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A B S T R A C T   

The transcriptomic response of Senegalese sole (Solea senegalensis) triggered by two betanodaviruses with 
different virulence to that fish species has been assessed using an OpenArray® platform based on TaqMan™ 
quantitative PCR. The transcription of 112 genes per sample has been evaluated at two sampling times in two 
organs (head kidney and eye/brain-pooled samples). Those genes were involved in several roles or pathways, 
such as viral recognition, regulation of type I (IFN-1)-dependent immune responses, JAK-STAT cascade, inter-
feron stimulated genes, protein ubiquitination, virus responsive genes, complement system, inflammatory 
response, other immune system effectors, regulation of T-cell proliferation, and proteolysis and apoptosis. The 
highly virulent isolate, wSs160.3, a wild type reassortant containing a RGNNV-type RNA1 and a SJNNV-type 
RNA2 segments, induced the expression of a higher number of genes in both tested organs than the moder-
ately virulent strain, a recombinant harbouring mutations in the protruding domain of the capsid protein. The 
number of differentially expressed genes was higher 2 days after the infection with the wild type isolate than at 3 
days post-inoculation. The wild type isolate also elicited an exacerbated interferon 1 response, which, instead of 
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protecting sole against the infection, increases the disease severity by the induction of apoptosis and 
inflammation-derived immunopathology, although inflammation seems to be modulated by the complement 
system. Furthermore, results derived from this study suggest a potential important role for some genes with high 
expression after infection with the highly virulent virus, such as rtp3, sacs and isg15. On the other hand, the 
infection with the mutant does not induce immune response, probably due to an altered recognition by the host, 
which is supported by a different viral recognition pathway, involving myd88 and tbkbp1.   

1. Introduction 

Nervous necrosis virus (NNV) is the causal agent of the viral en-
cephalopathy and retinopathy (VER), or viral nervous necrosis, a disease 
affecting numerous freshwater and marine fish species, including Sen-
egalese sole (Solea senegalensis) (Cutrín et al., 2007; Olveira et al., 2009), 
which causes vacuolation in central nervous system. NNV belongs to the 
Betanodavirus genus, Nodaviridae family; it is a non-enveloped virus, 
with two single positive sense-RNA segments. RNA1 encodes the RNA- 
dependent RNA polymerase (RdRp); whereas RNA2 encodes the 
capsid protein (CP). Besides, NNV transcribes a subgenomic mRNA 
(RNA3) from the RNA1, encoding two non-structural proteins, B1 and 
B2 (Sahul Hameed et al., 2019). B1 inhibits apoptosis at early stages of 
viral replication in order to release new viral particles from the infected 
cells (Chen et al., 2009), whereas B2 suppresses RNA silencing activity 
(Iwamoto et al., 2005). According to the sequence of the variable region 
within the CP gene, NNV has been classified into four genotypes, 
considered as viral species: striped jack nervous necrosis virus (SJNNV), 
tiger puffer nervous necrosis virus (TPNNV), red-spotted grouper ner-
vous necrosis virus (RGNNV), and barfin flounder nervous necrosis virus 
(BFNNV) (Sahul Hameed et al., 2019). 

Reassortant isolates, presenting segment combinations of RGNNV 
and SJNNV genotypes, have been obtained from different fish species. 
Specifically, Olveira et al. (2009) have isolated a reassortant (wSs160.3) 
from Senegalese sole harbouring a RGNNV-type RNA1 and a SJNNV- 
type RNA2 segments (RGNNV/SJNNV reassortant). Compared to the 
parental isolates, the sequence of this isolate is slightly different. 
Regarding the CP, the wSs160.3 isolate shows RGNNV-type amino acids 
at positions 247 and 270 which play an important role in increasing 
virulence to sole (Labella et al., 2018; Souto et al., 2015b). In fact, Souto 
et al. (2015b) generated a mutant by reverse genetics (rSs160.03247+270) 
showing SJNNV amino acids at those positions, which causes a reduc-
tion of 40% in mortality compared to the mortality caused by the wild 
type isolate. 

In order to determine the role of the immune response in the path-
ogenesis of betanodaviruses, Labella et al. (2018) applied the RNA-Seq 
technology to determine differences in the transcriptomic profile of 
Senegalese sole after infection with these two viruses, the wild type 
reassortant wSs160.3, highly virulent to sole, and the mutant 
rSs160.03247+270, moderately virulent. The results showed that a higher 
number of differently expressed genes (DEGs) was detected after the 
infection with the highly virulent isolate. These overexpressed genes 
were mainly related to the immune response and proteolysis, which are 
probably the most relevant mechanisms involved in the severity of the 
disease produced by this viral isolate. 

Based on the results obtained by this RNA-Seq analysis, in this work a 
112-assay system OpenArray® platform (Thermofisher), based on 
quantitative PCR, has been designed. This platform has been used to 
determine the time-course of the host immune response in head-kidney 
and nervous tissues (pools of eye and brain) against infections with the 
wild type wSs160.3 reassortant and the CP mutant virus 
(rSs160.03247+270). 

