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a b s t r a c t

Schizothorax prenanti (S. prenanti) is an important economical cold-water fish species in southwestern
China, but it is susceptible to various pathogens infection. In order to clearly elucidate the antiviral
mechanism, in this study, we have analyzed the transcriptome of S. prenanti spleen after challenge with
the virus mimic, poly (I:C) (pIC), using next generation sequencing technology (RNA-seq). A total of 313
differential expressed genes (DEGs) in spleen at 12 h were obtained after pIC treatment, including 268
significantly up-regulated unigenes (fold change > 2) and 45 significantly down-regulated unigenes (fold
change > 2). Through the immune-related DEGs (IRDs) screening, 47 IRDs were used to establish heat
map, which intuitively showed a significantly difference after pIC treatment. To validate the RNA-seq
data and observe gene expression, the expression levels of 14 IRDs were detected by qPCR after pIC
treatment at 0, 4, 8, 12, and 24 h. The results indicated that the qPCR data presented a positive line
correlation with RNA-seq data, and the 14 IRDs were responsive to pIC stimulation except IL-1b. Thus,
based on the RNA-seq and qPCR data, we inferred that MDA5- and Jak-mediated signaling pathways may
involve in the antiviral signaling transduction, and induce type I IFNs and ISGs to block virus invasion,
respectively. Unfortunately, TLR3 and TLR22, as receptors of virus dsRNA, were no significantly expressed
in this study. Nonetheless, our study still provides useful mRNA sequences of antiviral immunity for
further immunological research, and facilitates improving disease restriction in S. prenanti.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, S. prenanti has attracted a lot of attention due to its
taste, nutrients and high commercial value. It is widely distributed
in the upper reaches of Yangtze river. With the development of
industrial farming, S. prenanti becomes an important cold-water
fish, which creates enormous economic value. However, intensive
feeding always easily leads to outbreaks various diseases induced
by viruses and bacteria such as aeromonas hydrophila [1], strepto-
coccus agalactiae [2], reovirus and hematopoietic necrosis virus [3],
which causes economic losses. In order to establish the reasonable
measures that can control diseases and reduce the risk of
aquaculture, clearly identifying diseases defensing mechanism is
extremely required. Previous studies on S. prenanti mainly focused
on immunomodulator and cloning of immuno- and reproduction-
related genes [4e7]. Meanwhile, because of absence of under-
standing of the genetic background of S. prenanti, little valuable
data have been provided to understand pathogens defensing
mechanism, especially for antiviral immunity. Hence, we have
investigated genes expression of the organism defensing against
virus infection, which relies on it that pathogen-associated
molecular patterns (PAMPs) are recognized by pattern recogni-
tion receptors (PRRs), and that performs by the innate immune
system [8].

Innate immune system plays a crucial role in the organism de-
fense response to confine virus/bacteria invasion [9]. Innate im-
munity is characterized by PRRs to bind specific pathogen
molecules, also known as PAMPs, including various types of
bioactive glycans and microbial nucleic acids [10]. RIG-I-like
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receptors (RLRs), Toll-like receptors (TLRs), NOD-like receptors
(NLRs), and C-type lectin receptors (CLRs) are the four major re-
ceptor systems for PRRs to combine kinds of PAMPs. In antiviral
response, virus elements including double-stranded RNA (dsRNA),
single-stranded RNA (ssRNA) and DNA are primary recognized by
TLRs and RLRs, and activate the type I interferons(IFNs) response by
a series of downstream signaling cascades [11,12].

To date, it has been well accepted that TLRs are comprised of 20
subfamilies in fish, but only 10 subfamilies in mammals [13,14].
Among 20 TLRs in fish, TLR3, 7, 8, and 9 exclusively recognize virus
specific ligands in intracellular endosome: TLR3 recognizes dsRNA,
while TLR7 and TLR8 recognize ssRNA, and TLR9 recognizes
unmethylated CpG DNA of virus [9,15e17]. RLRs are also called RLHs
because their DExD/H RNA helicases domain can senses viral
dsRNA/DNA in cytoplasm [18e20]. The retinoic acid-inducible gen I
(RIG-I), melanoma differentiation-associated protein 5 (MDA5),
and laboratory of genetics and physiology 2 (LGP2) are the three
major members of RLRs family, which induce the initialing
signaling to activate downstream signaling cascades [21]. RIG-I and
MDA5 recognize short dsRNA (less than 300 bp) with 5’-triphos-
phorylated ends (50-PPP) and long dsRNA (more than 1000 bp)
without ends specific fraction, respectively [20,22,23]. In contrast,
since lacking of CARDs domain, LGP2 can not directly interact with
virus components, and plays broad regulation in RLRs-mediated
antiviral responses [24e27]. Furthermore, RIG-I and MDA5 align
with IFN-b promoter stimulator 1 (IPS-1), which associates with
TNF-receptor-associated factor 3 (TRAF3). Thereby, TRAF3 recruits
TANK-binding kinase 1 (TBK 1) and IkB kinase (IKKε), following
activating interferon regulation factor 3/7 (IRF 3/7), which results in
the induction of type I IFN genes and subsequent IFN stimulated
genes (ISGs) to block viral invasion [21,28e30].

