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A B S T R A C T

Snakehead vesiculovirus (SHVV) has caused great economic loss in snakehead fish culture in China. However,
there is no effective strategy to prevent the epidemic of the virus. Understanding the host factors in response to
virus infection is the basis for the prevention of viral disease. In this study, the transcriptomic profiles of SHVV-
infected and mock-infected SSN-1 cells (derived from striped snakehead, Channa striatus) at 3 and 24 h (h) post
of infection (poi) were obtained using high-throughput sequencing technique. A total of 93,372 unigenes were
obtained. The differently expressed genes (DEGs) of SSN-1 cells upon SHVV infection were thereby identified,
including 3668 and 3536 DEGs at 3 and 24 h poi, respectively. These DEGs were involved in many pathways of
viral pathogenesis, including retinoic acid-inducible gene I (RIG-I) like receptors pathway, Toll-like receptor
signaling pathway, NF-kappa B signaling pathway, PI3K-Akt signaling pathway and MAPK signaling pathway.
Therefore, several immune-related DEGs were randomly selected and confirmed by quantitative real-time PCR
(qRT-PCR). In addition, the effects of the interferon inducible protein 35 (IFI35) on SHVV replication were
further investigated. Over-expression or inhibition of IFI35 significantly promoted or reduced SHVV replication
at the level of viral gene expression, which indicated that IFI35 might be a positive factor for SHVV replication in
SSN-1 cells. Our findings presented some valuable information, which will benefit for future study on SHVV-host
interactions.

1. Introduction

Rhabdoviruses have a particularly broad host range, including
plants, crustacean, insects, fish, and mammals [1]. To date, more than
ten rhabdoviruses were identified in fish species, including Pike fry
rhabdovirus (PRV) [2], Hirame rhabdovirus (HIRRV) [3], Infectious
hematopoietic necrosis virus (IHNV) [4], Snakehead rhabdovirus
(SHRV) [5], Viral hemorrhagic septicemia virus (VHSV) [6], Spring
viraemia of carp virus (SVCV) [7], Chinese sucker rhabdovirus (CSRV)
[8], Scophthalmus maximus rhabdovirus (SMRV) [9], Siniperca chuatsi
rhabdovirus (SCRV) [10,11], Monopterus albus rhabdovirus (MoARV)

[12], hybrid snakehead rhabdovirus [13]. In 2014, a new fish rhab-
dovirus called snakehead vesiculovirus (SHVV) was isolated from dis-
eased hybrid snakehead fish cultured in Guangdong province, China
[14]. SHVV has caused great mass mortality in snakehead fish culture
in China these years. However, the molecular networks of host cells
after SHVV infection were elusive.

High-throughput sequencing technology has exerted profound im-
pact on the biological science research and provided valuable in-
formation for understanding of pathogen-host interactions [15–17]. In
this report, we analyzed the transcriptomic profiles of striped snake-
head cells (SSN-1) with or without SHVV infection by high-throughput
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sequencing technique. From transcriptomic sequencing data, a large
number of unigenes were annotated, and differently expressed genes
(DEGs) were identified. The DEGs were involved in many functional
categories and pathways of viral pathogenesis. Particularly, we esti-
mated the effects of an interferon-stimulated gene IFI35 on SHVV re-
plication, and found that it was a positive factor for SHVV replication.
These results offered insight into the complexity of the virus-host in-
teractions, and will shed a new light on the mechanisms of SHVV pa-
thogenesis.

2. Material and methods

2.1. Cells and virus

SSN-1 cell was originated from the fish striped snakehead fry. It was
kindly provided by Dr. Hong Liu from Shenzhen Animal & Plant
Inspection and Quarantine Technology Center. SSN-1 cells were main-
tained in minimal essential medium (Invitrogen) supplemented with
10% FBS (Gibco) at 28 °C with 5% CO2. SHVV was isolated and stored
in our lab [14].