2. Material and methods 

2.1. Viral strains 

Two NNV strains were used in this study: wSs160.3, a wild type 
reassortant containing a RGNNV-type RNA1 and a SJNNV-type RNA2 
segments (RGNNV/SJNNV) and highly virulent to Senegalese sole 
(100% mortality), and a recombinant virus harbouring mutations in the 
capsid protein, rSs160.03247+270, which is moderately virulent to this 
fish species (Souto et al., 2015b). 

Both viral strains were propagated on the E-11 cell line grown in 
Leibovitz L-15 medium (Gibco) supplemented with 2% foetal bovine 
serum (FBS) and incubated at 25 ◦C until cytopathic effects (CPEs) were 
observed. Viral titration was performed in 96-well plates incubated at 
25 ◦C for 7–10 days. Cells were examined daily for CPE observation, and 
titres, expressed as TCID50/mL, were calculated according to the end- 
point dilution method (Reed and Muench, 1938). 

2.2. Sample processing 

Three experimental groups of Senegalese sole specimens (5–10 g) 
were intramuscularly injected with: (A) L-15 medium, as negative con-
trol, (B) wSs160.3 and (C) rSs160.03247+270. Both viruses were inocu-
lated at 2x105 TCID50/fish (Labella et al., 2018). Animals were 
euthanized by MS-222 (Sigma-Aldrich) overdose at 2 and 3 days post- 
inoculation (p.i.), and individual samples of head-kidney and pooled 
eye/brain from three fish per experimental group were aseptically 
recovered, immediately frozen in liquid nitrogen, and stored at − 80 ◦C 
until used. 

Fish used in this study have been treated according to the Guidelines 
of the European Union Council (Directive 2010/63/EU) and the Spanish 
directive (RD53/2013). To minimize fish suffering, trials were accom-
plished in accordance to the Bioethics Committee of the UMA (Approved 
number: 9-2014-A). 

2.3. RNA extraction and cDNA synthesis 

Samples were homogenized in 1 mL of TRI Reagent (Sigma-Aldrich) 
using the MM400 (Retsch) homogenizer. A volume of 100 µL of 1- 
bromo-3-chloropropane (AppliChem) was added, and samples were 
centrifuged at 12,000 × g at 4 ◦C for 5 min. The aqueous phase was 
recovered, and an equal volume of 75% ethanol was added. RNA 
extraction was carried out using the RNeasy Mini Kit (Qiagen) following 
manufacturer’s instructions. RNA was quantified by spectrophotometry 
at 260 nm using the NanoDrop system (Thermo Scientific). RNA quality 
was measured by the absorbance ratios A260/230, between 2.0 and 2.4, 
and A260/280, between 1.8 and 2.1, as well as by the RNA integrity 
number (RIN), between 8 and 10. 

cDNA was synthetized using MicroAmp Optical 96-well reaction 
plates (Applied Biosystems) and the High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems). RNA (2 µg) was added to each 
well containing 2 µL of 10X RT Buffer, 2 µL of 10X RT Random Primers, 
1 µL of 25X dNTPs, 1 µL of MultiScribeTM Reverse Transcriptase and 4 µL 
of RNase-free water. The synthesis profile was 10 min at room temper-
ature, 2 h at 37 ◦C, 5 min on ice, 10 min at 75 ◦C and 5 min on ice. 
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2.4. OpenArray® design and qPCR 

For the expression analysis, qPCR reactions based on TaqMan™ 
probes were performed using a 112 × 24 high-performance OpenArray® 
chip. The array includes 89 selected genes (expression levels over 1.5 or 
below − 1.5) from the transcriptomic results previously obtained by 
RNA-Seq (Labella et al., 2018) (Table S1), plus 17 genes which were 
included based on their important role in fish immune response against 
viral infections (Table S1), such as viral recognition-related genes 
(mda5, tlr8, myd88, traf3, tbkbp1 and tank); genes involved in type I 
interferon (IFN-1)-dependent immune response (infg, ifn1, ifn2 and 
ifnar1); virus responsive genes (nfkb1); genes related to complement 
system (c9) and apoptosis (endog, casp3, casp6, casp9 and mmp30). Three 
genes have been selected as endogenous according to their stable 
expression by RNA-Seq (rps30, rps4 and ubq) and, finally, three probes 
complementary to viral segments RNA1 and RNA2 have also been 
included into the OpenArray® chip. Primers and probes were designed 
using the Custom TaqMan™ Assay Design Tool with the option Taq-
Man™ Gene Expression Assays (Life Technologies). Selected transcripts, 
assay ID, assay sequences, primers and TaqMan™ probes (Reporter dye 
FAM) and 3́’ non-fluorescent quencher (NFQ) are indicated in supple-
mentary Table S1. 

Quantitative PCRs were performed in the OpenArray® system 
QuantStudio 12K Flex Real-Time PCR System (Applied System), sited in 
the Research Central Service of the University of Cordoba (Spain), using 
the TaqMan™ OpenArray® Real-Time PCR Master Mix kit (Applied 
Biosystems). Samples were loaded in triplicate into OpenArray® plates. 

