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ARTICLE INFO ABSTRACT

Keywords: MDAS is a cytoplasmic viral double-stranded RNA recognition receptor that plays a pivotal role in the aquatic

MDAS5 animal innate immune system. To decipher the role of MDAS5 of Squaliobarbus curriculus (ScMDAS) in the im-

Squaliobarbus curriculus mune response, full-length ¢cDNA of ScMDA5 was cloned using the RACE technology, mRNA and protein ex-

Grass carp reovirus pression levels of ScMDAS5 signalling pathway members in response to stimulation were detected and effects of

g’;zr;;s;i:s::jl overexpression of ScMDA5 on the immune response were investigated. ScCMDAS5 comprises 3597 bp and is
composed of an open reading frame (2958 nucleotides long) that translates into a putative peptide of 985 amino
acid residues. SCMDAS possesses two N-terminal caspase-recruiting domains, DEAD-like helicases superfamily,
helicase superfamily C-terminal and RIG-I_C-RD domains, and differences in these domains among species were
mainly observed with respect to their length and location. ScMDAS was closely clustered with those of Carassius
auratus, Ctenopharyngodon idellus and Mylopharyngodon piceus. ScCMDA5 transcripts were most abundant in the
spleen and the lowest in the liver. Expression levels of ScMDAS5 in healthy tissues were significantly correlated
with those of ScIRF3, ScIRF7 and ScIFN. Besides, mRNA expression levels of ScIRF3 were significantly correlated
with those of ScIRF7 (0.956, P < 0.01). Expression level changes, including downregulation, upregulation and
initial upregulation followed by downregulation, were found in ScMDAS5 signalling pathway molecules in tissues
after grass carp reovirus infection. Protein levels of SCMDAS were the highest in the liver and the lowest in the
spleen in detected healthy tissues. Overexpression of ScMDAS5 led to significantly enhanced CilRF7 and CiMx
transcription in grass carp ovary cells (P < 0.05). The results of this study helped to clarify the role of SSCMDA5
in the immune reaction against grass carp reovirus and provided fundamental information for fish breeding to
achieve strong resistance to infection.

1. Introduction

Various pathogens, such as bacteria and viruses, exist in the aquatic
environment. The innate immune system of fish plays a significant role
in defence against microorganism invasion by recognition of conserved
pathogen-associated molecular patterns through pattern recognition
receptors [1-3]. Cells possess defence mechanisms that allow them to
rapidly detect and respond to viruses, which partly rely on cytoplasmic
receptors that alert the cells to the presence of abnormal RNA molecules
[4].Initial sensing of infection is mediated by pattern recognition re-
ceptors, such as Toll-like receptors, retinoic acid-inducible gene I-like
receptors (RLRs), NOD-like receptors and c-type lectin receptors [5].
The DExD/H box RNA helicases RIG-I, MDA5 and LGP2 are RLR

members located in the cytoplasm, and they are responsible for the
recognition of viral RNAs in fish [6].

MDAS5 (also termed as Ifihl or Helicard) is a cytoplasmic viral
double-stranded RNA (dsRNA) recognition receptor in the vertebrate
innate immune system, which plays an essential role in antiviral im-
munity via recognition of viral RNA [7]. MDAS5 detects long-duplex
RNAs in the genome of dsRNA viruses or replication intermediates of
positive-strand viruses, such as encephalomyocarditis and vesicular
stomatitis viruses [8-10]. MDAS possesses a caspase-recruiting domain
(CARD) that is required for the initiation of immune response [11]. The
signalling adaptor interferon-f promoter stimulator 1 (IPS-1) contains
an N-terminal CARD-like structure that could mediate interaction with
MDAS5 [12]. MDAS signalling induces the activation of IPS-1 and then
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Table 1
Primers used for RACE PCR, qPCR and overexpression experiments.
Primer name Primer sequence 5’-3" Usage Efficiency
3’-RACE CDS Primer A AAGCAGTGGTATCAACGCAGAGTAC RACE
(T)30VN (N:A, C, G, or T; V:A, G, or C)
5’-RACE CDS Primer A (T) 25V N-3' (N: A, C, G, or T; V:A, G, or C) RACE
UPM Long Primer CTAATACGACTCACTATAGGGCAAGCAGTG RACE
UPM Short Primer CTAATACGACTCACTATAGGGC RACE
MDAS-F GATTACGCCAAGCTTCCCCGGTTGTCCC RACE
ATCTGCTTCTTCCTG
MDAS-R GATTACGCCAAGCTTATGTTCGGCGCAA RACE
ACACGGACCTTCTGA
MDAS YF AATCTACTGATAGCCACCACT qPCR 109.7%
MDAS5 YR CTGAATCATGGCGACCTCA qPCR
IRF3 YF TGTGGACACTGACGGACCCTTC qPCR 93.1%
IRF3 YR CGGCTGCTGATATGCTGGAGAA qPCR
IRF7 YF CGCCTGTGTTCGTCACTCGT qPCR 101.5%
IRF7 YR GGTGGTTGGAAAGCGTATTGG qPCR
Mx YF CGACCACAGAAGCATTGCAGA qPCR 107.8%
Mx YR CCCTTCAGTGCCTTTATCCACCA qPCR
IFN YF AATGCTCTGCTTGCGAATG qPCR 105.1%
IFN YR CCTGGAAATGACACCTTGG qPCR
B-actin YF GCTATGTGGCTCTTGACTTCG qPCR 104.5%
B-actin YR GGGCACCTGAACCTCTCATT qPCR
EFla YF CGCCATTGTTGAGATGATCCCT qPCR 101.4%
EFla YR GACACCAACAGCAACGGTCT qPCR
ScMDAS-OF aattctgcagtcgacggtaccATGAGCAGC overexpression
GATCAGGACGT
ScMDA5-OR cgtcatggtggeggeggatccATCACAGTC overexpression
CATGTCTTCTTCTGAGT
CiMDAS5-OF aattctgcagtcgacggtaccATGAGTAGTGATCAGGACGCCG overexpression
CiMDA5-OR cgtcatggtggeggceggatccCTCTGTTCTGTGAAATTCACAGTTGTC overexpression

the TBK1-interferon regulatory factor (IRF) 3/7-type I interferon (IFN-
I) and NF-kB signal pathways. The activated transcription factors NF-
kB, IRF-3 and IRF-7 translocate to the nucleus and participate in the
induction of antiviral genes, including type I IFNs (IFN-a and IFN-B).
Finally, transcription of IFNs leads to the production of a large number
of interferon-stimulated genes, which possess diverse effector and reg-
ulatory functions [13]. Activated NF-kB is also transferred to the nu-
cleus and induces the expression of cytokines involved in the in-
flammatory response [4,14,15].