2.2. Library construction and illumina sequencing

The SSN-1 cells were infected with 0.1 multiplicity of infection
(MOI) of SHVV. At 3 and 24 h poi, SHVV-infected and mock-infected
cells were collected in 1ml TRIzol reagent (Invitrogen, USA) for the
total RNA extraction according to the manufacturer's instructions. The
mRNA was extracted from 5 μg of total RNA of the four samples: SSN-
1 cell (3 h), SSN-1 cell infected with SHVV (3 h), SSN-1 cell (24 h), SSN-
1 cell infected with SHVV (24 h) after DNase treatment and purification
by oligo (dT) magnetic beads. RNAs were chemically fragmented into
short fragments (about 200 bp) by using the RNA fragmentation buffer.
The first strand cDNA was synthesized with random hexamer primer.
RNase H, dNTP, and DNA polymerase I. The double-stranded cDNAs
were purified with QiaQuick PCR extraction kit (Qiagen). The end of
purified double-stranded cDNA were prepaired and added with polyA
tails and adapter connector for sequencing. After the quality inspection
of the cDNA library by Agilent 2100 Bioanalyzer, Illumina HiSeqTM
2000 was applied. Transcript sequence was jointed with Trinity (ve-
sion:trinityrnaseq_r20131110) according to paired-end jointed method.
Unigenes were finally obtained after Clustering to redundancy using
TGICL software. Unigene expression abundance was calculated by
bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml) and
eXpress (http://bio.math.berkeley.edu/eXpress).

2.3. Functional annotation and GO/KEGG enrichment analysis of
transcriptomic sequencing

Data filtering including removing adaptors and low quality reads
from raw reads was analyzed with NGS QC TOOLKIT v2.3.3 [18]
(http://59.163.192.90:8080/ngsqctoolkit/). Data contamination was
detected according to database alignment. The unigenes were anno-
tated with databases of NCBI NR, SWISSPROT, and KOG. The genetic
similarity was based on BLAST arithmetic [19]. The results of BlastX
annotation were uploaded on Blast 2 Go to generate Gene Ontology
annotations and mapped to the categories of GO database
((geneontology.org/page/download-annotations) and the Kyto En-
cyclopedia Genes and Genomes (KEGG) [20]. All the differential ex-
pressed unigenes were mapped to KEGG database (p < 0.05). Sig-
naling pathways that GO and DEGs items participated in were mapped
back to the GO and KEGG databases. The results were compared with
the database and annotations of every gene for subsequent experi-
mental analysis.

2.4. Analysis of gene expression by quantitative real-time PCR (qRT-PCR)

The reverse transcription reaction is in a total volume of 10 μl,
consisted of 0.5 μg RNA, 2 μl of PrimerScript Buffer, 0.5 μl of oligo dT,
0.5 μl of random 6mers and 0.5 μl of PrimerScript RT Enzyme Mix I
(TaKaRa, Japan). Reactions were performed at 37 °C for 15min, fol-
lowed by heat inactivation of RT for 5 s at 85 °C. The 10 μl RT reaction
mix was then diluted 10 times in nuclease-free water and held at
−20 °C. Real-time PCR was performed with 10 μl PCR reaction mixture
including 1 μl of cDNA, 5 μl of 2× LightCycler® 480 SYBR Green I
Master (Roche, Swiss), 0.2 μl of forward primer, 0.2 μl of reverse primer
(Table 1) and 3.6 μl of nuclease-free water. Reactions were incubated at
95 °C for 10min, followed by 40 cycles of 95 °C for 10 s, 60 °C for 30 s.
Each sample was run in triplicate for analysis. At the end of the PCR
cycles, melting curve analysis was performed to validate the specific
generation of the expected PCR product. The relative expression ratio of
the target genes versus beta actin gene was calculated using 2-ΔΔCT
method, and all data were given in terms of relative mRNA expression
[21].

