteins (DEP).
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Fig. 2. The enrichment analysis of functional annotation type of KEGG from pufferfish spleen in response to A. hydrophila. (A) The top terms of proteins KEGG for the
up-regulated DEPs. (B) The top terms of KEGG pathway for the down-regulated DEPs. (C) and (D) were visual representations of significantly enriched intestinal
immune network for IgT production pathway and calcium signaling pathway of differentially expressed proteins. Negative logarithms (-log10) of the P-values
obtained for the enrichment test (Fisher's exact test here) result in a more significant enrichment of this type of function as the converted value gets larger. Red means
up-regulated protein in KEGG pathway, and bright-green means down-regulated protein in KEGG pathway. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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system [58], it can function in high-affinity modes for neutralization of
toxins and pathogenic microbes [58]. Further, MHC Ⅱ, a cell surface
protein, is a key player in initiating immune response towards invading
pathogens [59]. One previous report indicated that the expression of
MHC Ⅱ in blunt snout bream (Megalobrama amblycephala) was higher in
immune related tissues and increased within 72 h after A. hydrophila
infection in gill and kidney [60]. Differently, in our study, MHC Ⅱ was
significantly decreased in the expression at transcript and protein levels

within 12 h after infection of A. hydrophila. It was verified by qRT-PCR
in Fig. 3 and PRM in Table 3, respectively. Interestingly, it was similar
to the studies in half-smooth tongue sole (Cynoglossus semilaevis) and
turbot (Scophthalmus maximus) [61,62]. These results suggested that the
same genes expressed in different tissues or stimulated by different
pathogens may have different expression patterns. Another possibility is
that crucial interference of cellular function occurs under a semilethal
concentration of pathogenic bacteria in immune tissues. After injection,
the pathogens first added value in the body, the cellular function of
immunity organs may be destroyed and the corresponding expression
may decrease [62]. Further studies will be needed for elucidating the
precise role and mechanism of MHC genes in defense response in fish.

In human, IgA is present in serum (peripheral blood) and mucosal
juice (mucosal tissues), which displays a unique heterogeneity in its
molecular forms and in various degrees of aggregation [63]. Until now,
there has been found three main types of immunoglobulins (Igs) in
teleost: IgM, IgD, and IgT/IgZ [64]. The IgT/IgZ was first discovered in
rainbow trout and zebrafish in 2005 [65,66], respectively, and analo-
gous to mammalian IgA [67]. The expression and distribution patterns
of IgT have certain tissue specificity with relative high expression in
mucosal tissues, but still exhibit considerable variation in different fish
species [68]. Until now, there are no studies on immunoglobulins in
pufferfish. In this study, the IgT in pufferfish spleen was down-regu-
lated at protein level at 12 h post-infection after A. hydrophila challenge
and no significant change at transcriptional level. One possibility is
that, similar to the mechanics for the expression pattern of MHC Ⅱ
molecule upon challenge, the IgT was down-regulated at 12 h dpi.
Another possibility is that the predominant Ig isotype was IgM which
was amplified after A. hydrophila infection [69] to clear the pathogen,
since the spleen tissue is one of main organs to produce IgM, not the IgT
[70,71]. The expression and distribution patterns of IgT in pufferfish
remains to be further studied.

4.3. Calcium signaling pathway

Calcium signal controls majority of cellular reactions. Further, it is
essential for diverse cellular functions including differentiation, effector
function, and gene transcription in the immune system [72]. Calcium
ions (Ca2+) can function as a second messenger in different cells of the
immune system, particularly in B and T lymphocytes, macrophages and
mastocytes [73]. There are several factors that can increase the con-
centration of Ca2+, mainly including intracellular IP3 and IP3 receptor
binding, or cyclic ADP-ribose (cADPR) combination with RyR, opening
the endoplasmic reticulum (ER) Ca2+ channel, releasing the ER Ca2+

into the cytoplasm, and extracellular Ca2+ entering the cytoplasm
through voltage operated calcium channel (VOC), receptor operated

Fig. 3. Comparison of the expressions of RNA-Seq and qRT-PCR results. The
transcript levels of the selected genes were each normalized to that of the β-
actin gene. The relative expression of the transcript from qRT-PCR was calcu-
lated based on the standard curve and normalized to the β-actin gene. The
calculated data (mean ± SEM) of three individual (n= 3).