For gene expression analysis, Ct values were obtained using the 
Thermo Fisher ConnectTM (Thermofisher) online application, and the 
Relative Quantification (RQ) software. The setup was adjusted with 
options Benjamini-Hochberg deactivated, maximum Ct was set up at 28, 
AMP score was activated and HIGHSD was changed to 0.25. Fold change 
(FC) values were obtained by the 2− ΔΔCt method (Livak and Schmittgen, 
2001). Values were normalized with the geometric mean of the endog-
enous genes rps4 and ubq, which showed a more stable expression by 
OpenArray®, according to their score values, which were obtained using 
the Applied Biosystems™ Relative Quantitation Analysis Module 
(ThermoFisher cloud dashboard), and indicate how the Ct values for an 
specific endogenous gene varied between samples compared to the other 
genes used as endogenous. A lower score value means higher gene sta-
bility (Table S2). Organs from the negative control group (L-15-injected 
fish) were used as calibrators. Genes with FC values <− 1 (down-regu-
lated) or >1 (up-regulated) and p < 0.05 were considered DEGs. 

The one-way multivariate analysis of variance (MANOVA) was used 
to test changes in gene expression after viral challenges. Statistical an-
alyses were performed using SSPS v.26 (SPSS Inc., Chicago, IL, USA), p 
< 0.05 were considered significant. 

3. Results and discussion 

An OpenArray® system has been used to analyse the Senegalese sole 
immune response in head-kidney and nervous tissues against infections 
with two NNV strains, the wild type wSs160.3, a RGNNV/SJNNV reas-
sortant highly virulent to sole (100% mortality), and the CP mutant 
(rSs160.03247+270), which causes a 40% reduction in sole mortality 
compare to the wild type (Souto et al., 2015b). 

The OpenArray® system consists of a large-scale high-performance 
amplification technique, which is a miniaturization of the TaqMan™ 
PCR technique, which helps to streamline real-time PCR studies using 
large numbers of samples, assays, or both. This technique has been used 
for pathogen detection (Grigorenko et al., 2017), genotyping (El-Hoss 
et al., 2016) and transcription studies (Patel et al., 2013), including 
transcriptomic response in fish species under different experimental 
conditions (Bonacic et al., 2016; Carballo et al., 2017; Hachero-Cruzado 
et al., 2014; Montero et al., 2015). Using this system, it is possible to 
analyse numerous samples simultaneously, allowing the use of a high 

number of biological and technical replicas, which increases the statis-
tical robustness of the results obtained. In addition, the reaction volume 
is considerably reduced (nanolitres), implying lower cost in reagents and 
shorter reaction time (Devonshire et al., 2013). Thus, in the present 
study, 112 × 24 OpenArray® chips have been used (2,688 reactions per 
chip); furthermore, the QuantStudio 12K Flex Real-Time PCR System 
can process four chips parallelly, which means a total of 10,752 re-
actions. In addition, since it is based on cDNA amplification, the 
OpenArray® system can detect expression of genes that are not observed 
by RNA-Seq. Thus, the OpenArray® used in the current study has 
detected significant expression of genes that were not previously 
detected by RNA-Seq (Labella et al., 2018), such as mda5, myd88, 
tbkbp1, ifng, c9, casp3 and casp6 (Tables 2 and 3). 

3.1. Viral replication and overview of DEGs after infection with both 
viruses 

The wild type virus induced the expression of a higher number of 
genes in both organs compared to the mutant virus (Table 1). Similar 
results were described by Labella et al. (2018) by RNA-Seq, identifying a 
reduction of 37.9% in the number of DEGs detected after the infection 
with the same mutant. Several authors have described a higher tran-
scriptomic change in fish in response to highly virulent viruses, not only 
in the course of NNV infections (Moreno et al., 2016), but also in in-
fections produced by viruses belonging to other families, such as 
reovirus (He et al., 2017), rhabdovirus (Purcell et al., 2004) or birna-
virus (Skjesol et al., 2011). Most of these authors related this higher 
transcriptomic response to higher levels of viral replication of the most 
virulent viruses. In the present study, replication of both viruses, wild 
type and CP mutant, was detected in head-kidney (Fig. 1). For both vi-
ruses, the pattern of replication was similar, with a significant increase 
of RNA1 and RNA2 from 2 to 3 days p.i. However, replication of the wild 
type virus (Fig. 1A) was higher than mutant virus replication (Fig. 1B), 
or at least quicker, since periods longer that 3 days have not been tested. 

The presence of NNV genome and viral infective particles in non- 
nervous tissues has been previously reported in different fish species 
(Kim et al., 2018; Souto et al., 2018; Su et al., 2015), being gills, spleen 
and kidney the non-nervous organs where higher levels of viral RNA 
have been detected after immersion challenges (Kim et al., 2018). In the 
present study, viral genome in eye/brain pools was only detected in one 
fish, and, therefore, it has not been possible to quantify viral replication 
in these organs. The inability to detect viral genome in nervous tissues at 

Table 1 
DEGs up- and down-regulated detected by OpenArray® in samples of head- 
kidney and nervous tissues of Senegalese sole after infection with NNV strains 
at 2 and 3 days p.i. Percentages are related to the total number of genes included 
in the array excluding housekeeping and viral genes (106 genes).   