2.5. Investigation of IFI35 in SHVV infected SSN-1 cells

The plasmid pEYFP-IFI35 was generated by cloning the cDNA en-
coding the full-length open reading frame of IFI35 into pEYFP-N1 using
primers of 5′-CGGGAATTCATGTCTTCAGATGAGGATTTC-3′, 5‘-ATGG
ATCCCGCTCCGGT

TTGGACGTGTCCTC-3‘. For depletion of endogenous IFI35, small
interfering RNA (siRNA): 5′-GCACGGCGUUUAUCACCUUtt-3′ was syn-
thesized (GenePharma, China). A nontargeting siRNA: 5′-UUCUCCGA
ACGUGUCACGUtt-3′ was used as negative control. All siRNA were used
at a final concentration of 100 nM. The siRNA transfection was per-
formed using Lipofectamine® 2000 Transfection Reagent (Invitrogen).
At 24 h post transfection of the overexpressed plasmid and 36 h post
transfection of the siRNA, cells were infected with SHVV (MOI=0.1)
for 24 h, and then the mRNA level of N and P gene of SHVV were es-
timated from the cells.

3. Results

3.1. DE NOVO assembly and functional annotation

The cDNA fragments from SHVV-infected or mock-infected SSN-
1 cells at 3 and 24 h poi were purified by agarose gel electrophoresis
and enriched by PCR amplification. High-quality cDNA libraries were
generated and sequenced using Illumina HiSeq™ 2000 system. After
removing adaptors and low quality reads, a total of 62,744,902,
68,899,840, 63,759,364, and 56,511,204 clean reads were obtained

Table 1
Primers used for the detection of DEGs and SHVV genes by qRT-PCR.

Gene name Forward primer (5′-3′) Backward primer (5′-3′)

RIG-I CATATTCCAGCGCTGTCTCA ATCTTCAACACCGGCAAATC
IFI35 TCACTCCCTTTCTCAACGGC CGGTTTGGACGTGTCCTCTT
TRAF3 CGTAGTGATGCGTGGTGAGT ATGTAGGTGCCGTTCTCCAG
IRF3 CGTTGGGGAGACAGTCGTAT ATGGTTTGTTCTTGGGGTCA
MAVS TGTGAGGCAGGGCAAGTAAG CTCGATCGGAAGTGCTGTGT
IRF7 GTACAAATATGCTAGAGGGCT GGTTCTCACCTCTGTGAAG
IL12 TCCAGCACACTCACGTTGTT CAACGACTGGCTGACTCTGT
SHVV-N CCGCATCGGAAATCAAGCAG GTTGACCGCTTGCCCAATTT
SHVV-P ACAGCTATCCTCAAGCCGTG ACAGCACCATTTGCTGAACC
Beta-actin CACTGTGCCCATCTACGAG CCATCTCCTGCTCGAAGTC

(RIG-I: Retinoic acid-inducible protein I; IFI35: Interferon inducible protein 35;
TRAF3: TNF receptor associated factor 3; IRF3: Interferon regulatory factor 3;
MAVS: Mitochondrial antiviral signaling; IRF7: Interferon regulatory factor 7;
IL12: Interleukin 12; SHVV-N: the N gene of SHVV; SHVV-P: the P gene of
SHVV.).
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respectively from the four samples: SSN-1 cell (3 h), SSN-1 cell infected
with SHVV (3 h), SSN-1 cell (24 h), and SSN-1 cell infected with SHVV
(24 h) (Table 2). After de novo assembly, 93,372 unigenes were ob-
tained by paired-end method of Trinity [22] and TGICL [23]. The mean
contig length was 829 bp, ranging from 201 bp to 21,558 bp. The
unigene size distribution was shown in Fig. 1. The most abundant
unigenes were clustered in a group with 301–400 bp in length.

The unigenes were blasted against several databases including the
NCBI non-redundant (NR), SWISS-PROT, KEGG, GO and KOG. The
numbers of annotated unigenes were varied (Table 3): NR (18,870,
20.21%), Swiss-Prot (15,716, 16.83%), KOG (12,947, 13.87%), GO
(13,524, 14.48%), and KEGG (6,404, 6.86%).

In total, 12,947 unigenes were assigned to KOG classification and
divided into 25 specific categories. The most abundant category was
“Signal transduction mechanisms”, followed by “General function pre-
diction only” and “Posttranslational modification, protein turnover,
chaperones” (Fig. 2).