Table 3
Confirmation of DEPs detected in TMT analysis using PRM analysis.

Accession Gene Symbol Fold change (SY/
DZ) in TMT

Fold change (SY/
DZ) in PRM

Cluster-6421.40274_1 IGH 0.811 0.51
Cluster-6421.42251_2 CD38 0.665 0.35
Cluster-6421.41954_1 MHC2 0.081 0.62
Cluster-6421.48361_1 CDH1 0.657 0.48
Cluster-6421.44159_1 MHC1 0.762 0.52
Cluster-6421.42167_1 ITGB1 1.363 1.15
Cluster-6421.37122_1 PVRL1 1.215 1.06
Cluster-6421.43311_1 COL1A 0.421 0.28
Cluster-6421.50922_1 CTSL 0.779 0.65
Cluster-6421.43469_1 TFRC 0.779 0.68
Cluster-6421.43237_1 ATPeV0A 0.755 0.49
Cluster-6421.43048_1 MRC 1.262 1.26
Cluster-6421.27810_1 RAC1 1.23 1.12
Cluster-6421.59442_1 MAO 1.419 1.35

Table 4
Primers used for qRT-PCR verification of differently expressed genes.

Gene Forward primer (5′-3′) Reverse primer (5′-3′)

STX7 CGGGAGGACAACCAGAAGACA CAGACTCTAACTGCCTGATGGATAA
RASGRP2 CAAGAGCATCAGCCACGAGG GCAGGCTGGGCAAGGTGTT
CD276 TTTGCGTCCAGGCGATGAA TCCAGCACAACCGTGAGCA
SUN1/2 GAAAATGTGCGTCAAAAAACCG TCGTCTTCATCCGTCTGTCTGTA
CAMK2 TCCTCCGACAGCAGCAACAC CGAATGAGGTCAAGCCAGGA
SDC2 GCTGTTGTTTCTCGTGGGGC AGTTGCCTGAAGTTCTGCCCTC
ITGA4 TGGTGTTCAGTGGTCCTCCG CACAACTGTAAATGGCTCCCG
CDH5 ACAATGGGGCTCCTGGCTG GCGACTGGTGCTGGTTTCTC
ATP2b CTGTGGAAGGGCTGCTGGC TTGAATGACCTGCCCTCCG
MHC Ⅱ ACGGAGTCTACGGCACCCC TGGGAGCAACTGTCTCTGGC
CHRNA7 GCTGGGGGTCCTGGCGTA CTCCCTGCGATGGAAAGACA
HERC1 TGAATGCGAGTCCAGTGCCT GGTATTTGCTGTGGATTGCGTA
HCFC1 AAGGCAAGCAGGAAATCACG TGATAGTGGTGGCAGAGTGAAGAC
ZMYM4 CCTCCAGGGGCTCTGTAACC AGCACCTCTCCAGACCCTTCC
CD38 TTGAGCAAGCGTATGTGGGG GGACCACATCCTTCGTTTTGC
SERCA CCGTGATGAGATGGCTGCTAC TGGACGGGGTCGTTGAAGT
β-actin CATCACCATCGGCAACGAGAGG CGTCGCACTTCATGATGCTGTTG
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calcium channel (ROC) and store operated calcium channel (SOC) [73].
To reduce the cytoplasmic Ca2+ mainly rely on different calcium
pumps, such as sarcoplasmic reticulum Ca2+-ATPase (SERCA) [74,75].