In this study, we used the pIC, a kind of double-stranded RNA, to
imitate viral invasion. Subsequently, we identified for the first time
DEGs between pIC and control group based on RNA-seq. Mean-
while, GO and KEGG enrichment analysis of DEGs that exposed the
biological effects of pIC were picked out. Finally, we screened out
the IRDs, verified the RNA-seq data by qPCR, and predicted the
signaling transduction of the antiviral immunity.

2. Materials and methods

2.1. Fish and pIC

S. prenanti with an average weight of about 350 g, was pur-
chased from Ya-fish Company (Ya'an, china). Each fish was accli-
matized for two weeks in 70 cm � 50 cm � 46 cm fiberglass tanks
with no chlorine freshwater at 20 �C, natural photoperiod
(12L:12D). pIC was obtained from Sigma-Aldrich Co. (St. Louis, MO,
USA), and stored in �20 �C until challenge experiment. All pro-
cedures of handling the animals were performed in accordance
with the protocols approved by the Animal Protection Committee
of Sichuan Agricultural University.

2.2. Total RNA extraction, library construction and sequencing

Twenty healthy S. prenanti were randomly divided into two
groups including PBS and pIC challenge group. Each fish was
sacrificed at 12 h after intramuscular injection of 5 mg per 1 kg
body weight pIC or isochoric PBS. Total RNA was extracted from
spleens by EASYspin Plus kits (Aidlab Biotech, Beijing, China), and
all operations strictly followed the manufacturer's instruction.
Concentration and purity of total RNA were measured by Nano-
Drop spectrophotometer (Thermo, USA) and gel electrophoresis,
respectively. 10 RNA samples of each group were pooled together
for RNA sequencing.
In the stage of sequencing, mRNA was randomly digested into
small pieces by fragmentation buffer, and enriched by magnetic
beads with Oligo (dt). Subsequently, the first-strand cDNA was
synthesized using the mRNA pieces as templates, and the com-
plementary strand was synthesized. Then, the intact cDNA was
purified, processed with AMPure XP beads, and connected with “A”
tail and adaptors for PCR amplification. The library was acquired
after cDNAwas purified by the AMPure XP beads. Finally, the insert
size of library was sequenced by using an Illumina Hiseq 2500
platform and sequencing progress was accomplished by Novogene
(Beijing Novogene Technologies, Beijing, China).

2.3. Transcripts assembly and annotation

In order to prepare clean reads for transcripts assembly, raw
reads were filtered by discarding previous adapters and low quality
reads. The de novo assembly of RNA-seq was performed by using
Trinity software, which was developed by Broad Institute and He-
brew University of Jerusalem, and contains three independent
components: Inchworm, Chrysalis and Butterfly [31]. Inchworm
was used to disassemble reads, constructed K-mer (K ¼ 25) dic-
tionary, and selected K-mer for bidirectional extension, resulting in
the formation of contigs. Chrysalis aggregated overlapped contigs
for constituting components, which have several de Bruijn graph.
Each de Bruijn graph of the components was simplified by Butterfly,
also exported full-length transcripts of alternative splicing type and
teased the corresponding transcripts of paralogs. At last, the longest
transcript of each gene was regarded as unigenes.

Unigenes were used for Blast and annotation against seven da-
tabases, including Nr, Nt, Pfam (http://pfam.sanger.ac.uk/), KOG/
COG (http://www.ncbi.nlm.nih.gov/COG/), Swiss-prot (http://
www.ebi.ac.uk/uniprot/), KEGG (http://www.genome.jp/kegg/)
[32], GO (http://www.geneontology.org/) [33], using an E-value
cut-off of 10�5.