Up-regulated genes 
(%) 

Down-regulated genes 
(%) 

Total 
DEGs 

2 days p.i.    
wSs160.03    
Head-kidney 45 (42.5) 3 (2.8) 48 (45.3) 
Eye/Brain 37 (34.9) 1 (0.9) 36 (33.9) 
Total 82 4 86 
rSs160.03247þ270    

Head-kidney 4 (3.7) 3 (2.8) 7 (6.6) 
Eye/Brain 3 (2.8) 0 (0) 3 (2.8) 
Total 7 3 10 
3 days p.i.    
wSs160.03    
Head-kidney 9 (8.5) 1 (0.9) 10 (9.4) 
Eye/Brain 14 (13.2) 0 (0) 14 (13.2) 
Total 23 1 24 
rSs160.03247þ270    

Head-kidney 1 (0.9) 1 (0.9) 2 (1.8) 
Eye/Brain 1 (0.9) 0 (0) 1 (0.9) 
Total 2 1 3  
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2 and 3 days p.i. could be due to the low level of viral RNA in these 
tissues at such short times after infection, since viruses firstly spread 
from the injection site to head-kidney and, afterwards, to the nervous 
tissues. This hypothesis is supported by the number of induced immu-
nogenes recorded; thus, 45.3% of the analysed genes in head-kidney 
were induced (45 up-regulated and 3 down-regulated) 2 days after 
inoculation with the wild type strain, whereas in nervous tissues this 
virus induces the expression of 33.9% of the analysed genes (37 up- 
regulated and 1 down-regulated) at the same sampling time (Table 1). 
However, at 3 days p.i., similarly to the results described by Labella et al. 
(2018), this proportion has been inverted, and a higher proportion of 
DEGs has been detected in nervous tissues than in kidney (13.2% and 
9.4%, respectively) (Table 1). 

Moreover, in this study the number of DEGs after infection with both 
viruses was higher at 2 days p.i. (when viral RNA level was lower) than 
at 3 days, meaning that low levels of viral RNA could induce an immune 
response (Table 1). Specifically, the number of DEGs after infection with 
the wild type virus was higher than after the infection with the mutant in 
both organs (86 vs 10 at 2 days p.i.; 24 vs 3 at 3 days p.i.). Renson et al. 
(2010) also described a strong and immediate immune response against 
a highly virulent classical swine fever virus (CSFV) strain, and a pro-
gressive and delayed response against a moderately virulent CFSV 
strain. Therefore, time points longer than 3 days p.i. should be tested in 
further studies to confirm if a delayed response could be induced by the 
mutant NNV strain used in the present study. 

3.2. Comparative profiling of DEGs in head-kidney and eye/brain pools 

Fold change values recorded at different times post-infection in head- 

kidney and eye/brain pools are shown in Tables 2 and 3, respectively. 
The most induced genes after infection with the highly virulent 

isolate, both in head-kidney and nervous tissue, were those related to the 
IFN-1 pathway (viral recognition; regulation of IFN-1; JAK-STAT 
cascade and interferon stimulated genes, ISGs) and virus response genes 
(VRGs). However, this immune response seems to be ineffective, since, 
as reported by Souto et al. (2015a), this isolate produces 100% accu-
mulated mortality in Senegalese sole. In this regard, Chaves-Pozo et al. 
(2019) reported that the immune response triggered by a RGNNV strain 
in the European sea bass (Dicentrarchus labrax) brain-derived cell line 
(DLB-1) was not potent enough to repeal the infection, since cells finally 
died. Furthermore, several authors have described that an exacerbate 
IFN-1 response promotes host susceptibility or disease severity due to 
the induction of apoptosis, suppression of cell proliferation, and to the 
inflammation-derived immunopathology (Davidson et al., 2015; Renson 
et al., 2010). 

Hereafter, a detailed exposition and discussion of the most induced 
DEGs, those related to the IFN-1 pathway and VRGs, is described. 

3.2.1. IFN-1 pathway: Viral recognition 
Genes related to viral recognition were only expressed 2 days p.i. 

(Tables 2 and 3). The wild type virus induced the expression of mda5 in 
both organs, plus dhx58 and tlr3 in head-kidney. All of them were up- 
regulated, being dhx58 the gene raising the highest FC level (3.576) 
(Table 2). On the other hand, the mutant only induced the expression of 
myd88 and tbkbp1 in nervous tissues (Table 3). The expression of 
different pattern recognition receptors (PRRs) after the infection with 
both viruses could be a consequence of the mutations displayed by the 
moderately virulent virus, which are located in the protruding domain of 
the CP, responsible for virus-cell interaction (Chen et al., 2015; Souto 
et al., 2015b, 2019). Therefore, the decrease in mortality could be due to 
an altered recognition of the mutant virus by the sole receptors, as it has 
been previously suggested by Souto et al. (2015b). PRRs in fish include 
retinoic acid-inducible gene-I-like receptors (RIG1-like receptors, RLR) 
and toll-like receptors (TLR) (revised in Langevin et al., 2013). RIG1, 
melanoma differentiation-associated gene 5 (MDA5) and laboratory of 
genetics and physiology 2 (LGP2), also known as DHX58, are RLR. Viral 
genome recognition by RLR induces a signalling pathway involving the 
TANK-binding kinase 1 (TBK1), which facilitates interferon regulatory 
factor 3 (IRF3) and IRF7 activation and its translocation into the nucleus 
for the induction of ifn1. TBK1 is also activated by the TBK binding 
protein (TBKBP1, also known as SINTAD) (Zhu et al., 2019). 