3.2. Analysis of differentially expressed genes (DEGs)

To identify the DEGs in SSN-1 cells potentially involved in SHVV
infection, a statistical analysis of unigenes was conducted using fold
change > 1.5 and p-value < 0.05 as standards. Compared to the
mock-infected group, a total of 3668 and 3536 DEGs were identified at
3 h (or 24 h) poi in SHVV-infected group, including 2867 (or 2468) up-
regulated genes and 801 (or 1068) down-regulated genes at 3 h (or

Table 2
Summary of de novo assembly of transcriptomic sequencing.

Sample Raw reads Clean reads Valid ratio

SSN-1 cell (3 h) 63155040 62744902 98.87%
SSN-1 cell infected with SHVV (3 h) 69303404 68899840 98.94%
SSN-1 cell (24 h) 64175020 63759364 98.88%
SSN-1 cell infected with SHVV (24 h) 56864566 56511204 98.92%

Fig. 1. Length distribution of unigenes from transcriptomic sequencing data.
The x-axis indicates unigene size and the y-axis indicates the number of uni-
genes with different lengths.

Table 3
Annotation of unigenes of transcriptomic sequencing.

Database Number of annotated unigenes Percentage of annotated unigenes

NR 18,870 2021%
Swiss-Prot 15,716 1683%
KOG 12,947 1387%
GO 13,524 14.48%
KEGG 6404 6.86%

Fig. 2. KOG functional categories of the unigenes. The x-axis indicates 25 groups of KOG categories. The y-axis indicates the percentage of the number of unigenes.

Fig. 3. The number of DEGs between SHVV-infected and mock-infected SSN-
1 cells. The numbers of DEGs at 3 h and 24 h represented the differentially
expressed genes at the two time points when the unigenes of SHVV-infected
SSN-1 cells were compared to that of mock-infected SSN-1 cells.
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24 h) poi (Fig. 3).

3.3. GO and KEGG analysis of the DEGs

To understand the biological processes in which the DEGs might be
involved, the GO enrichment analysis was performed for the DEGs. GO
analysis showed that a total of 1714 or 1742 DEGs were respectively
annotated at 3 or 24 h poi. The DEGs at 3 and 24 h poi were classified

into three subclasses (Fig. S1 and Fig. 4): biological processes, cellular
components, and molecular functions. In the biological process sub-
class, the most abundant category at 3 and 24 h poi were “regulation of
transcription, DNA-templated process” and “proteolysis process”. In the
cellular component subclass, the top three categories at both 3 and 24 h
poi were “integral component of membrane”, “nucleus”, and “cyto-
plasm”. In the molecular function subclass, the most abundant category
at 3 and 24 h poi were “zinc ion binding” (Fig. S1 and Fig. 4). KEGG

Fig. 4. GO enrichment analysis of the DEGs between SHVV-infected and mock-infected SSN-1 cells at 24 h. The x-axis is the number of unigenes, while the y-axis is
gene functional classification including three major parts: biological process, cellular component, and molecular function.
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analysis revealed that all the DEGs were assigned to 222 or 260 KEGG
pathways at 3 or 24 h poi (Fig. S2 and Fig. 5). These DEGs were en-
riched in serials of immune-related pathways, including RIG-I like re-
ceptors pathway, Toll-like receptor signaling pathway, NF-kappa B
signaling pathway, PI3K-Akt signaling pathway, and MAPK signaling
pathway.

3.4. Verification of the DEGs by qRT-PCR

To verify the transcriptomic data, seven DEGs were randomly se-
lected to validate the results by qRT-PCR. As shown in the Fig. 6, the
qRT-PCR results exhibited similar expression tendency as the high-
throughput sequencing data. The qRT-PCR analysis confirmed the ex-
pressions of DEGs detected by the high-throughput sequencing analysis.

3.5. IFI35 positively regulated SHVV replication in SSN-1 cells

A large number of DEGs were identified. We put emphasis upon the
anti-viral immune system. From the transcriptome results, the IFN-I
system was triggered by SHVV infection, which will lead to the gen-
eration of serials of interferon-stimulated genes (ISGs). One of the ISGs,
the interferon inducible protein 35 (IFI35) was significantly up regu-
lated during SHVV infection.