To date, molecule identification and antiviral function studies of
MDAS5 have been reported in many fish species. MDAS5 from rainbow
trout (Oncorhynchus mykiss) was constitutively produced in fibroblast
and macrophage cell lines and upregulated by RNA virus infection. The
overexpression of MDAS has significantly upregulated the expression of
Mx and enhanced protection against viral infection [16]. The full-length
MDAS gene in Japanese flounder (Paralichthys olivaceus) was cloned,
and its transcript abundance was significantly increased in whole kid-
neys infected with viral haemorrhagic septicaemia virus (VHSV).
MDADGS-overexpressing Hirame natural embryo cells showed a lower
cytopathic effect against VHSV, Hirame rhabdovirus and infectious
pancreatic necrosis virus infection, and MDA5-overexpressing cells
showed 24-75-fold lower virus titres than normal cells [17]. After grass
carp reovirus (GCRV) stimulation, overexpression of CiMDA5 sig-
nificantly induced the expression of CilFN-I, CilL-1 and CiMx1; re-
pressed GCRV replication and decreased viral titre in Ctenopharyngodon
idellus kidney cells [11].

Both barbel chub (Squaliobarbus curriculus) and grass carp (C.
idellus) are economically important freshwater fish species belonging to
the subfamily Leuciscinae [18]. The double-stranded RNA virus GCRV
causes severe haemorrhagic disease that results in the high mortality of
C. idellus. S. curriculus shows strong resistance to GCRV and can mate
with C. idellus to produce progeny with conferred resistance to GCRV
[19,20]. To obtain molecular information of ScMDA5 from GCRV-re-
sistant fish and decipher its response to GCRV invasion and immune
function, the full-length ¢cDNA of ScMDA5 was cloned, mRNA and
protein expression levels in the tissue in response to GCRV infection
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were investigated and effects of heterologous expression of SCMDA5 on
immune response in grass carp ovary (GCO) cells were also analysed.
The results of this study will help clarify the molecular characterisation
and role of ScMDA5 in the immune reaction against GCRV and provide
fundamental information for fish anti-disease breeding.

2. Materials and methods
2.1. Experimental fish and sample collection

S. curriculus were purchased from the fishery base of Wulong,
Liuyang, China. All fish were maintained in tank for 1 month at con-
stant temperature of 28°C and fed twice daily at 2% of their body
weight. The fish were euthanised by an overdose of tricaine methane-
sulfonate (200 mg/L) before sampling. To detect tissue expression le-
vels of ScMDAS5, the liver, skin, spleen, gill, kidney and head kidney
were collected from three healthy S. curriculus individuals. An experi-
mental group and a control group were set up for the GCRV infection
experiment. Individuals in the experimental group (24 individuals)
were intraperitoneally injected with 200 uL of GCRV. Those in the
control group (24 individuals) were intraperitoneally injected with
200 uL of PBS. In each group, samples (liver, skin, spleen, gill and
kidney) from three individuals were separately taken at 12, 48 and 96 h
after treatment. All samples were stored in liquid nitrogen for further
experiments. GCRV106 with 1.78 x 107 50% tissue culture infective
dose (TCIDsp)/mL was obtained from the Yangtze River Fisheries
Research Institute, Chinese Academy of Fisheries Science (Wuhan,
China).

2.2. RNA extraction and cDNA synthesis

Total RNA was extracted from S. curriculus tissues using the TaKaRa
MiniBEST Universal RNA Extraction Kit (TaKaRa, Japan), according to
the manufacturer's instructions. The concentration of RNA was mea-
sured using a spectrophotometer (Eppendorf BioSpectrometer Basic,
Germany), and RNA integrity was analysed by 1.3% agarose gel
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electrophoresis. RNA with an ODyg,2g¢ Value ranging from 1.8 to 2.0
was used for cDNA synthesis. RNA from the spleen was used for pre-
paring the full-length cDNA template and was synthesised using the
SMARTer RACE cDNA amplification kit (Clontech, USA). For quanti-
tative real-time PCR (qPCR), tissue RNA was treated with DNase I, and
cDNA was synthesised using the ReverTra Ace-first-strand cDNA
synthesis kit (Toyobo, Japan), as per the manufacturer's instructions.

2.3. Full-length cDNA cloning of ScMDA5

Based on the highly conserved sequences of MDA5s from other fish
species, primers MDAS5-F and MDA5-R were designed using Oligo 7.0
software for full-length cDNA cloning (Table 1). Total volume of the
RACE PCR system was 50 L, including 21 pL Premix Ex Taq (TaKaRa,
Japan), 2puL 10 pmol/pL primer MDA5-F or MDAS5-R, 2 pL Universal
Primer A Mix, 2 uL cDNA template and 23 uL ddH,O. The PCR pro-
gramme was as follows: five cycles at 94 °C for 30 s and 72 °C for 3 min;
five cycles at 94 °C for 30's, 70 °C for 30 s and 72 °C for 3 min; five cycles
at 94 °C for 30s, 68 °C for 30 s and 72 °C for 3 min and 25 cycles at 94 °C
for 30s, 66 °C for 30s and 72°C for 3min. The PCR products were
purified, ligated into the pMD19-T vector, transformed into Escherichia
coli DH5a cells and sent to the Sangon Biotech Company (Shanghai,
China) for sequencing.

2.4. Bioinformatics analysis

The nucleotide sequence homology analysis of ScMDA5 was per-
formed via the BLAST program (http://www.ncbi.nlm.nih.gov/blast).
The deduced amino acid sequence of ScMDA5 was analysed using the
Expert Protein Analysis System (http://www.expasy.org/). The iso-
electric point and molecular weight of deduced amino acid sequences
were predicted using the ExPAsy site (http://web.expasy.org/compute_
pi/), and protein domains were analysed by the Simple Modular
Architecture  Research  Tool (http://smart.emblheidelberg.de/).
Multiple sequence alignment was performed using the DNAMAN 7.0
software. A phylogenetic tree was constructed using the MEGA 6.0
software, and 1000 bootstraps were set to assess the repeatability of the

results. MDA5s from S. curriculus (APB09201.1), C. idellus
(ACT68336.2), Carassius auratus (AEN04473.1), M. piceus
(ARO77472.1), Danio rerio (NP_001295492.1), Cyprinus carpio
(AIX47136.1), Epinephelus coioides (AEX01716.1), P. olivaceus

(ADU87114.1), Oreochromis niloticus (AUN88445.1), Kryptolebias mar-
moratus (XP_017279885.1), Larimichthys crocea (ANQ31758.1), Lates
calcarifer (AOV82292.1), Oplegnathus fasciatus (AHX37214.1), Siniperca
chuatsi (ATQ36109.1), Monopterus albus (XP_020450399.1), Anser cy-
gnoides (AGH30275.1), Cairina moschata (AHN92039.1), Nipponia
nippon (XP_009460278.1), Pterocles gutturalis (KFV08725.1), Gallus
gallus (AEMO00325.1), Sylvilagus bachmani (AHB62713.1), Lepus grana-
tensis (AHB62714.1), Sus scrofa (AWH63112.1), Sousa chinensis
(TEA34307.1), Physeter catodon (XP_007105350.1), Delphinapterus
leucas (XP_022425599.1), Equus caballus (XP_001494380.1), Pan pa-
niscus (XP_003820983.1), Macaca mulatta (NP_001040588.1) and Homo
sapiens (AAG34368.1) were used for phylogenetic tree construction.