2.4. Screening IRDs

After annotations, unigenes expression levels were calculated by
a RSEM software [34], and the FPKM-values represent expression
levels [35]. DEGs of pIC and PBS group were decided within q-
Value< 0.005, jlog2 (fold change)j >1. Meanwhile, the clusters of GO
and KEGG analysis weremarshalled, according to Cluster frequency
within Corrected-p-Value < 0.05. Subsequently, the IRDs were
screened basing on that who involved in immune-associated
pathways such as Jak-stat, RIG-I/MDA5 and TLR signaling
pathway and so on. Heat map of the selected DEGs was mapped by
HemI software (http://hemi.biocuckoo.org/) [36].

2.5. Validating the RNA-seq data and observing gene expression by
qPCR

After injectionwith PBS or pIC (n¼ 10) at 0, 4, 8, 12 and 24 h,100
S. prenanti from 10 groups were sacrificed for qPCR analysis. The
quality of mRNA sample was determined by absorbance of 260/
280 nm and agarose gel electrophoresis. Reverse transcription re-
actions were performed by the PrimeScripy® RT reagent kit with
gDNA Eraser (Takara Bio, Co. Ltd., Dalian, China). Then, the qPCR
was performed by using SYBR® green II (Takara Bio Co. Ltd., Dalian,
China) with the cDNA as template, following conditions: 95 �C for
3 min; 40 cycles of 95 �C for 5 s and several annealing temperature
for 30 s; 95 �C for 10 s; melt curve detection of 65 �C for 5 s to 95 �C
increment 0.5 �C. The forward and reverse primers were shown in
Table 1. RNA expression levels were calculated as fold changes by
normalizing to b-actin reference gene.
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Table 1
Primes used for qPCR validation of immune-related DEGs.

Unigenes name Primes sequence 50 to 30 Ta opt (�C) Length (bp)

CXL11-1 Forward CTGTGTTTAAGCATCTTCGACCG 51.8 118
Reverse ATGGTGAAGCCAAAGCTGATAGAG

CXL11-2 Forward GATGGACTTGGAGGGATGATTTC 53.3 142
Reverse TTCTTCTCGCCTGCCTGATG

IL-1b Forward ATTTGAAGGCTGTGACGCTGAG 53.9 180
Reverse TCAAGAGCAGGACGGGAGAAG

IL-10 Forward TTCGTTCAGTAATGGTTCCAAGTCA 51.8 103
Reverse TGTGGAGGGCTTTCCTGTGAG

IRF1 Forward TCATGGCACAGCGGAAATTG 53.7 122
Reverse CTGGGAGGTGGATAAAGACGC

IRF7 Forward TGAGGACGGATGATGCGATAG 51.7 127
Reverse ACGACAAAGCGAAATGGAAGAC

IRF8 Forward CACGCTTTGAAGATGGACGC 53.3 104
Reverse CTGCTATGGGAGGATGAGAACC

IRF9 Forward CACAGTTGGACATCTCAGAACCCTA 54.3 132
Reverse CACAGTTGGACATCTCAGAACCCTA

LGP2 Forward ATTTCACGCCCACCTTCTTCA 56.0 177
Reverse CCTCAACCTCCTCATCTCCACC

LTA Forward ACGGATGCGGTGGAAGAGTG 55.4 115
Reverse GCTTAAAGACAGCGCCCAGGTA

MDA5 Forward TGCAGGAGTTGATGGGAAAGC 53.6 121
Reverse CGGGTCCGGGTGAATATGAT

PKR Forward GCAGTCACGAGACCGAAGT 56.0 175
Reverse CAGATGTTGATTACCCAGAG

PKZ Forward CCTTGGGCTCGTATGGTTTG 52.9 172
Reverse TGGCCTGTGCTCTGGTGAA

STAT1 Forward TATTTCCTTGCCAAACGTCATCC 54.4 119
Reverse AGTAGCGACCGAAGGCGACA

TRAF3 Forward ATCTACTCAAACCTCCTCCA 55.0 102
Reverse TGAGCCGTCAGCTTGTGC

b-actin Forward TGTTCCAGCCTTCCTTCATTG 52.5 120
Reverse CAGACAGGACGTTGTTGGCATA

Table 3
The distribution of splicing length.

Number Mean length Median length Max length N50 N90

Transcripts 221,963 827 369 27,100 1716 285
Unigenes 163,651 630 318 27,100 1045 248

Table 4
The statistics of success rate of annotation.