On the other hand, TLRs can be involved in the recognition of 
dsRNAs by TLR3 or 22, or ssRNAs, by TLR7, 8 and 9. TLR7, 8 and 9 
adaptor molecule is the myeloid differentiation primary response 
(Myd88), which is involved in the induction of ifn1 through NF-κB sig-
nalling pathway (Yan et al., 2020). Since the wild type virus mainly 
induces the expression of mda5 and dhx58, these results suggest that the 
wild type virus is recognized through RLR in both organs, supporting the 
idea that levels of MDA5 and DHX58 increase after betanodavirus 
infection, promoting Mx accumulation (Chen et al., 2014). In contrast, 
the mutant induces the expression of TLR7, 8 or 9 adaptor (myd88) and 
the tbkbp1, an adaptor protein needed for TBK activation (Ryzhakov and 
Randow, 2007). It has been described that TBKBP1-TBK interaction is 
not indispensable for IFN-1 induction (Zhu et al., 2019); in fact, in the 
present study, the overexpression of tbkbp1 in mutant-injected fish does 
not produce an IFN-1 response (Tables 2 and 3). Furthermore, zebrafish 
TBK1-like protein negatively regulates the production of IFN-1 and ISGs 
(Zhang et al., 2016). Based on these previous reports, the induction of 
tbkbp1 recorded in mutant-inoculated fish could account for the lack of 
expression of ISGs, or even for the down-regulation of ifit1 and mx 
(Table 2). 

3.2.2. IFN-1 pathway: ISGs 
Only the inoculation with the highly virulent isolate resulted in the 

ISG up-regulation in both organs (Tables 2 and 3). In head-kidney, isg12, 

Fig. 1. Relative quantification of wSs160.03 (A) andrSs160.03247+270 (B) 
RNA1 and RNA2 segments in head-kidney at 2 and 3 days post-inoculation. 
Primers and probes use to amplify each viral segment were included in the 
OpenArray®chip (Table S1). Results are mean ± standard deviation (SD) (n =
3). Asterisks indicate significant differences throughout time for each RNA 
segment (p < 0.05). 
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Table 2 
Comparison of gene fold change values in head-kidney after infection with both viruses at different time post-inoculation. Up-regulated genes (fold change >1, p <
0.05) are represented in green. Down-regulated genes (fold change <− 1, p < 0.05) are represented in red. ns: genes not differentially expressed compared to negative 
control (fold change between − 1 and 1) or difference statistically non-significant (p > 0.05).  

c3
c9
cfhr3

ccl4
cxcl14
cck
ebi3

mpeg1
zf-c3h7a
znfx1
cd200

timd4

ctsl1
gsn
bnip-2
peptidase_c2

mda5
dhx58
tlr3

irf3

irf7

stat1_v1
stat1_v2
socs1
il10rb

ifng
isg15
isg12
gig1
ifit1
ifi44
vlig
mx
parp12
pkr

herc4
herc5
usp18
ube1
rnf213_alpha
rnf213_beta

lman1
lgals3bp
rtp3_v1
rtp3_v2
sacs
trim21
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vhsv-ip
litaf
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Table 3 
Comparison of gene fold change values in eye/brain after infection with both viruses at different times post-inoculation. Up-regulated genes (fold change >1, p < 0.05) 
are represented in green. Down-regulated genes (fold change <− 1, p < 0.05) are represented in red ns: genes not differentially expressed compared to negative control 
(fold change between − 1 and 1) or difference statistically non-significant (p > 0.05).  

p

mda5
myd88
tbkbp1

irf3

stat1_v1

stat1_v2
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isg15
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herc5
usp18
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rnf213_beta
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herpes-gp2-mdp-b
zf-c3h7a

mpeg1

znfx1
cyba
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ctsl1

pkp1
casp3
casp6
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gig1 and ifi44 have been the only genes expressed at both time points 
assayed, highlighting isg12 as the only gene with increased expression at 
3 days p.i. (4.32 FC value, Table 2), whereas gig1 transcription slightly 
decreased, and ifi44 transcription decreased one order of magnitude 
(Table 2). Similar results were observed in eye/brain after wild type- 
virus infection, being gig1, ifit1 and ifi44 the only genes up-regulated 
at both time points, although with fold change values reduced at 3 
days p.i. (Table 3). The remaining ISGs were up-regulated in both organs 
2 days after inoculation with the wild type virus, being isg15, ifit1 and 
mx the ISGs with the highest expression, which was in head-kidney for 
isg15 (4.381; Table 2) , and in eye/brain for ifit1 (3.366; Table 3). It 
should be underlined that ifit1 and mx were down-regulated in head- 
kidney after the infection with the mutant at 2 days p.i. (fold changes: 
− 1.765 and − 1.102, respectively). As it has been suggested above, this 
down-regulation could be a consequence of the overexpression of 
tbkbp1, which negatively regulates the expression of IFN and ISGs in 
zebrafish (Zhu et al., 2019). 