2.5. mRNA expression levels of SCMDAS5 signalling pathway members

To detect transcription levels of ScMDAS5 and of the members in its
signalling pathway (i.e. ScIRF3, ScIRF7, ScIFN and ScMx) in healthy and
PBS- or GCRV-treated individuals, qPCR was performed on a CFX96
Touch Real-Time PCR Detection System (Bio-Rad Laboratories, USA).
Amplifications were performed in triplicate in a total volume of 10 pL
containing 1 uL of diluted cDNA template (1:5), 5 pL of SYBR Premix Ex
Taq II, 0.4 pL primer YF, 0.4 pL Primer YR and 3.2 pL. ddH,O. The PCR
programme was as follows: 95 °C for 30 s, followed by 40 cycles of 95 °C
for 5s and 60 °C for 40 s. B-actin and EF1a were used as reference genes,
and the relative expression levels of the target genes were calculated by
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the 27 AAC method. For qPCR experiments, the primers used were

MDAS YF and MDAS YR for ScMDAS5. Primers for the reference gene -
actin were (-actin YF and f-actin YR and for EF1a were EFla YF and
EFla YR. The primers for ScIRF3, ScIRF7, ScIFN and ScMx are listed in
Table 1.

2.6. Overexpression of SCMDAS in grass carp ovary (GCO) cells

For the overexpression experiment, the open reading frames (ORFs)
of ScMDA5 and CiMDA5 were amplified using primer pairs SCMDA5-OF
and ScMDAS5-OR, and primers CiMDAS5-OF and CiMDAS5-OR, respec-
tively (Table 1). The total volume of PCR reactions was 20 pL, including
10 uL 2 x Taq Master Mix (Vazyme, China), 1 uL primer MDA5-OF, 1 uL
primer MDA5-OR, 1 pL cDNA template (spleen-originated template for
gqPCR) and 7 pL ddH,0. The PCR programme for ORF amplification was
as follows: 1 cycle at 94 °C for 5min and 30 cycles at 94°C for 30s,
68 °C for 1 min and 72 °C for 5min and 1 cycle at 72 °C for 7 min. The
pEGFP-N1-Flag vector (Clontech, Palo Alto, CA, USA) and ORF PCR
product were digested with BamHI and Kpnl, respectively. Recombinant
vectors, the pEGFP-N1-Flag-ScMDAS and the pEGFP-N1-Flag-CiMDAS,
were constructed by cloning the purified MDA5 ORF products into the
PEGFP-N1-Flag vector, and the recombinant plasmids were confirmed
by sequencing analysis. pEGFP-N1-Flag-ScMDAS5 was introduced into
GCO cells. The experiment procedures were as follows: GCO cells were
seeded into 5-cm? cell culture flasks for 24h (at a density of
2 x 10° cell/mL) with minimum essential medium containing 10% FBS.
The cells of each flask were transfected with a mixture containing 8 ug
plasmid and 20 pL lipofectamine 2000 (Invitrogen, USA) in 500 pL
minimum essential medium. Then, the transfection reagent was re-
placed with fresh minimum essential medium at 6 h after transfection.
The cells were observed under fluorescence microscopy (fluorescence
microscopy Olympus [X53, Japan) and collected at 24 h after trans-
fection. Total mRNA and protein levels of MDAS5 and mRNA levels of C.
idellus IRF3 (CilRF3), CilRF7, CilFN and CiMx in pEGFP-N1-Flag-
ScMDAS5-overexpressed GCO cells (the GCO cells, the pEGFP-N1-Flag-
overexpressed GCO cells and the pEGFP-N1-Flag-CiMDA5-over-
expressed cells were set as controls) were detected using qPCR and
western blots.

2.7. ScMDAS5 antibody preparation and western blot detection

The recombinant plasmid (pEGFP-N1-Flag-ScMDAS5) was trans-
formed into E. coli BL21 (DE3) cells (Novagen, Germany). Positive
clones were confirmed by sequencing and cultured in LB medium with
50 ug/mL of kanamycin. After incubation at 37 °C to the mid-log phase
of growth, the expression of pEGFP-N1-Flag-ScMDAS5 was induced by
adding 0.5mM isopropyl-3-D-1-thiogalactosidase (IPTG) to the cells
and incubation for 6hat 37°C. DE3 cells containing pEGFP-N1-
ScMDAS without IPTG induction were set as negative controls. The
recombinant protein was purified by HisTrap HP Ni-Agarose (GE
healthcare, China), according to the manufacturer's instructions. The
induced bacterial lysate and purified recombinant protein were ana-
lysed by SDS-PAGE and Coomassie Brilliant Blue R-250 staining
(Beyotime, China). The concentration of the recombinant protein was
measured using the Pierce BCA protein assay kit (Thermo Fisher
Scientific, USA). For the production of rabbit anti-ScMDAS5 polyclonal
antibody, the purified recombinant protein was used to immunise New
Zealand white rabbits. The titre of the polyclonal antibody against
ScMDA5 was determined by indirect enzyme-linked immunosorbent
assay, and the non-immune rabbit serum was used as a negative con-
trol.

For western blotting experiments, tissues of the liver, spleen,
kidney, head kidney, gill and skin were separately sampled from three
healthy S. curriculus individuals. Tissues from three individuals were
collected at 12h after GCRV infection for protein level detection.
Proteins were extracted from the tissues and their concentrations were
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measured using the BCA protein assay kit (Thermo Fisher Scientific,
USA). The extracted proteins (20 ug) were subjected to 12% SDS-PAGE
and then transferred onto a PVDF membrane (Biosharp, China). The
membrane was washed three times with 1 X Tris-buffered saline con-
taining 0.05% Tween 20 (TBST). The membrane was incubated with
ScMDAS polyclonal antibody (diluted 1:1000 in PBS) for 2h at room
temperature. The membrane was again washed three times with the
TBST buffer and then incubated with the secondary antibody HRP-
conjugated goat anti-rabbit IgG (Abclonal, China, diluted 1:2000 in
PBS) for 1 hat room temperature. After washing thrice with the TBST
buffer, the membrane was dyed with BeyoECL Moon (Beyotime, China)
and scanned using the Genesys Imaging System (Alcatel, France). Band
intensity from the western blot was calculated using Image J.

2.8. Statistical analysis

The differences in mRNA and protein expression levels between
tissues and cells were compared by one-way analysis of variance fol-
lowed by Duncan's multiple range tests, using SPSS Statistics 22.0
software. The SPSS independent sample t-test was applied to compare
the difference in protein levels of SCMDAS between tissues of healthy
and GCRV-infected S. curriculus individuals. Correlations between
mRNA expression levels of genes were analysed by applying Pearson
correlation analysis. A p-value < 0.05 was considered to be statistically
significant and lower or equal to 0.01 was considered extremely sta-
tistically significant.