Number of unigenes Percentage (%)

Annotated in NR 40,347 24.65
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3. Results

3.1. De novo assembly and function annotation

About 54 million clean reads in PBS sample and 55 million clean
reads in pIC sample were obtained after filtering out redundant and
short reads [Table 2]. The quality of clean reads showed that the
error was less than 0.01%, the Q30 was high than 93%, and the
content of G/C was approximately equal (47%) per library. All clean
reads were spliced into 221, 963 transcripts with mean length of
827 and N50 length of 1, 716.16, 3651 unigeneswithmean length of
630 and N50 length of 1, 045 were validated [Table 3]. These results
indicate that the sequencing data are high-quality, and the unig-
enes can be used for subsequent annotation analysis.

In order to learn genes function information comprehensively,
100, 063 unigenes were annotated by seven databases including Nr,
Nt, KOG/COG, Swiss-prot, KEGG and GO. The success rate of
annotation showed that 40, 347 of unigenes were matched in Nr,
139, 448 in Nt [Table 4]. In Nr annotation, 40, 347 unigenes were
matched to multiple species genomes, including Danio rerio
(64.1%), Astyanax mexicanus (4.6%), Oncorhynchus (2.6%), Lar-
imichthys crocea (2.1%), Clupea harengus (1.8%), and other (24.7%).
Meanwhile, protein sequences with high similarity to known genes
in Swiss-prot were 31, 158. In total, 143, 545 unigenes were suc-
cessful matched in at least one database, while 10, 386 unigenes
were matched in all databases.
Table 2
The quality of clean reads.

Sample Clean reads Error(%) Q20(%) Q30(%) GC content(%)

pIC 55,162,876 0.01 97.29 93.28 46.91
PBS 53,892,940 0.01 97.46 93.61 47.06
3.2. Identification of DEGs after pIC treatment

All of unigenes were analyzed by DEG-seq whose threshold was
restricted in q-value < 0.005, jlog2 (foldchange)j > 1. 313 unigenes
were identified as DEGs containing 268 significantly up-regulated
and 45 significantly down-regulated unigenes. DEGs were visu-
ally observed in volcano plot at 12 h after pIC treatment (Fig. 1). In
the volcano plot, we also observed that the up regulation levels of
DEGs were significantly higher than the down regulation levels.

3.3. GO and KEGG enrichment analysis of DEGs

To further investigate the function of DEGs, all DEGs were
classified into three gene ontology categories (Biological process,
Annotated in NT 139,488 85.23
Annotated in KOG 18,691 11.42
Annotated in SwissProt 31,158 19.03
Annotated in PFAM 32,689 19.97
Annotated in GO 33,750 20.62
Annotated in KEGG 18,146 11.08
Annotated in all Databases 10,386 6.34
Annotated in at least one Database 143,545 87.71
Total Unigenes 163,651 100



Fig. 1. Volcano plot of differential expressed genes comparing of pIC and PBS group. The X-axis represents fold change between pIC and PBS group, the Y-axis indicates significance
of differential expression. The blue pots mean no significantly change unigenes (P < 0.05, false discovery rate (FDR) q < 0.05), while the red pots and the green pots mean up- and
down-regulated unigenes (P < 0.05, FDR q < 0.05), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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molecular function and cellular component) by the Blast2GO.
Interestingly, in this study, DEGs were only assigned to biological
process (BP) and molecular function (MF) (P < 0.05, FDR<0.01),
comprised of 19 and 7 subcategories, respectively (Fig. 2). Among
the biological process, the top three clusters frequency were “bio-
logical regulation” (43.1%), “regulation of biological process” (42%),
and “regulation of cellular process” (40.1%). Moreover, some terms
of biological process were closely related to immune response such
as “immune response” (P < 0.001, 6.3% of cluster frequency) and
Fig. 2. Histogram description of Gene Ontology enrichment of DEGs. All the DEGs were fel
represents various gene function, the Y-axis corresponds to the number of DEGs.
“immune system process” (P < 0.001, 7.4% of cluster frequency). In
the molecular function classes, “cytokine receptor binding” (5.2%),
“chemokine activity” (3.0%) and “chemokine receptor binding”
(3.0%), were constituted the top three cluster frequency with all of
the P-value less than 0.001, indicating emergence of a complex
antiviral immune response after pIC treatment.

