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ABSTRACT
Mx genes display strong and quick induction in response to viral infections, which varies according to the viral virulence; fur-
thermore, mx transcription is blocked by several viruses as part of their immune evasion strategies. Therefore, the level and time 
course of mx induction reflect virus–host interplay. This idea prompted the development of in vitro experimental systems con-
sisting of cells stably expressing luciferase under the control of fish mx promoters. In this study, two RTG-2 cell lines, expressing 
luciferase under the control of Senegalese sole (Solea senegalensis) mx (ssmx) promoter, and under the control of gilthead sea 
bream (Sparus aurata) mx2 (saumx2) promoter, have been applied to study betanodavirus–host interaction. Both systems were 
inoculated with nervous necrosis virus, NNV, isolates belonging to different genotypes. The combination of both systems has 
been proved to be useful to detect all of them, although each isolate triggered a characteristic profile in each system. In addition, 
a protocol to estimate the titre of the RGNNV isolate in sea bass (Dicentrarchus labrax) brain has been established, and a clear 
dose-dependent antagonistic effect of this NNV isolate was recorded. Thus, both cell lines are useful tools to study betanodavi-
rus–host interaction and, therefore, contribute to developing measures to fight viral infections in aquaculture.

1   |   Introduction

The impact of fish diseases in aquaculture extends beyond in-
dividual farms, with potential consequences for wild fish pop-
ulations, ecosystems and food security. Fish infectious diseases 
encompass a diverse array of pathogens, including viruses 
belonging to several families in which different genotypes or 
species with particular host specificities or virulence in dif-
ferent fish species have been identified (Lafferty et  al.  2015). 
Understanding the dynamics of virus-fish interactions is vital 

for elucidating disease mechanisms and for designing strategies 
to control viral infections to safeguard fish health and, there-
fore, aquaculture productivity and sustainability.

Traditional methods in Virology, such as cell culture-based 
techniques, are time-consuming procedures that have limita-
tions in terms of sensitivity or specificity, and, in addition, they 
also have knowledge and expertise requirements. Therefore, 
the development of in vitro experimental systems that facilitate 
the study of virus-host interplay, or that can serve as tools to 
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measure viraemia, determine the virulence of different viral iso-
lates, or significantly reduce in vivo experimental infections is 
needed (Collet et al. 2018).

Innate antiviral immune response in fish is regulated by 
type I interferon (IFN I), which induces the transcription of 
interferon-stimulated genes (ISGs), including mx genes, which 
are main effectors of the IFN I response due to their proven di-
rect antiviral activity (Poynter and DeWitte-Orr 2016). In ad-
dition, mx transcription is blocked by several viruses as part of 
their strategies of immune evasion (García-Sastre 2017), which 
is also related with isolate virulence. Therefore, the level of mx 
induction in the course of a viral infection has been related 
with the susceptibility/resistance of different fish species to 
specific viral isolates (Collet et al. 2007; Jørgensen et al. 2007; 
Sun et  al.  2011). In this scenario, in  vitro reporter systems 
based on luciferase expression under the control of fish mx 
promoters (pmx-luciferase systems) have been developed and 
used to compare the IFN I response triggered by different 
viral isolates (Alvarez-Torres et al. 2014; Cano et al. 2016), to 
measure viremia in fish serum (Collet et al. 2013) or to study 
and compare the antagonistic activity of several viral iso-
lates against the host IFN I response (Collet et al. 2004, 2007; 
Gémez-Mata et al. 2020; González-Mariscal et al. 2016; Lester 
et al. 2012).

Two pmx-luciferase systems, consisting of RTG-2 cells stably ex-
pressing luciferase under the control of Senegalese sole (Solea 
senegalensis) mx (ssmx) promoter: RTG pssmx-luc cells (Gémez-
Mata et  al.  2020); and under the control of gilthead seabream 
(Sparus aurata) mx2 (saumx2) promoter: RTG psaumx2-luc 
(González-Mariscal et al. 2016) had been developed in our re-
search group. This study aims to validate and compare these 
two experimental systems as tools to study the interaction be-
tween fish immune system and nervous necrosis virus (NNV, 
Nodaviridae family), that has a bisegmented genome consisting 
of two single-stranded, positive-sense RNA molecules (RNA1 
and RNA2), and it is the aetiological agent of the viral encepha-
lopathy and retinopathy (VER), which represents one of the main 
viral diseases in marine aquaculture (Yang et al. 2022), affect-
ing mainly Senegalese sole, European sea bass (Dicentrarchus 
labrax) and gilthead seabream in the Mediterranean area 
(Bandín and Souto 2020).