3. Results
3.1. ScMDA5 sequence information

The cloned full-length ¢cDNA sequence of ScMDA5 comprises 3597
bp (GenBank accession number: KU955846.1). This transcript com-
prises an ORF that is 2958 nucleotide long and translates into a putative
peptide of 985 amino acid residues, with a 107-bp 5’-terminal un-
translated region (UTR) and a 532-bp 3’-UTR. The predicted molecular
weight of the ScMDAS5 ORF is 111.68 kDa, with a theoretical isoelectric
point of 5.56 (Fig. 1).

3.2. Sequence alignment, functional domain and phylogenetic analysis

BLAST analysis results showed that ScCMDAS5 closely matched with
homologues from the Cyprinidae fish. ScMDAS5 shared the highest
identity (96.82%) with that of Carassius auratus (JF970226.1), followed
by homologues from C. idellus (96.72%, FJ542045.2) and
Mylopharyngodon piceus (96.27%, KX871189.1). Multiple amino acid
sequence alignments showed that MDA5s from Cyprinids were highly
conserved. MDASs from fish and mammalian species possessed two N-
terminal CARD, a DEAD-like helicases superfamily domain (DEXDc), a
helicase superfamily C-terminal domain (HELICc) and a RIG-I_.C-RD
domain in the C-terminus. There were 43, 113, 57 and 27 identical
amino acid residues among all selected species in CARD, DEXDc,
HELICc and RIG-I.C-RD domain, respectively (Fig. 2). Comparison
analysis also showed that differences between species were mainly
concentrated on the length and location of the functional domains. To
determine the phylogenetic relationship of ScMDAS5 with those of other
species, a phylogenetic tree was constructed. SCMDAS closely clustered
with those of Carassius auratus (AEN04473.1), M. piceus (ARO77472.1)
and C. idellus (ACT68336.2) (Fig. 3).

3.3. mRNA levels of SCMDAS5 signalling pathway members

qPCR was performed to investigate mRNA levels of ScMDAS5,
ScIRF3, ScIRF7, ScIFN and ScMx in S. curriculus tissues. The relative
expression levels of ScMDA5 in the liver, skin, spleen, gill, kidney and
head kidney were 0.240 = 0.101, 0.410 + 0.290, 0.827 *+ 0.120,
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0.370 = 0.111, 0.363 * 0.176 and 0.520 + 0.178, respectively.
Among these tissues, SCMDAS5 transcripts were mostly abundant in the
spleen followed by the head kidney and skin, with the lowest levels in
the liver (Fig. 4). The relative expression levels of ScIRF3 and ScIRF7
were the highest in the spleen (significantly higher than those in all
other tissues, P < 0.05). The relative expression levels of ScIFN and Mx
were the highest in the spleen and in the gill, respectively. Pearson
correlation analysis showed that mRNA levels of ScMDAS5 in healthy
tissues were significantly correlated with those of ScIRF3 (0.928,
P < 0.01), ScIRF7 (0.913, P < 0.05) and ScIFN (0.842, P < 0.05).
mRNA expression levels of ScIRF3 were significantly correlated with
those of ScIRF7 (0.956, P < 0.01), and transcription levels of ScIRF7
were significantly correlated with those of ScIFN (0.945, P < 0.01).
qPCR was also performed to investigate transcription levels of SSMDAS,
ScIRF3, ScIRF7, ScIFN and ScMx in the liver, spleen, kidney, gill and
skin of S. curriculus at different time points after GCRV infection or PBS
treatment. In the liver, mRNA expression levels of ScMDAS5, ScIRF3 and
ScMx showed an overall trend of downregulation from 12 to 96 h after
infection. In the spleen, expression levels of ScIRF7 exhibited an overall
trend of initial upregulation and then downregulation, whereas ex-
pression levels of ScMx were significantly downregulated from 12 to
96h after infection (P < 0.05). In the gill, expression levels of
ScMDAS5, ScIRF7, ScIFN and ScMx were all significantly upregulated
after GCRV infection. In the skin, an overall trend of initial upregulation
and then downregulation were observed for expression levels of ScIRF7
and ScIFN, whereas those of ScIRF3 were significantly downregulated
from 12 to 48 h after GCRV infection (Fig. 4).

3.4. Effects of overexpression of SSMDAS5 on the expression of ScIRF3,
ScIRF7, ScIFN and ScMx

To test the effects of heterologous expression of ScMDA5 on tran-
scription levels of CiIRF3, CilRF7, CilFN and CiMx, overexpression ex-
periments of ScMDAS5 in GCO cells were conducted. mRNA expression
levels of MDAS (total levels of ScMDA5 and CiMDAS5), CiIRF7 and CiMx
were significantly higher in pEGFP-N1-Flag-ScMDAS5-overexpressed
GCO cells than in GCO cells and pEGFP-N1-Flag-overexpressed GCO
cells (P < 0.05). In addition, the MDAS5 expression levels in pEGFP-N1-
Flag-CiMDA5-overexpressed GCO cells were significantly upregulated,
and the expression levels of CiIRF7 and CiMx were significantly higher
in pEGFP-N1-Flag-ScMDA5-overexpressed cells than those in pEGFP-
N1-Flag-CiMDA5 cells. For the expression levels of CilFN, over-
expression of pEGFP-N1-Flag, pEGFP-N1-Flag-CiMDAS5 and pEGFP-N1-
Flag-ScMDAS resulted in significantly lower mRNA levels than that in
GCO cells (Fig. 5).

3.5. Western blot analysis of protein levels of SCMDA5

Western blot analysis showed that protein levels of SCMDAS in the
liver, spleen, kidney, head kidney, gill and skin were 2.254 + 0.193,
0.518 = 0.137, 2.080 = 0.234, 0.848 + 0.087, 1.083 + 0.136 and
1.940 = 0.347, respectively. Protein expression levels of ScMDAS5
were the highest in the liver tissue followed by those in the kidney and
skin and the lowest levels were identified in the spleen. Protein levels of
ScMDAS5 in GCRV-infected liver, spleen, kidney, head kidney, gill and
skin (12h after infection) were 1.555 + 0.210, 0.297 + 0.130,
0.435 * 0.145, 0.362 = 0.097, 0.432 * 0.150 and 0.738 * 0.147,
respectively. At 12 h after GCRV infection, the protein level of SCMDAS
was the highest in the liver and the lowest in the spleen (Fig. 6).
Compared with protein levels of SCMDAS in healthy tissues, those of
ScMDAS in tissues infected with GCRV were downregulated, although
no significant difference was found.