Within the KEGG annotation, the top 20 pathways were shown
in Fig. 3. Significantly, DEGs were assigned to the comprehensive
host defense signaling pathways, which were related to various
l into two categories: biological process (BP) and molecular function (MF). The X-axis



Fig. 3. Scatter diagram of pathway enrichment for DEGs. In this scatter diagram, the top 20 pathways were listed, and rich factor is the ratio of DEGs in this pathway to all the genes
in this pathway. The X-axis corresponds to rich factor of pathway, and the Y-axis represents different pathway. The magnitude of the pots displays gene number ranged from 10 to
20, and q-value is described by the color classification. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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antiviral responses, such as “herpes simplex infection”, “epstein-
barr virus infection”, “RIG-I-like receptor signaling”, “toll-like re-
ceptor signaling pathway” and so on. Among these antiviral path-
ways, we focused on the dominant antiviral-related signaling
pathways such as RLR- and TLR-mediated signaling pathways,
which were regarded as reference to screen IRDs.
3.4. Heat map of IRDs

After identification and annotation of DEGs, most of DEGs were
compactly relate to immune response. In order to explore the
antiviral mechanism comprehensively, a series of DEGs were
identified as IRDs which involved in antiviral signaling cascades
such as TLR- and RLR-mediated signaling pathways, as well as
various diseases pathways. Subsequently, 47 IRDs were screened,
and distributed in heat map (Fig. 4). Among 47 IRDs, most of IRDs
were varying degrees of up-regulated after pIC treatment.
Approximate 34% of IRDs involved in TLR- and RLR-mediated
signaling pathways, which play a crucial role in type I IFNs
response activated by specific ligands of virus/bacteria. Five mem-
bers of interferon regulation factors (IRFs) family (IRF1, 2, 7, 8, and
9) were screened, which may provide insights into antiviral im-
munity mediated by the recognition of PAMPs in surface/cytosolic
[37,38]. In addition, a series of chemokines, cytokines,
complements, and other signaling transduction molecules also had
high expression levels in this study. Finally, we selected 14 IRDs,
which may uncover the antiviral mechanism, to validate the RNA-
seq data by using qPCR.
3.5. Validation of the RNA-seq data and detection of the mRNA
expression by qPCR

The expression levels of 14 IRDs were detected by qPCR at
different time points (0, 4, 8, 12 and 24 h), as shown in Fig. 5 and 6,
13 IRDs were responsive to stimulation of pIC at 4, 8, 12 and 24 h,
but IL-1bwas no significantly up-regulated at each time point. Two
unigenes were matched to C-X-C motif chemokine 11 (CXCL11) by
Nr Blast, named CXCL11-1 and CXCL11-2, which were significantly
up-regulated after pIC-injected at 4 and 8 h (Fig. 5a and b). The IL-
10 was significantly up-regulated at each time point, while the IL-
1b was markedly down-regulated at 4 h and not impacted at re-
sidual time points. Subsequently, we further detected the expres-
sion levels of 10 well-known effectors which involved in the
antiviral signaling transduction (Fig. 6). The results showed that
these crucial components of organism defensing transduction
cascades are responsive to stimulation of pIC, especially for IRF7,
LGP2, PKZ and STAT1, which presented higher expression levels in
this study.



Fig. 4. Heat map of IRDs. The expression levels of IRDs closely relate to host defensing
signaling pathway after pIC treatment in S. prenanti spleen. The heat map was per-
formed based on FPKM of RNA-seq data, and represents the unigenes expression
levels. The expression levels of IRDs are divided into various classification in the bar
according to log10(FPKM) value. The red region indicates high expression levels in
challenge to legend stimulation. The green region indicates low expression levels in
challenge to legend stimulation. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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To validate the reliability of the RNA-seq data, we have analyzed
the correlation between RNA-seq data and qPCR data at 12 h
(Fig. 7). The results showed the qPCR data presented a positive line
correlation with RNA-seq data, indicating that the data of RNA-seq
data are desirable.

3.6. Prediction of the antiviral signaling transduction

Based on RNA-seq data and knowledge of antiviral signaling
pathways in teleost, a putative draft of the antiviral signaling
pathway focused on MDA5- and Jak-mediated pathways was con-
structed (Fig. 8). In this map, we deduced that the antiviral immune
response in S. prenanti may activate MDA5- and JAK-mediated
signaling pathways, and induce type I IFNs and ISGs to block vi-
rus invasion, respectively. Unfortunately, TLR3 and TLR22, as re-
ceptors of virus dsRNA, were not significantly expressed in this
study. In addition, whether IRF1 and IRF8 directly involved in the
signaling initiation/transduction remains to be investigated in
future study.