To investigate the role of IFI35 in SHVV infection, we generated a
plasmid pEYFP-IFI35 and synthesized siRNA targeting the open reading
frame of IFI35 to over-express or inhibit IFI35. Increased expression of
IFI35 was observed after pEYFP-IFI35 was transfected into SSN-1 cells
(Fig. 7A), while decreased expression of IFI35 was observed when
siRNA of IFI35 was transfected (Fig. 7B). We took N and P gene ex-
pression as the measurement of virus replication. SHVV growth was
enhanced significantly after overexpression of IFI35 (Fig. 7). A 5-fold
reduction in SHVV N gene and P gene mRNA level were also observed
in SSN-1 cells after siRNA of IFI35 transfection compared to the levels in
negative siRNA treated control cells (Fig. 7). Over expression of IFI35 in
SSN-1 cells decreased the mRNA level of key genes (RIG-I，MAV-
S，TRAF3，IRF3，IRF7) in RIG-I pathway (Fig. 8). Similarly, inhibi-
tion of IFI35 expression reduced the mRNA level of genes in RIG-I
pathway. These data suggested that IFI35 as a positive factor for SHVV
replication according to RIG-I pathway.

4. Discussion

SHVV is a newly isolated fish rhabdovirus from diseased hybrid
snakehead and has caused mass mortality to cultured snakehead fish in
recent years in China, resulting in enormous economic losses in sna-
kehead fish culture. Snakehead fish is one of the most economic and
important fish species in China. Different from other economically
important cultured fish species in China, such as Ctenopharyngodon
idella, Ictalurus punctatus, Larimichthys crocea, the transcript sequence or
genome information is available for functional genomic studies
[24–26]. But for snakehead fish (Channa striatus), the transcript se-
quence or genome information is lacking. To understand the molecular
mechanisms on the pathogenicity of SHVV, the SSN-1 cell, originated
from whole striped snakehead (Channa striatus) fry tissue, was used and
the transcriptomic sequencing of SSN-1 cells upon SHVV infection was
performed in this study.

A total of 3668 and 3536 DEGs were identified at 3 and 24 h poi.
These DEGs were involved in many immune-related pathways,

Fig. 5. KEGG pathway enrichment analysis of the DEGs between SHVV-infected and mock-infected SSN-1 cells at 24 h. The x-axis is gene number, while the y-axis is
KEGG pathway classification.

Fig. 6. Comparison of the expressions of seven DEGs determined by Illumina
HiSeq™ 2000 sequencing and qRT-PCR. The x-axis displays seven genes and y-
axis is the relative fold change. (Retinoic acid-inducible protein I (RIG-I),
Interferon inducible protein 35 (IFI35), TNF receptor associated factor 3
(TRAF3), Interferon regulatory factor 3 (IRF3), Mitochondrial antiviral sig-
naling (MAVS), IFN-regulatory factory 7 (IRF7), Interleukin 12 (IL12)).
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including RIG-I like receptor signaling pathway, PI3K-Akt signaling
pathway, MAPK signaling pathway, Toll-like receptor signaling
pathway, and NF-kappa B signaling pathway. There is growing evi-
dence that fish RIG-I can be activated and trigged the interferon re-
sponse via a mitochondria associated signaling pathway [27–31]. Our
results also showed that SHVV infection activated the RIG-I like re-
ceptor signaling pathway, leading to the production of IFN and several
inflammatory cytokines (Fig. 5). Moreover, the expressions of the RIG-I,
TRAF3, IRF7 and MAVS genes in SSN-1 cells upon SHVV infection were
determined using qRT-PCR, and they were all significantly up regulated
at 24 h post-infection, indicating that the SHVV infection activated the
type I IFN pathway (Fig. 6).