4. Discussion

Early host response to pathogens is mediated by several distinct
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1 ACCATGGGGGGGAAATAAAGGCCTGGATTCACTGGCTGGTAGTGACCGGTGCTCGGGGAA 1380 CACACGAAGAAGGGTGATGTGTATAACCACATCATGATTCGCTACCTAAGACAAAAGCAT
61 CTCTGACAGAACTTCTGACAGATATCTCATCTAGTCTCTTATCAAAGATGIAGCAGCGAT H T K KG D V YNHIM TR Y LR Q K H
M S S D 1440 AAGAACCAGCTGCTGAAGAAGCAGGATAAAAGTCCAGTTCCGATCCCCCAGATTTTGGGT
120 CAGGACGTCGAGACGCGTCATATTCTGGACTGTTTCAGAGACAGACTGAAGCGGATCATC K NQ L L K XK Q DK s P V P TP Q1ITLG
O DV E TR H 1L D CFR.DURL KR 1.1 1500 CTGACTGCCTCACCTGGTGTGGGAGGAGCAATGAGCCAGCAGATGGCAGAGCAACACATT
180 ATCGTCGAGCCACTTCTGGATCTGCTGCATTTCCTCGAACCGGATCGAAAGGACCGAATA L TA S PG VG G A MS Q QMAE Q HI
I vV E P L LD L LHF L E P DR K D R._I 1560 CTCCAGATTTGTGCAAACTTGGACGCCTTCACAATAAAAACAAAGACTTTCGAAGAAGAA
240 AGAGCCAAGCTGCGCGTGGACGGGGACATAAGCGCCGCAGCACTTCTGATCGACGAAATT L Qe rc A N L D AF T I K TZX TTFEEE
R A K LRY D G D I S AAALLIDE.I 1620  GAGGCCAAAACGCCGTACAAAAGGATAGCAAGAGCAGAAGATCTGAAGGAGGACCCGTTT
300 GTTAAAACACAAGACAAAGGATGGTCGAGAGAGCTGATCACCGCACTGGAAACTGTCGGG EA KT P Y K RT AR A EDLTIKEDPTF
VK T OD K GW S R ELITALETLYV.G 1680 GGAGACGTAATTAAGAAGATAATGGATGAAATCCACACACATGCTGGTCTTCTGCCCCTC
360 TGCACAAACGCTGTGAATTATGTGTTGAACGGCCCACCGAACCCCACAGAAGAGGCCGAG G Db VI KK IMDETILIHTHAGTLTLPL
C T NA YV NY VL N G P PNUPTETEAE 1740  TGTGAGCCCGGCACACAGAACTACGAACAGTGGGCGGTACAGAAAGAGCAGAATGCTGCT
420 AATGACAGCTGTGTTCGGCTGATCGATCTCATGCAGCTGAGTCTGATCAACATGAAAACC CE P GTQNY E Q W AV Q K E Q N A A
ND S C V R LIDILMOTLSTLINMZEK.T 1800 AAGGAAGAGAATCAGAAGGTCCGTGTTTGCGCCGAACATCTCCGCCATTACAACGAGGCT
480 GCCGACGTGTGCGCGCACTGCTTCTCACAGGGGATCTTAACACAGGAGGACCAGGAGAAT K EE NQ K V R VCAEHLRHYNE A
A DV C A HCF. S 0. G 1 LT OFED OE.N 1860 CTTCATCAGAGCAACACCATACGCATGTCGGACGCCTTCCGCTTCCTCGACAAGTATCAC
540 ATTACGAAAGCCACTCAGAATCATGGTAACATAAACGGCGCTCGAGTGCTCCTCAAAAGG L HQ S N TI1TRMS D A F R F L DK Y H
L T K A T ON H GN I NG A RV L L K. R 1920 AACGAAGAGCTGAAGACGAAATCCAGCCCCGATGACGAAGGCACCATTACAATCACGGAC
600 CTGGTGAAAAATGAAGCTGGCTGGTTTTCCAAATTCCTTCAGGCTCTGGAGGACACTGAA N EETL K TZX S S PDDEGTTIT I TD
L V K N E AGW F S K F LO A L E D T E 1980 ACAGAGCGATTTCTCTTCACTTTGTTCAAAGACAAAAAAGCGAAGCTGCAGGAATTGATG
660 CACCATGAGCTGGTGCGCGAGCTGCGGGGAGAGCCGTGCAACAAGGACGAGTCCATGTCA T ERFL FT LF K DK K A K LQ E LM
HH E L VR E L RG EPCNUIKDTE S MS 2040 GGAAAGCCTGAATATGAAAATAATAATCTGGCCCAGCTGAAAACCATCATCCTGAAGGAA
720 GTCGAGACCCACGAGTTCTCAACTGTTGAGGAGGCTGAACAGATGTGCTTAGCTGCTGAC G K P EY ENNNTULA QLXK TT I L K E
VE T H EF S TV EEAGETIQMC LA A D 2100 TTCAGCACCAGAGAGGTGGCGAGAGGCATCATATTCACCAGGACCCGTCTCAGTGCCATC
780 AAGGAGGCGGACTCCGTGAATAGCTCACTTTTGGCAGAAGACCTAAACAGCAGTGTGGAC F S TREVAR GI11FTRTRTILS AI
KE A D S V N S S LLAGETDTLTNS SV D 2160 GCTCTCTGCCAGTGGATTCAAGAAAACCCCAAGTTTGAGGAAGTGGGAGTCAGTGCCAGC
840 AGCAGCGTTCTGAGTGTGTCTGCTGAAAATGAAGATGTCGACATGTACAAAGAAGGCAAG A LC QW I Q E NP K FEEV GV S A S
s s VL SV S AGENTETJDYTDMSVY KE G K 2220 TATCTGATCGGCGGTGGAGATCAGAGCGTGGTTAAACCGATGACCGCTGCAGAGCAGAAG
900 GAGGAAGAGAAAGCAGATCTCACGGAGAATGATGATCCGCCAGCGAGTAAGAGGGAAATT Y L 1 G GG D Q S V VK P M TA A E Q K
EE E K A D LTTENDTDT PGP AS K R B I 2280 GATGTGTTGCAAAGGTTTCGTAAAGGAGAGATCAATCTGCTGATAGCCACCACTGTTGCA
960 GTTCTGCGTGACTATCAGATGGAGGTGGCGAGACCAGCTCTGGAGGAAAAGAACATCATC DV L Q R F RKGETNTIETLTIATTV A
VL R D YQ ME V A R P A L E E K N I 1 2340 GAAGAGGGTTTGGACATCGCCGAGTGTAATGTCGTCATACGCTACTGCCTTGTGACCAAT
1020 ATCTGCCTCCCAACAGGAAGTGGTAAAACCAGGGTAGCTGTGTATATCACTAAGGAACAT E E G L DI A B C NV VI RYCLVTN
I ¢ L PTG S G K TURUYV AV YI T K E H 2400  GAGGTTGCCATGATTCAGGCCCGTGGACGAGGACGAGCAGAGGACAGCAGTTACACGCTG
1080 TTGGACAGGAAGAAGCAGATGGGACAACCGGGGAAAGTTGTCGTTCTGGTCAACAAGGTT EVA ML Q ARGRGURAEUDS S Y TL
LD RK K Q MG Q P G K V VV L VN K V 2460  GTGGCGGAGGCAGGGTCTGGGGTGGCAGAGAGAGAGAGCGTTAACGAATACAGGGAGAAA
1140 CCCCTGGTCGAGCAGCACTACAAGGCTGAGTTTGGGTTGTTTCTGAAGCATCAATACTCA vVAEAGSGV AERESVNEYREK
P L VEQ HY K A EF 6L FL K HQ Y S 2520 ATGATGAGCAAAGCCATCGCCAAAGTGTGCAAGATGAATCGAGCCGACTACGAGAAGAAA
1200 GTTGAGCGAGTCAGCGGAGCCTCGCAGCTCAAAATCTCCTTACCACAAATCATAGAGCAA MM S K AT A K V CKMNR AD Y E K K
VER V S G A S QLI KTISTILPOQI I E Q 2580  ATCAGAGAGTTTCAGATCCAGGCCATAGTGGAGGAGAAGGTCAAGATAAAGAAGAAACAG
1260 AATGACATCATCATCTGCACGGCACAGATTCTGGAAAACTCTTTCGCCAAAGCCAAGAAT I R EF QI Q A1V EEK V KI K K K Q
ND I 11 ¢T A Q I L ENSF A K A KN 2640 CAGAAGGGAATGATGAAGGAATCGCCATCCAAAATCAGCCTGAGCTGCAGGCAGTGCAGT
1320 GGAGACGAGGACGGGATCAAATTATCACAGTTCACCCTGATGGTTATTGATGAATGCCAC QKGMM K E S P S KL S L S C R Q C S
G D EDGIK LS QF T L MV I DEC H 2700 GTGTTCGTGTGCTCTGGAGAAAACATTGAGATCATCGAGAAAATGCACCATGTCAATGTC