4. Discussion

S. prenanti is a famous cold-water fish with enormous economic
value in southwestern China. The extensive feeding of S. prenanti
easily leads to outbreaks various diseases, which causes economic
losses. Therefore, it is necessary to illuminate the molecular
mechanism of disease defensing in S. prenanti for decreasing eco-
nomic losses of fisherfolk. In this study, we have picked up the
transcriptome comparative data of S. prenanti spleen after pIC
treatment. 100, 063 unigenes were acquired after assembling and
filtration. Each unigene was annotated based on seven databases,
and the results showed that only 31, 158 (19.3%) and 40, 347
(24.65%) unigenes were matched in SwissProt and Nr databases,
respectively. However, approximately 20,106 (12.29%) unigenes
failed to identify via these protein databases. As for the unidentified
unigenes, we presumed that there are two reasons: some unigenes'
information is still unknown and the blast tools are limited at
special parameter containing small gaps and low error rate.

In present study, we identified 313 DEGs using DEG-seq analysis
by comparison of pIC- and PBS-injected in S. prenanti spleen.
Among 313 DEGs, 268 DEGs were significantly up-regulated, while
the remaining DEGswere significantly down-regulated. Besides, Go
enrichment analysis of the DEGs revealed that most of the DEGs
were enriched in biological process such as “biological regulation”
(43.1%), “regulation of biological process” (42%), and “regulation of
cellular process” (40.1%). This functional distribution suggests that
pIC can activate the organism defensing response in S. prenanti, and
these DEGs may play an important role in the signaling trans-
duction of elimination of external stimulus. After KEGG analysis of
DEGs, the top 20 pathways were described in Fig. 3, suggesting a
strong antiviral immune response is activated in S. prenanti. DEGs
enriched pathway showed that various antiviral signaling path-
ways were activated after pIC treatment, such as TLR- and RLR-
mediated signaling pathways, which are the two major signaling
pathways implicated antiviral response to block virus invasion [12].
Meanwhile, some DEGs were assigned to complicated antiviral
pathways containing “influenza A” and “Herpes simplex infection”,
which are similar to pIC-stimulated in miiuy croaker [39]. There-
fore, we inferred that S. prenanti are susceptible to virus in artificial
feeding, and perform a comprehensive antiviral immune response
against virus infection.

Currently, we have screened 47 IRDs, which directly involve in
the immune-related pathways according to the results of KEGG
analysis. The heat map of 47 IRDs in Fig. 4 highlighted a large fold
change after pIC treatment. Many IRDs are well-known immune
effectors, including RLR and IRF family members, which can induce
the type I IFNs (IFNa/b). Previous studies have demonstrated that
the RLR members like MDA5 recognize dsRNA with the assist of
LGP2, and IRF family in fish presents a positive regulation in anti-
viral immunity [22,23]. For instance, IRF7 was reported as a key
regulator in MDA5-mediated pathway to induce the expression of
type I IFNs (IFNa/b) [40e42]. In addition, some signaling molecules
of Jak-stat signaling pathway, such as IRF9, STAT1 and STAT2, were
significantly up-regulated. According to previous studies, these
molecules indirectly/directly mediate the production of ISGs by



Fig. 5. qPCR results of cytokine and chemokine in spleen after pIC treatment. (a) CXCL11-1; (b) CXCL11-2; (c) IL-10; (d) IL-1b. Data are shown as the mean average ± SD (n ¼ 10).
*P < 0.05, **P < 0.01, ***P < 0.001 vs. corresponding time point of PBS group; two-way ANOVA plus Bonferroni post- tests.
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type I IFNs, thereby to restrict the replication of virus [43,44].
Therefore, based on these data, we selected several IRDs, which
indirectly/directly involve in MDA5- and Jak-mediated signaling
pathways, for subsequent qPCR validation.