The isg15 and mx genes are two of the most studied ISGs in fish, being 
both up-regulated in several fish species after poly I:C injection or viral 
infections (Álvarez-Torres et al., 2017, 2018; García-Rosado et al., 2013; 
Lin et al., 2015; Moreno et al., 2016; Seppola et al., 2007; Yasuike et al., 
2011). An inverse relationship between virulence and stimulation of the 
IFN-1 system has been previously suggested (Cano et al., 2016; Carballo 
et al., 2016); however, similarly to the results obtained in the present 
study, higher levels of expression of isg15 and mx have been induced 
after the infection with a highly virulent NNV strain in sea bass (Moreno 
et al., 2018, 2019). Tanaka et al. (1998) describe that IFNs have double 
function in order to limit the spreading of virus, on one hand they elicit 
an antiviral state in uninfected cells, and, on the other hand, they pro-
mote apoptosis in infected cells. The latest function supports the idea 
previously exposed that an exacerbate IFN-1 response could be delete-
rious for the host, inducing apoptosis (Davidson et al., 2015; Renson 
et al., 2010). In fact, it has been described that several IFN-1 system- 
related genes, such as IRFs and several ISGs, are pro-apoptotic (Chawla- 
Sarkar et al., 2003; Heylbroeck et al., 2000; Renson et al., 2010). In the 
present study, irf3, 7, ifi44 and pkr are expressed in both organs after the 
infection with the wild type virus, which could contribute to apoptosis, 
the main clinical symptom of the disease, and, therefore, to mortality. 
However, the implication of IRFs and ISGs in NNV-induced apoptosis 
has not been described until now; therefore, it would be worthy to 
investigate this aspect in further studies. 

ISG15 is a ubiquitin-like protein that exerts antiviral activity conju-
gating to cellular or viral proteins through a process called ISGylation 
(Ritchie and Zhang, 2004), which involved several IFN-1-inducible en-
zymes, such as E1-activating, E2-conjugating and E3-ligase. HERC5 is an 
E3-ligase responsible for ISGylation in human cells, whereas HERC6 is 
the main E3-ligase in mouse cells (revised in Oudshoorn et al., 2012). In 
the present study, the infection with the highly virulent NNV induces up- 
regulation of genes involved in protein ubiquitination in both organs, 
specifically the E3-ligases herc4 and herc5 (Tables 2 and 3). Little is 
known about the function of these enzymes in teleost fish. Specifically, a 
strong up-regulation of herc4 has also been described in Atlantic cod 
(Gadus morhua) macrophages treated with poly I:C and in Atlantic 
salmon (Salmo salar) macrophages infected with infectious salmon 
anaemia virus (ISAV) (Eslamloo et al., 2016; Workenhe et al., 2010); 
however, Rise et al. (2010) detected down-regulation of herc4 in 
asymptomatic betanodavirus Atlantic cod carriers. Therefore, further 
research is necessary to understand the role of HERC proteins in fish. 

3.2.3. Virus responsive genes (VRGs) 
Regarding VRGs, only litaf was up-regulated after inoculation with 

both viruses 2 days p.i. in head-kidney, reaching higher values after the 
inoculation with the mutant strain (2.103) (Table 2). The remaining 
genes were only up-regulated after the infection with the wild type 
isolate, most of them at 2 days p.i. It should be noted that the highest 
expression levels were recorded at 2 days p.i. for sacs (4.103 in head- 

kidney, Table 2 and 3.090 in nervous tissues; Table 3) and for trim39 
(4.014 in head-kidney, Table 2 and 3.076 in nervous tissues; Table 3). 
Moreover, in head-kidney, one of the two rtp3 unigenes displayed the 
highest expression of all the DEGs (5.325; Table 2). Similar results were 
described by Liu et al. (2016) and Liu et al. (2017) in NNV-inoculated 
Asian seabass (Lates calcarifer), suggesting an important role for RTP3 
in the interaction between teleost and betanodavirus. Furthermore, Liu 
et al. (2017) described a microsatellite in the 3′UTR of rtp3, which was 
associated with resistance of Asian seabass to betanodavirus infection. 