v F V C S G E N 1 E 1 1 E K M H H V N A%

2760 ACCGAGCAGTTTAGTAAGTTGTTTACAGTCCGAGAGAACACGTCACTACAGGAGCGACTC

T E QF S K L FT V R E NT S L Q E R L

2820 TTGGACTATGAGACCAACGGAGTCATTGCATGCAAAAAGTGTGGACAGCAATGGGGCTCG

LD Y E TN GV I A CK K CG Q QW G S

2880 ATGATGCTGTATAAAAGCATCGAGTGTCCCTGCCTCCATATCAAGAACTTTGTGGTCACA

MML Y K S 1 E C P C LH I K NF V V T

2940 TACGGCTCTAAGAAGAAGACGTTCAGCAAATGGAGTGAGCTGCCCATAAGTTTCACTGCA

YG S K K K T FS K W S E L P I S8 F T A

3000 TTTGACTACACCCAACACGCCGATCTCCTTGTAGAGGACTCAGAAGAAGACATGGACTGT

ED Y T Q H A DL UL VED S EETD MD C

3060 GA AAATTAAGAGCTGAAGATATTCAAACTCATTTCTGTCACAGTCAAATGTCATTA

D *

3120 CCTGTAAAATGATGCATTGTTTACCAAGTCTGTTGTACTGCAAGCACTGGTACTTCCCAA

3180 CATGAAGTGGGTAAATCTGTAATTTCCAGAATTTAGTGGCACTTTTAAATTCTGGTTTTA

3240 ATGTATCATATATTGTTTATTTCTGTTTAATTTCTTGATTTAAATATGCCTTTGCAAAGA

3300 TGAATCAGGGGAAGTCTTGTAAGCTAAAAAGAAGGTTTGCATCAGCACCACTCATCAGCA

3360 AACTGCATTCAATAAAACTGCACTGAATGAAGATATTTTGATTGATTTTACAGTTTGAGC

3420 TTTGGTTCTGTAACATTTAATGCATGTAGAATCACAGTGAAGCAGACACAGTCTGTCACA

3480 GTACTGATTTTGTCCCAAGTGTTTCTGTACAGATTTACTTTAGAGGATGTCATGCAATGT

3540 GCTATAAATACTTTACATTATAATGACCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

Fig. 1. ScCMDA5 cDNA and amino acid (aa) sequences.

The start codon (ATG) and stop codon (TGA) are indicated in boxes. The CARD aa sequence is underlined (wavy), DEXDc is highlighted in grey, HELICc is underlined
(single) and the RIG-I_C-RD. domain (856-970 aa) is underlined (double). The mRNA instability motif (attta) and the polyadenylation signal motif (aataaa) are
underlined (double).
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Squaliobarbus curriculus «...MSSBCE. VETRHILD RvCEDTSEA, T 100
Ctencpharyngodon idella ....HSSDQD.AETRHILD RLOELISAA. Ll' 100
Mylopharyngodon piceus ....YSSDKD.RETRHILDGEE:DE 1 LRVDEDISHAABNIDEILETG. . O H 100
Carassius auratus ....HSSDGD. AETRATLD RIL.ODEDISHA; DX L1' 100
Cyprinus carpio «...MSCDKD.AETRHTLD REEGNISHA B Ll' 102
Danio rerio MDPNESSDQD . TETRHILD) R v EREKARVASEENINAV. B30 105
Salmo salar «+..MARDKDNARNIRLID! DILERT KBV Qi 103
Gallus gallus «+.MSEECRCERFLYMIS gl ] 103
Sus scrofa . .MSSDEYSADQNECYLIS EQEQRAVATIENI 107
Homo sapiens «+ .MSNEYSTDENFRYLIS EH 106
Squaliobarbus curriculus HanE IDWMQLS - ‘ EPCNXDESMSVETHE 209
Ctenopharyngodon idella ERAEN TOMMQLSETN . . TRATE » EPCNXDESMSVETHE 209
Mylopharyngodon piceus BOAE IDMMQLSEIN .| vies IKATE EPCNKGESMSVETHE 209
Carassius auratus ERRE T IN. A TKATE EPC THE 209
Cyprinus carpio RSTDMLOLTEVN . 2 LRLI] F H REEPCNEDEAMSVETVE 211
Danic rerio VN . M TAT REEFCEGDEGMSVLSSD 214
Salmo salar I 4 I LK .| R CWOESKET LAECENH [eE . SPGDNLIDEPGVL 211
Gallus gallus VDI REMAEHeLEL.GIECH ETVIESHE F SENTGCTERRCYELKNN 212
Sus scrofa IVDKELVIEI DR TECCESNAESDDL 213
Homo sapiens ) L (VDS LVRENT. DX MEEE!] 2 . ALENNe ek 2 Q [SNAEIENL 212
CARD
Squaliobarbus curriculus FS....... TVEEAEQMCEARADK . . . EADSVNSELIARE . | D .BEULS . . . VSAENEDWDMYXKEGKEEEKA. . . ... DETEN .§oEe........... ASKREIV 285
Ctencpharyngodon idella .. .TVEEGEQMCLAAEKR. . . EACSVNSSLLSME . . . LS . . .VSAENECEEMYN . GREEEKG. . . ... DLTH -VSRREIV 284
Mylopharyngoden piceus «..TVEEGEQMCLAAEK. . .EADSVNSSLLSaL. .| L. LS. . .VSAENEDMDMYN .GREEEKG. . ... .DLTES. .ASKREIV 284
Carassius auratus FK....... TVEEGEQMCLARAEK. . . EADSVNSSLLSRE . . D .SSHLS . . . WSAENEDWDMYN . GREEEKG . VSKREIV 284
Cyprinus carpio EGEQSCSSATVETNMYSSMSLLP. . . FVLSANSSLLSAE. . L .S8CGLG ACACNEEMEMYK. . .EGEEE -EERRDIV 292
Danio rerio AQAEVR...DTEA ... .PSETENSSLCSAL. .ED! L. LG ¥ -ASKREIK 296
Salmo salar MA. . .VNEAPGNVDEMVEEG. . . PVEAAGNSFLHQET T.§MELLEP . SEADSETADLYSGTEEPMEN. . . LDLSTSGCIARAARESPPECVIV 304
Gallus gallus 6. . .KRTERASQFVYVTEDLRQQENLE . OREV! VEETENGKI ISES.VAVGDASHSNSNENLGECSS. ... ...t (ECEREGR. .....ASPEPBLT 300
Sus scrofa LG. . .ENGPEVQEPLLLATLD. . .QPSLL. .VSD FA; SESDCTSLAEGSNSCLDESLGHNSNMGSLSGTMGS [EETVAQR. . ....ASPEFELH 306
Homo sapiens sg. . .VDGEQVEEQLESTTV. . . QPNLEKEVNGMBNNSSESEFA SESDTSLAEGSHSCLDESL GT MEENVAAR. .....ASPEEELQ. 307