2   |   Material and Methods

2.1   |   Cell Culture

The cell lines RTG-2, derived from gonad tissue of rainbow trout 
(Oncorhynchus mykiss) (Wolf and Quimby 1962); RTG pssmx-luc 
(Gémez-Mata et al. 2020); RTG psaumx2-luc (González-Mariscal 
et al. 2016); and CHSE-214, derived from chinook salmon em-
bryonic cells (Fryer et al. 1965), were cultured on 25-cm2 flasks 
(Nunc, ThermoFisher) at 20°C with Leibovitz L-15 medium (L-
15, Gibco) supplemented with 10% foetal bovine serum (FBS, 
Lonza), 4 mM L-glutamine (Gibco) and 100 units/mL penicillin, 
100 μg/mL streptomycin (Sigma) (growth medium). E-11 cells 
(Iwamoto et al. 2000) were grown in 25-cm2 flasks at 25°C with 
L-15 medium supplemented with 5% FBS and 100 units/mL pen-
icillin, 100 μg/mL streptomycin.

2.2   |   Viruses and Virus Propagation

Three betanodavirus isolates were used in this study: NNV 
SpDl_IAusc965.09 (RGNNV genotype, obtained from sea bass, 
Moreno et al. 2019); NNV SJ93Nag (SJNNV genotype, Iwamoto 
et  al.  2000); and NNV SpSs-IAusc160.03 (reassortant isolate 
RGNNV/SJNNV; RG/SJ; with a genome consisting of RGNNV-
type RNA1 and SJNNV-type RNA2 segments, Olveira et al. 2009).

All NNV isolates were propagated on E11 cells, at 25°C 
(RGNNV and RG/SJ) or 20°C (SJNNV). Inoculated E-11 cells 
were incubated in maintenance medium without L-glutamine. 
Supernatants from cultures displaying extensive cytopathic 
effects (CPEs) were collected and centrifuged at 5000×g for 
10 min at 4°C to remove cellular debris. Viral suspensions 
were titrated on E11 cells by the 50% tissue culture infective 
dose (TCID50) method (Reed and Muench 1938) and stored at 
−80°C until used.

2.3   |   Viral Detection in Cell Supernatants Using 
RTG-Pmx-Luciferase Systems

RTG pssmx-luc and RTG psaumx2-luc cells were seeded 
(100,000 cells per well) on 24-well cell culture plates (Nunc) 
and incubated for 24 h at 20°C in growth medium. Afterwards, 
cells were washed with phosphate-buffered saline (PBS) and in-
oculated with the viral isolates at 5 × 102 and 5 × 103 TCID50/mL 
in maintenance medium without FBS (inoculation medium). 
After 1 h adsorption, viral suspensions were removed and re-
placed by maintenance medium. Incubations were conducted 
at the optimum replication temperature for each virus, de-
scribed in Section 2.2. Luciferase activity in cells was measured 
at 18, 24 and 36 h post-inoculation (p.i.). At those times, culture 
medium was removed, and cell monolayers were washed with 
PBS and subsequently lysed with Passive Lysis Buffer (100 μL, 
Luciferase assay system, Promega). Cellular lysates were stored 
at −80°C until used. Three replicates per condition in three 
independent experiments were carried out, and control non-
infected cells were also included in each assay.

2.4   |   Quantification of Luciferase Activity

For luciferase quantification, each cellular lysate (20 μL) was 
mixed with 100 μL of Luciferase Assay Reagent II (Promega) 
in a white opaque 96-well plate (Nunc). Afterwards, light emis-
sion (Relative Light Units, RLU) was determined with con-
tinuous measurements every 2 s during 10 s, using a GloMax 
96 Microplate Luminometer (Promega). Inducibility was cal-
culated as the ratio between each RLU value and that of non-
infected control cells. Data were presented as mean ± standard 
deviation (SD). Differences between samples were tested using 
a two-tailed unpaired Student's t-test; p < 0.05 was considered 
statistically significant.