Up-regulation of the sacsin-like gene (sacs) after viral infections has 
also been described in other fish species, such as in NNV-infected 
Atlantic cod (Krasnov et al., 2013; Rise et al., 2010; Tso and Lu, 2018) 
and in reovirus-infected grass carp (Ctenopahryn godoidella) (Dai et al., 
2017). In fact, in the latest study, isg15 and sacs were the most expressed 
genes, similarly to the results recorded in the present study. Sacsins are 
regulators of the heat shock protein 70 (HSP70) chaperon machinery; 
therefore, the up-regulation of sacs could be a response to the 
betanodavirus-induced stress (Tso and Lu, 2018). In the present study, 
expression of HSPs has not been detected; however, other authors have 
reported the implication of HSPs in betanodavirus infection in several 
fish species (Chaves-Pozo et al., 2019; Dios et al., 2007; Kim et al., 2017; 
Liu et al., 2016; Lu et al., 2012). 

Regarding TRIM39, it is involved in several biological process in 
mammals, such as regulation of cellular homeostasis, promotion of 
apoptosis, regulation of cell cycle progression, and IFN-1-pathway 
regulation (Huang et al., 2012; Kurata et al., 2013; Roberts et al., 
2007; Zhang et al., 2012). In fish, Wang et al. (2016) suggested that 
TRIM39 exerts an important role in the innate response against viral and 
bacterial infections. Specifically, grouper (Epinephelus spp.) TRIM39 
affects the cell cycle progression from G1 to S and inhibits replication of 
Singapore grouper iridovirus (SGIV) and RGNNV in vitro. 

It is remarkable how lman1 is down-regulated in head-kidney after 
infection with both viruses; being this down-regulation more evident at 
3 days p.i. (Table 2). LMAN1, also known as ER-Golgi intermediate 
compartment 53 kDa protein (ERGIC-53), is an intracellular receptor 
that facilitates the transport of some glycoprotein, being essential for the 
formation of infectious arenavirus, coronavirus, and filovirus particles 
through interaction with their glycoproteins (Klaus et al., 2013). How-
ever, NNV are non-enveloped viral particles, and they do not possess 
glycoproteins; which could be the reason for lman1 down-regulation. 

3.2.4. Complement system and inflammatory response 
The expression of c3, c9 and cfhr3 (coding for the complement factor 

H-related protein 3 precursor) was suppressed in head-kidney 2 days 
after infection with the wild type (Table 2), whereas genes related to the 
complement system or inflammatory response were not transcribed in 
nervous tissues. The down-regulation of components of the complement 
system could be related to an attempt to regulate the inflammatory 
response during viral infection, as it has been previously suggested for 
C3 complement in zebrafish (Forn-Cuní et al., 2014). Interestingly, in 
the present study, it has only been recorded the expression of some 
chemokines, such as ccl4, cck and ebi3, 2 days after the infection with the 
wild type virus in head-kidney (Table 2), but the expression of proin-
flammatory cytokines (il1b or tnfα) has not been detected. On the other 
hand, down-regulation of the complement system has also been related 
to immune evasion mechanisms of some viruses, such as bovine viral 
diarrhoea virus (BVDV), hepatitis C virus and in the acute stage of a 
rotavirus infection (Liu et al., 2019; Mawatari et al., 2013). Further-
more, Chinchilla et al. (2015) described that the non-structural protein, 
NV, of viral haemorrhagic septicaemia virus (VHSV) down-regulates 
components of the complement. The inhibition of the complement sys-
tem during betanodavirus infection has not been described to date. Even 
though NNV does not present any protein which directly interacts with 
the immune system, this virus evades immune response through the 
inhibition of apoptosis by B1 protein (Chen et al., 2009), and the sup-
pression of cellular RNA silencing activity by B2 protein (Iwamoto et al., 
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2005). Therefore, further research should be performed to discern the 
role of the complement system during NNV infections, focusing on its 
role as modulator of the inflammatory response, and/or in the virus 
ability to counteract the antiviral complement activity. 

4. Conclusions 

In conclusion, the OpenArray® chip designed in the present study is 
suitable to detect changes in gene transcription caused by the infections 
with viruses presenting different levels of virulence. The highly virulent 
NNV induces a higher and earlier transcriptomic response than the 
moderately virulent mutant strain, being ISGs and VRGs the most highly 
expressed genes. This quick and exacerbate response could be respon-
sible for tissue damage due to apoptosis and inflammation, although, at 
least in the present study, this last immune mechanism can be modu-
lated by the complement system. Therefore, it could be interesting to 
determine the role of IFN-1-related genes in the development of 
apoptosis in betanodavirus infections. On the other hand, it would be 
worthy to investigate the role of the genes showing the highest FC 
values, rtp3, sacs and isg15, in betanodavirus pathogenesis. Regarding 
the moderately virulent strain, this virus fails in the induction of the 
immune response, probably due to an altered recognition by the host, 
which is supported by the induction of a different viral recognition 
pathway, involving myd88 and tbkbp1. 
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J. Gémez-Mata et al.                                                                                                                                                                                                                           