In mammals, the maintenance of Ca2+ homeostasis is important. They
are not metabolized by the cell, instead, they enter into the cell cross
either the ion channels on plasma membrane or the store-operated
calcium channel on the membrane of intracellular organelles [76].
Once they enter the cytosol of the cytoplasm, they exert allosteric
regulatory effects on many enzymes and proteins [77]. Whether reg-
ulation of Ca2+ and the activation of calcium signal pathway by Ca2+

in fish similar to that in mammals or not needs to be further studied.
This is the first study of calcium signaling in pufferfish from the tran-
scriptional and protein levels. In our results, the nicotinic acetylcholine
receptor alpha-7 (CHRNA7), a non-selective cation channel [78], was
down-regulated in transcriptional. In contrast, the plasma membrane
Ca2+ ATPase (PMCA), a transport protein in the plasma membrane of
cells and functions to remove Ca2+ from the cells [79], was up-regu-
lated. These two genes were involved in the entry of Ca2+ into the
cytoplasm [80,81] and verified by qRT-PCR in Fig. 3. PMCA has been
studied in zebrafish (Danio rerio) and tilapia (Oreochromis mossambicus)
[82,83]; however, there is still no comprehensive studies published on
the role of PMCA in Ca2+ regulation, or molecular evidence of its ex-
pression. Myosin light chain kinase (MYLK), calmodulin dependent
protein kinase Ⅱ (CAMK2) and classical protein kinase C alpha type
(PRKCA) were significantly up-regulated in transcriptional. These ki-
nases were calcium dependent [84–86] and their transcriptional levels
were consistent with changes in cytoplasmic Ca2+ concentration
(Fig. 4A). Until now, studies related with these three genes have not
been reported in teleost. In human, Ca2+ in the cytoplasm binds to
calmodulin, which in turn changes the conformation of protein kinase
and thus regulates the metabolic process. MYLK participates in in-
flammation and migration [87]; CAMK2 could mediate the expression
bone associated proteins and improve osteoblast differentiation [88]
and PRKCA was required for, and modulate keratinocyte differentiation
in opposing directions [86].

SERCA, a Ca2+ ATPase transfers Ca2+ from the cytosol of the cell to
the lumen of SR [74], was up-regulated at protein level. And CD38 was
down-regulated, which is a multifunctional ectoenzyme and essential
for the regulation of intracellular Ca2+ [89]. However, both of them
had no significant changes at transcriptional level. Their expressions
were also verified by PRM analysis. In addition, we detected the ex-
pressions of SERCA and CD38 in pufferfish spleen after A. hydrophila
challenge at 0, 3, 6, 12, 24, 48 and 72 h as seen in Fig. 4B. The SERCA in
pufferfish spleen increased significantly at 3 h and 48 h post-infection.
At the early time after challenge, the early up-regulation of SERCA may
be mainly involved in the signaling pathways leading to apoptosis by
pathogen, and the later increase may be contribute to the regulation of
cytoplasmic free-Ca2+ [90]. In addition, the expression of CD38 in
pufferfish spleen increased at 48 h after challenge, which may be as-
sociated with the higher concentration of Ca2+. Higher expression of
SERCA would decrease the intracellular Ca2+ concentration and lower
expression of CD38 would reduce extracellular Ca2+ entering the cells
[89,91]. These results were consistent with the findings we obtained by
flow cytometry analysis in Fig. 4A. It may be because, after 12 h of
challenge, enough calcium ions (Ca2+) in the cytosol act as the second
signal molecule to mediate the immune response and regulate related
proteins to prevent damage. These results will provide light for further
study the function of calcium signaling in immune system after infec-
tion with A. hydrophila in pufferfish.

5. Conclusion

The study provides novel insight into the molecular mechanisms
that regulate the immune response to pathogen stress in pufferfish
spleen. Our data could provide comprehensive interpretation and ac-
curate measurement of genes and proteins expression changes in im-
mune system. Further studies are needed to clarify the molecular
function of target genes and proteins.

Fig. 4. Cytoplasmic free-Ca2+ concentration (A) and relative expression levels
of SERCA (B) and CD38 (C) at 0, 3, 6, 12, 24, 48, and 72 h after A. hydrophila
challenge. Control samples were injected with PBS. The relative expression of
the transcript from qRT-PCR was calculated based on the standard curve and
normalized to the β-actin gene. The results are shown as mean ± SEM (n= 3)
and Significant differences was indicated by asterisk (*: 0.01 < p < 0.05, **:
p < 0.01).
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