In teleost, the innate immune system heavy relies on the initial
response against pathogen, and the adaptive immune system is
restricted in suboptimal environments [45]. Type I IFNs response
plays an important role in the innate immunity, and the repertoires
of signaling transduction of it is induced by TLRs and RLRs [46,47].
In this study, wemainly focused on the IRDs, which involve in type I
IFNs response signaling cascades, and the expression levels of 14
IRDs were detected via qPCR at 4, 8, 12, 24 h after pIC treatment.
Chemokines are generally believed to be a subfamily of chemotactic
cytokines, and have broad spectrum of effects on the innate im-
munity, such as becoming a promoter to adhere various types of
leukocyte to inflammatory loci in early immunity [48,49]. In
S. prenanti, CXCL11-1 and CXCL11-2 were significantly induced at 4
and 8 h after pIC treatment, suggesting that pIC can induce a robust
early immune response. In mammals, IL-10 plays a central role in
anti-inflammatory response, and traditionally acts as an inhibitor of
immune response such as decreasing the production of pro-
inflammatory cytokines from CD4þ T cells [50e52]. Consistently,
in teleost, it was reported that the recombinant goldfish IL-10
reduced the expression of pro-inflammatory factor, including
TNFa1, TNFa2, and IL-1b in monocytes [53]. To our knowledge,
these inflammatory factors sever as protective properties to remove
the adverse stimulus in the first line of organism defensing against
virus invasion, but more strong inflammatory response can lead to
tissue damage as well. In our study, IL-10 was markedly up-
regulated, which revealed that IL-10 may decrease inflammatory
damage induced by virus via keeping the balance of immune sys-
tem. This may be the reason why no significantly up regulation of
IL-1bwas detected at each time point. Moreover, the result of IL-1b
is similar to what reported in Atlantic cod macrophages after pIC
treatment [54].

We also found that 4 IRFs (IRF1, 7, 8, 9) were responsive to pIC
stimulation compared to PBS stimulation. IRF1 and IRF7 have a
uniform function in the regulation of type I IFNs production by
directly binding to IFNa/b promoters [55,56]. In addition, IRF7 is
described as a main regulator to induce the expression of IFNa/b in
MDA5-mediated signaling cascades [42]. Both of IRF1 and IRF7
were significantly up-regulated at each time point, suggesting that
type I IFNs response is induced in this study. Interestingly, IRF1 was
induced in the early phase of antiviral response, while IRF7 was
induced with time dependency. What's more, IRF7 presented a
large fold change at each time point compared to IRF1. These results
indicate IRF1 and IRF7 may act as different role in the activation of
type I IFNs, but the mechanism will need to be study in future.



Fig. 6. qPCR results of well-known immune effectors in spleen after pIC treatment. (a) IRF1, (b) IRF7, (c) IRF8, (d) IRF9, (e) LGP2, (f) MDA5, (g) PKR, (h) PKZ, (i) STAT1, and (j) TRAF3.
Data are shown as the mean average ± SD (n ¼ 10). *P < 0.05, **P < 0.01, ***P < 0.001 vs. corresponding time point of PBS group; two-way ANOVA plus Bonferroni post- tests.
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Fig. 7. Validation of RNA-seq data by qPCR. (a) Correlation of the expression levels of 14 IRDs acquired by RNA-seq and qPCR. (b) Comparison of the fold change expression of 14
selected DEGs as determined by RNA-seq and qPCR.
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Meanwhile, IRF8 was potently induced at 4, 8, and 12 h, suggesting
that IRF8 involves in the early phase of pIC-activated signaling
cascades. Indeed, it has been reported that the transcript levels of
IRF8 in turbot were also up-regulated with the pIC as a quicker
inducer [57]. Furthermore, it has been demonstrated that pIC can
induce three sequential waves of type I IFNs in mice, and the sec-
ondary late IFNs wave (IFN-a6T and-a6/8 after 6 h) is associated
with the up-regulated of IRF8, while IRF7 is up-regulated in the late
wave [58]. These evidences reveal that IRF8 may induce the early
phase of the transcription of type I IFNs after pIC treatment. IRF9, a
well-known IFN-stimulated gene factor 3 (ISGF3) in Jak-stat
signaling pathway, was markedly up-regulated after pIC treat-
ment at each time point in this study. Accumulating evidences
highlight IRF9 implicates Jak-stat pathway by interacting with STAT
molecules to induce ISGs in antiviral response [43,44]. Accordingly,
we inferred that IRF9 is directly associated with the expression of
ISGs to fight against persistent virus in S. prenanti.