Squaliobarbus curriculus 395
Ctenopharyngodon idella 394
Mylopharyngodon piceus 394
Carassius auratus 394
Cyprinus carpio 402
Danio rerio 406
Selmo salar 412
Gallus gallus 410
Sus scrofa 416
Homo sapiens 417
Squaliobarbus curriculus 501
Ctencpharyngodon idella 500
Mylopharyngodon piceus 500
Carassius auratus 500
Cyprinus carpic 508
Danio rerio 512
Salmo salar 520
Gallus gallus 519
Sus scrofa 526
Homo sapiens 527
Squaliobarbus curriculus |[EEEE ] 611
Ctencpharyngodon idella EEEE v 610
Mylopharyngodon piceus EEEEXN X 610
Carassius auratus EEEE Vi 610
Cyprinus carpio EEEE v 618
Danio rerio EEEEX N 622
Salmo salar GEN v 629
Gallus gallus LENG K 629
Sus scrofa LKBQT 636
Homo sapiens LKNQT B 637
Squaliobarbus curriculus 699
Ctencpharyngodon idella 598
Mylopharyngodon piceus 698
Carassius auratus 698
Cyprinus carpio 708
Danio rerio 710
Salmo salar 17
Gallus gallus TAESERE. ... . « . .EEPLVSRQLEQD! ) 721
Sus scrofa FEVLEBESDDNGED . . SDNCEDENDEKKPSREDE SB 744
Homo sapiens FAVI GGDLEYCDGDEDECDLXKFLXLOER 747
Squaliobarbus curriculus 809
Ctencpharyngodon idella 8o8
Mylopharyngodon piceus 208
Carassius auratus 808
Cyprinus carpio 81

Danio rerio 820
Salmo salar 827
Gallus gallus 831
Sus scrofa 854
Homo sapiens 857
Squaliobarbus curriculus 919
Ctencpharyngodon idella 918
Mylopharyngodon piceus 918
Carassius auratus 918
Cyprinus carpio 926
Danio rerio 930
Salmo salar as7
Gallus gallus 940
Sus scrofa 963
Homo sapiens ags
Squaliobarbus curriculus 984
Ctenopharyngodon idella 961
Mylopharyngodon piceus 223
Carassius auratus 983
Cyprinus carpio 5 2 o J:F: SEEENLET 992
Danio rerio L S . S - SECECMDT 996
Salmo salar - AEA SSECEESM. 1002
Gallus gallus PR 1001
Sus scrofa .. 1027
Homo sapiens IVHKGLD. 3 _ S TIRE O <IN VEMPE TEE BN SECCLESOEE - . . . . . .- . 1025

Fig. 2. Alignment of the ScMDAS5 domains with those of other fish and mammalian species.
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Oplegnathus fasciatus MDAS (AHX37214.1)

Siniperca chuatsi MDAS (ATQ36109.1)

48

Lates calcarifer MDAS (AOV82292.1)

51

Paralichthys olivaceus MDAS (ADU87114.1)

28

Larimichthys crocea MDAS (ANQ31758.1)

71

Oreochromis niloticus MDAS (AUN88445.1)

100

Epinephelus coioides MDAS (AEX01716.1)

-Monopterus albus MDAS (XP_020450399.1)

Kryptolebias marmoratus MDAS (XP_017279885.1)
Danio rerio MDAS (NP_001295492.1)

100
56

53

100

Cyprinus carpio MDAS (ATX47136.1)
Squaliobarbus curriculus MDAS (APB09201.1)

Ctenopharyngodon idellus MDAS (ACT68336.2)
arassius auratus MDAS (AEN04473.1)

86% Mylopharyngodon piceus MDAS (ARO77472.1)
nser cygnoides MDAS (AGH30275.1)

100 EA
Cairina moschata MDAS (AHN92039.1)

Gallus gallus MDAS (AEM00325.1)
Pterocles gutturalis MDAS (KFV08725.1)

100

100

100

—Nipponia nippon MDAS (XP_009460278.1)

99 ["Sousa chinensis MDAS (TEA34307.1)
100 Delphinapterus leucas MDAS (XP_022425599.1)

100

48

73

0.05

——Physeter catodon MDAS (XP_007105350.1)

—Sus scrofa MDAS (AWH63112.1)
Equus caballus MDAS (XP_001494380.1)
100 [Sylvilagus bachmani MDAS5 (AHB62713.1)
Lepus granatensis MDAS (AHB62714.1)
Macaca mulatta MDAS (NP_001040588.1)

100 -Homo sapiens MDAS (AAG34368.1)
100 L Pan paniscus MDAS (XP_003820983.1)

Fig. 3. Phylogenetic relationship of MDAS proteins.