https://doi.org/10.1128/JVI.74.8.3781-3792.2000
https://doi.org/10.1128/JVI.74.8.3781-3792.2000
https://doi.org/10.1083/jcb.201111141
https://doi.org/10.1099/vir.0.80902-0
https://doi.org/10.3390/genes8010031
https://doi.org/10.3390/genes8010031
https://doi.org/10.1016/j.aquaculture.2018.01.042
https://doi.org/10.1016/j.aquaculture.2018.01.042
https://doi.org/10.1016/j.chom.2013.10.010
https://doi.org/10.1016/j.molimm.2013.01.010
https://doi.org/10.1016/j.bbrc.2013.05.064
https://doi.org/10.3389/fimmu.2018.01626
https://doi.org/10.1016/j.jmb.2013.09.033
https://doi.org/10.1016/j.jmb.2013.09.033
https://doi.org/10.1016/j.fsi.2015.05.050
https://doi.org/10.1016/j.fsi.2015.05.050
https://doi.org/10.1186/s12864-019-6120-4
https://doi.org/10.1016/j.fsi.2016.04.029
https://doi.org/10.1016/j.fsi.2016.12.021
https://doi.org/10.1016/j.fsi.2016.12.021
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1186/1471-2164-13-651
https://doi.org/10.1371/journal.pone.0082094
https://doi.org/10.1016/j.fsi.2015.01.020
https://doi.org/10.1016/j.fsi.2015.01.020
https://doi.org/10.1016/j.fsi.2016.06.043
https://doi.org/10.1016/j.fsi.2016.06.043
https://doi.org/10.1016/j.fsi.2018.04.054
https://doi.org/10.1016/j.fsi.2018.04.054
https://doi.org/10.1038/s41598-019-50622-1
https://doi.org/10.1038/s41598-019-50622-1
https://doi.org/10.1099/vir.0.013912-0
https://doi.org/10.1099/vir.0.013912-0
https://doi.org/10.1371/journal.pone.0029870
https://doi.org/10.1371/journal.pone.0029870
https://doi.org/10.1007/978-1-62703-348-0_15
https://doi.org/10.1016/j.fsi.2004.04.017
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1051/vetres/2009055
https://doi.org/10.1152/physiolgenomics.00168.2009
https://doi.org/10.1152/physiolgenomics.00168.2009
https://doi.org/10.1016/j.semcdb.2003.12.005
https://doi.org/10.1152/ajplung.00157.2007
https://doi.org/10.1152/ajplung.00157.2007
https://doi.org/10.1038/sj.emboj.7601743
https://doi.org/10.1099/jgv.0.001170
https://doi.org/10.1099/jgv.0.001170
https://doi.org/10.1016/j.dci.2006.05.009
https://doi.org/10.1016/j.dci.2006.05.009
https://doi.org/10.1186/1743-422X-8-396
https://doi.org/10.1186/1743-422X-8-396
https://doi.org/10.1016/j.vetmic.2015.02.030
https://doi.org/10.1016/j.vetmic.2015.02.030
https://doi.org/10.1099/vir.0.000064
https://doi.org/10.1111/jfd.12865
https://doi.org/10.1111/jfd.12865
https://doi.org/10.1111/jfd.2019.42.issue-210.1111/jfd.12916
https://doi.org/10.1111/jfd.2019.42.issue-210.1111/jfd.12916
https://doi.org/10.1016/j.aquaculture.2015.01.033
https://doi.org/10.1016/j.aquaculture.2015.01.033
https://doi.org/10.1046/j.1365-2443.1998.00164.x
https://doi.org/10.1046/j.1365-2443.1998.00164.x
https://doi.org/10.1016/j.fsi.2018.03.009
https://doi.org/10.1016/j.fsi.2018.03.009
https://doi.org/10.1016/j.fsi.2016.01.016
https://doi.org/10.1016/j.fsi.2016.01.016
https://doi.org/10.1016/j.molimm.2010.06.009
https://doi.org/10.3389/fimmu.2020.00606
https://doi.org/10.3389/fimmu.2020.00606
https://doi.org/10.1016/j.cimid.2010.02005
https://doi.org/10.1016/j.cimid.2010.02005


Gene 774 (2021) 145430

10

Zhang, L., Chen, W.Q., Hu, Y.W., Wu, X.M., Nie, P., Chang, M.X., 2016. TBK1-like 
transcript negatively regulates the production of IFN and IFN-stimulated genes 
through RLRs-MAVS-TBK1 pathway. Fish Shellfish Immunol. 54, 135–143. https:// 
doi.org/10.1016/j.fsi.2016.04.002. 

Zhang, L., Mei, Y., Fu, N.-y., Guan, L., Xie, W., Liu, H.-h., Yu, C.-d., Yin, Z., Yu, V.C., 
You, H., 2012. TRIM39 regulates cell cycle progression and DNA damage responses 

via stabilizing p21. Proc. Natl. Acad. Sci. USA 109 (51), 20937–20942. https://doi. 
org/10.1073/pnas.1214156110. 

Zhu, L., Li, Y., Xie, X., Zhou, X., Gu, M., Jie, Z., Ko, C.J., Gao, T., Hernandez, B.E., 
Cheng, X., Sun, S.C., 2019. TBKBP1 and TBK1 form a growth factor signalling axis 
mediating immunosuppression and tumourigenesis. Nat. Cell Biol. 21 (12), 
1604–1614. https://doi.org/10.1038/s41556-019-0429-8. 
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