In the present study, pIC treatment resulted in the up-regulation
of the key components of MDA5-mediated signaling pathway such
as MDA5, LGP2 and TRAF3. Previous studies had demonstrated that
MDA5 directly binds the virus components (dsRNA) with the assist
of LGP2, and triggers the downstream signaling molecule TRAF3,
which leads to phosphorylation of IRF3/7, following inducing the
production of type I IFNs [21]. Therefore, our results indicate the
antiviral immune response of S. prenantimay be mediated by type I
IFNs response, which is activated by MDA5-mediated signaling
pathway. Remarkably, LGP2 exhibited a higher expression change
than MDA5 and TRAF3, over 30-fold change at all examined time
points, after pIC treatment. Despite lacking of CARDs domain and
disabled in directly interacting with virus components [24], our
qPCR data suggest that LGP2 may play a more important role in the
initiative signaling transduction compare to MDA5. In addition,
STAT1was significantly up-regulated with time dependency, which
involves in the Jak-stat signaling pathway to induce the ISGs con-
taining Mx1, PKR and so on. Meanwhile, we also observed IRF9 was
up-regulated in both of RNA-seq and qPCR results, while the
transcript level of STAT2 was increased in RNA-seq data. Jak-stat
pathway has been proved to be a crucial role in both innate and
adaptive immunity [59]. And, STATs/IRF9 are known tomediate this
signaling cascade by their dipolymer/tripolymer to regulate ISGs
production [43,44,60]. Therefore, our results suggest that these
effectors result in the up-regulated of ISGs (PKR andMx1), but what
complexes they formed and how to perform its function to mediate
ISGs expression remains to be investigated in future study. In
consistent with previous study, PKR and Mx1 were responsive to
pIC stimulation in this study [39]. At the same time, PKZ exhibited a
higher expression change, over 40-fold change at each time point,
after pIC treatment. To our knowledge, PKZ, a homolog of PKR,
performs the same function to shut down protein translation upon
detection of viral dsRNA, although primary studies proved that it
recognizes Z-DNA instead of dsRNA [61e63]. Therefore, like PKR,
PKZmay also sever as amember of ISGs to inhibits virus replication.



Fig. 8. The prediction of signaling pathways of the antiviral immune response in Schizothorax prenanti. The virus dsRNA is recognized by MDA5, which triggers the downstream
signaling cascades, and finally induces ISGs to suppress virus replication in the cytoplasm. All the genes in map were up-regulated, except TLR22 and TLR3, according to RNA-seq
and qPCR results. Moreover, whether TLR22, TLR3 and IRF8 are directly involved in these signaling transduction cascades remains to be investigated in future study, and marked by
the dotted line and the question mark.
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Moreover, IRF8 mRNA was significantly up-regulated after pIC
treatment. It has been reported that pIC induced the up-regulation
of IRF8 expression in both of teleost and mammals [54,57]. How-
ever, whether IRF8 directly involves in the signaling transduction of
type I IFNs response is still unclear. TLR3, identified in the endo-
some of mammals and teleost, recognizes viral dsRNA in-
termediates and submits initiative signaling to downstream
signaling cascades [64]. TLR22, a member of TLRs identified in
aquatic animals, recognizes RNA duplex to induce type I IFNs
response [65]. Surprisingly, our RNA-seq data showed that no
significantly expression changes of TLR3 and TLR22 were detected
after pIC treatment. Based on published research, TLR3 is exclu-
sively expressed by dendritic cells (DC) [66], suggesting that TLR3
may recognize the viral dsRNA in the late phase but not at 12 h. As
mentioned previously, the length of dsRNA affects TLR22-mediated
antiviral signaling cascades, and the greatest length is about
1000bp [65]. Thus, this may be the reason why TLR22 was not
activated by pIC treatment in S. prenanti, but the mechanism of
S. prenanti TLR22 in antiviral response need be investigated in
detail.

In summary, we identified DEGs in S. prenanti after pIC treat-
ment. After RNA-seq data analysis and qPCR validation, we have
observed that the antiviral immunity may be mediated by MDA-
and Jak-mediated signaling pathways. Some well-known immune
effectors such as IRF8 and IRF1 involve in aforesaid pathway, but
whether they directly mediate the signaling transduction of
aforesaid pathway remains to be investigated in future study.
Remarkably, the expression of TLR3 and TLR22 was not influenced
in our study, despite they are believed to be a promotor in antiviral
immunity [64,65]. These questions may be dragged in future
studies, which may clearly reveal the antiviral immunity of
S. prenanti.
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