pattern recognition receptors. Cytoplasmic RNA helicases, including
RIG-I and MDAS5, have shown to respond to viral RNA by inducing
interferon production [21]. The deduced amino acid sequence of
ScMDAS contained functional domains, including CARD, DEXDc and
RIG-I_C-RD, and these domains shared many identical amino acid re-
sidues with those from other fish species. In the cytoplasm, intracellular
antiviral responses were initiated by the recognition of dsRNA gener-
ated by the replication of infected viruses. As for MDAS from other fish,
ScMDAS may also sense intracellular viral infection and trigger innate
antiviral responses through its DEXDc and transmit a signal down-
stream of CARD [22,23]. The RIG-I_C-RD domain is responsible for the

binding of viral RNA, and differences in this domain are the basis of
distinct dsRNA recognition and binding ability [24,25]. MDA5 CTD
(with a dsRNA binding site) binds to the dsRNA stem and then forms an
open ring structure around the dsRNA stem in the cytoplasm [24,26]. In
the present study, domain differences (focussed on sequence length and
location) were found between ScMDAS and those from other fish spe-
cies, indicating that viral recognition and binding ability of MDAS5s may
be different.

Upon activation, MDAS5 interacts with downstream adaptor IPS-1
and initiates signalling to IRF3, IRF7 and NF-kB transcription factors,
resulting in the induction of antiviral response by IFN production [27].
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Fig. 4. Expression levels of ScMDA5, ScIRF3, ScIRF7, ScIFN and ScMx in tissues after GCRV infection or PBS treatment. The letters a, b and c indicate the significant
difference in gene expression levels between different time points for either treatment (P < 0.05).
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IFN signalling elicits the activation of a group of interferon-stimulated
genes, including Mx, ISG56 and Trim39, that are responsible for lim-
iting viral infection and replication within a cell [28]. In the present
study, expression levels of SCMDAS5 in healthy tissues were significantly
correlated with those of downstream signalling pathway members, such
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as ScIRF3, ScIRF7 and ScIFN, indicating that they are in a same signal
pathway and work together to deal with viral invasion. Among the
detected molecules in the ScMDAS signalling pathway, expression le-
vels of ScIRF3 and ScIRF7 showed an extremely significant positive
relationship. IRF3 and IRF7 are molecules with high structural
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Fig. 5. Effect of overexpression of ScMDA5 on MDAS, CiIRF3, CilRF7, CilFN and CiMx in GCO cells at 24 h post infection. The letters a, b and c indicate the
significant difference (P < 0.05) in mRNA expression levels between different treatments (GCO cells, GCO cells with pEGFP-N1-Flag, GCO cells with pEGFP-N1-Flag-

CiMDAS and GCO cells with pEGFP-N1-Flag-ScMDAS5).

homology; expression levels of both were upregulated following ner-
vous necrosis virus infection in the Asian seabass L. calcarifer [29]. IRF3
and IRF7 cooperatively act in myeloid dendritic cells downstream of
mitochondrial antiviral protein signalling to regulate activation of the
IFN gene [30,31]. The relationships between the expression levels of
MDAS signalling members were also found in ScMDA5 overexpression
experiments, and the upregulation of the expression of ScMDAS5 led to
significantly enhanced CiIRF7 and CiMx transcription in pEGFP-N1-
Flag-ScMDAS5-overexpressed GCO cells. The transcriptional factor IRF-7
is essential for the induction of IFN-a/[3 genes after virus infection, and
it is the master regulator of IFN-1-dependent immune responses
[32,33]. Overexpression of ScMDA5 induced the activation of the IFN-I
regulator IRF7 and the interferon-stimulated gene Mx in GCO cells,
indicating that ScMDAS5 enhances the immune response in C. idellus
cells.

The responses of MDA5-mediated signal pathway members to GCRV
were different among the different tissues of S. curriculus. For example,
mRNA levels of ScMDA5 and ScMx were downregulated in the liver,
whereas the two molecules were significantly upregulated in the gill. At
least three expression level change modes, including downregulation,
upregulation and initial upregulation followed by downregulation,
were found for MDAS5 signalling pathway molecules in S. curriculus
tissues after GCRV invasion. Diverse immune response modes and dis-
crepancy in expression levels of MDAS5-mediated signalling pathway

494

members indicated that there are obvious functional differentiations
among S. curriculus immune tissues/organs regarding response to virus
invasion [34,35]. Simultaneously, data of the current study showed that
ScMDAS, ScIRF3, ScIRF7 and ScIFN transcripts were most abundant in
the spleen, suggesting that the spleen is a potential target tissue for
immune functional studies and selective breeding of aquatic animals
with increased disease resistance [36]. From our investigations into
protein levels, we observed that in healthy or GCRV-infected tissues,
protein levels of SCMDAS were the highest in the liver and the lowest in
spleen, which is nearly opposite to corresponding mRNA expression
levels of ScMDA5. The reason for this discrepancy in the mRNA and
protein levels of ScMDA5 may be the modifications or degradation of
mRNA during the translation process, which ultimately affects the
production of the ScMDAS protein [37]. Based on the results of the
present study, protein levels of ScMDAS5 were more reduced in GCRV-
infected tissues than in healthy tissues (although no significant change
was observed in protein levels). Our previous study has shown that S.
curriculus was resistant to GCRV, suggesting that a relative higher basal
protein level of ScMDAS5 can lead the fish to respond quickly and
strongly enough to prevent viral replication [18]. The ScCMDAS protein
may rapidly degrade to protect the fish from excessive immunity after
the successful induction of type I IFNs and the inhibition of viral re-
plication [38].

Taken together, the full-length ¢cDNA of ScMDA5 was obtained,
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Fig. 6. Western blot analysis of SCMDAS protein abundance in different tissues. A: C-MDAS5, ScMDAS5 protein detection in the control group; 12 h-MDAS5, ScMDA5
protein detection in tissues 12 h after GCRV infection. B: tissue protein levels of SCMDAS in the control group; C: tissue protein levels of ScMDAS5 12 h after GCRV
infection. The letters a, b and c indicate significant differences (P < 0.05) in protein levels between different tissues.

which comprises 3597 bp that encoded a putative peptide of 985 amino
acid residues. CARD, DEXDc and RIG-I_C-RD were domains of SCMDAS
and may function in the recognition and binding of viral dsRNAs. The
expression of ScMDAS5 in healthy tissues was significantly correlated
with that of ScIRF3, ScIRF7 and ScIFN, indicating that they are in the
same signal pathway and work together to deal with viral invasion.
Upregulation of the expression level of ScMDAS5 led to significant en-
hancement of the transcription of CiIRF7 and CiMx in pEGFP-N1-Flag-
ScMDAS5-overexpressed GCO cells. The protein level of ScMDAS was the
highest in the liver and the lowest in the spleen. After GCRV infection,
the protein level of ScMDAS5 was downregulated, and this may be

because it is rapidly degraded to protect fish from excessive immune
responses. The results from this study provide a fundamental for fish
anti-disease breeding regimens.
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