The production of type I IFN results in hundreds of interferon-sti-
mulated genes (ISGs). Most ISGs are known to exert antiviral effects to
facilitate clearance of virus infection, such as IFI27, ISG20 and MX1
[32–35]. In addition, some ISGs have been reported to be negative
regulators of the innate immune response and thus could support virus
replication, such as ISG15, A20, RNF125, Ro52, ISG56 and Optineurin
[32–37]. In this study, we found that SHVV replicated quite efficiently
in SSN-1 cells, which drew our attention on whether some ISGs might
positively regulated SHVV replication. One of the ISGs, IFI35, is a 35-

kDa protein. It interacts with another ISG, N-myc interacting protein
(Nmi), to form a 200–400 kDa high molecular mass complex (HMMC)
in response to IFN-α treatment [38] and could be reduced in response to
the treatment of cells with IFN-α/γ [39,40]. Recent report showed that
IFI35 could target RIG-I for proteasome degradation in mammalian
cells and facilitate vesicular stomatitis virus replication [41]. In our
transcriptomic profiles, we also found that IFI35 was up regulated at
24 h poi in SSN-1 cells upon SHVV infection. The current role of IFI35 in
fish cells was unknown. Therefore, the effects of IFI35 on SHVV re-
plication were investigated. We found that IFI35 could function as a
positive factor for SHVV replication (Fig. 7). To investigate if IFI35
regulated the antiviral signaling pathway, we examined the expression
level of genes related to virus infection. The mRNA expression level of
key genes in RIG-I like receptor signaling pathway changed, including
RIG-I, MAVS, TRAF3, IRF3 and IRF7, all of which were known to be
activated during VSV or SeV infection [42–44]. Overexpression of IFI35
could regulate the activity of RIG-I like receptor signaling pathway and
the mRNA expression level of RIG-I，MAVS，TRAF3，IRF3 were sig-
nificantly downregulated, but (Fig. 8A). Conversely, the depletion of
IFI35 gave rise to a reduction during SHVV infection, especially RIG-I,
IRF3, IRF7 and TRAF3 (Fig. 8B). Whereas no significant alterations for

Fig. 7. IFI35 positively regulated SHVV replication. (A) Over expression of IFI35 in SSN-1 cells increases SHVV replication. The plasmid pEYFP-IFI35 or empty vector
pEYFP were transfected into the SSN-1. At 24 h post-transfection, cells were collected to determine the expression level of IFI35 or infected with SHVV (MOI = 0.1)
for 24 h to determine effects of IFI35 on SHVV replication. (B) Inhibition of IFI35 expression reduces SHVV replication. 100 nM IFI35 siRNA or control siRNA were
transfected into the SSN-1. At 36 h post-transfection, cells were collected to determine the expression level of IFI35 or infected with SHVV (MOI = 0.1) for 24 h to
determine effects of IFI35 on SHVV replication. Data presented in A and B are from three independent experiments, and values represent means and standard
deviations (SD). * indicates P < 0.05; ** indicates P < 0.01.

Fig. 8. IFI35 negatively regulated RIG-I pathway. (A) Over expression of IFI35 in SSN-1 cells decreases the mRNA level of genes in RIG-I pathway. The plasmid
pEYFP-IFI35 or empty vector pEYFP were transfected into the SSN-1. At 24 h post-transfection, cells were infected with SHVV (MOI = 0.1) for 24 h to determine the
expression level of RIG-I，MAVS，TRAF3，IRF3，IRF7. (B) Inhibition of IFI35 expression reduces the mRNA level of genes in RIG-I pathway. 100 nM IFI35 siRNA or
control siRNA were transfected into the SSN-1. At 36 h post-transfection, cells were infected with SHVV (MOI = 0.1) for 24 h to determine effects of the expression
level of RIG-I，MAVS，TRAF3，IRF3，IRF7. * indicates P < 0.05; ** indicates P < 0.01,ns indicates no significant difference.
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IRF7 and MAVS, and TRAF3 was significantly downregulated under
both conditions. Since signal transduction was a complex system, we
speculated that these genes may also be subject to feedback regulation
by other signaling pathways. The results presented here indicated that
IFI35 negatively regulated the host antiviral response mediated by RIG-
I like receptor signaling pathway and we predicted IFI35 regulated host
antiviral response mediated by RIG-I, IRF3 or TRAF3. However, the
specific regulatory mechanism still needs further research. This is the
first report about the effects of fish ISG IFI35 on SHVV replication.
However, the effects of other fish ISGs on SHVV replication need further
investigation.
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