2.5   |   Quantification of RGNNV in Brain Samples

The following brain samples from a previous experimental in-
fection of juvenile sea bass with the RGNNV strain (Moreno 
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et  al.  2023) were used to set up the RTG pmx-luc systems to 
quantify RGNNV in tissue samples: three samples from non-
infected control fish, five from infected fish that survived to the 
infection, and three from infected fish that died in the course 
of the infection. Brains were independently homogenised in in-
oculation medium (10% w/v). Afterwards, homogenates were 
treated with penicillin–streptomycin (100 mL/mL) for 24 h at 
4°C, and subsequently centrifuged at 5000×g for 5 min at 4°C. 
Supernatants were stored at—80°C until used.

The three homogenates from non-infected control fish were 
mixed in a pool and diluted 1:100 in inoculation medium, to 
avoid cytotoxic effects on cells. Then, the RGNNV strain was 
added to the diluted homogenate at 101, 102, 103, 104, 105 and 
106 TCID50/mL (final concentration). RTG pssmx-luc and RTG 
psaumx2-luc cells were seeded on 24-well culture plates as 
described in Section 2.3, incubated for 24 h, and finally inocu-
lated with the above-described spiked samples (250 μL). After 
1-h adsorption, maintenance medium (750 μL) was added, and 
cells were incubated at 25°C for 24 h. At that time, luciferase ac-
tivity was measured, and inducibility values were calculated as 
described above. Three independent replicates were performed 
for each assay, and non-inoculated cells were also included. 
Differences between samples were tested using a two-tailed un-
paired Student's t-test; p < 0.05 was considered statistically sig-
nificant. A regression analysis between inducibility (y-axis) and 
TCID50/mL (x-axis) was conducted using the GraphPad Prism 9 
software (GraphPad Software Inc. La Jolla, USA).

Brain homogenates (1:100 dilution) from infected fish (survivors, 
S and dead, D) were independently added to the RTG pmx-luc 
systems as described above. Luciferase activity was measured 
and inducibility values were calculated at 24 h p.i. Inducibility 
values were used to estimate the viral titre (TCID50/mL) of 
brain homogenates using the regression equations obtained 
for each RTG pmx-luc system. In parallel, brain homogenates 
from infected fish were also titrated on E11 cells by the standard 
TCID50/mL method, described in Section  2.2, and differences 
between values obtained by both methodologies were tested 
using the two-way ANOVA test using the GraphPad Prism 6 
software. Differences of p < 0.05 were considered significant.

2.6   |   Unravelling RGNNV Antagonistic Effect 
Using RTG-Pmx-Luc Systems

As a first step, the activation pattern of mx promoters in re-
sponse to polyinosinic-polycytidylic acid (poly I:C) was deter-
mined. In order to do that, RTG pssmx-luc and RTG psaumx2-luc 
cells were seeded on 24-well cell culture plates (100,000 cells 
per well) and incubated in growth medium for 24 h at 20°C. 
Afterwards, cells were treated with poly I:C at 10 μg/mL (final 
concentration). Luciferase activity was measured at 6, 18, 24 and 
36 h post-treatment. Three replicates per sampling time in three 
independent experiments were analysed.

To study the antagonistic activity of the RGNNV strain against 
the IFN-I system, both RTG pmx-luc cell lines were seeded on 24-
well cell culture plates (100,000 cells per well) as described above. 
After 24 h at 20°C, cells were washed with PBS and inoculated 

with the RGNNV strain at 5 × 102 and 5 × 103 TCID50/mL in 
maintenance medium. At 24 h p.i., poly I:C (10 μg/mL, final con-
centration) was added, and luciferase activity was measured 18 h 
after poly I:C treatment (time of maximum induction by poly 
I:C, Figure S1). Uninfected cells stimulated with poly I:C were 
used as a positive control of mx promoter stimulation. Infected 
cells non-stimulated with poly I:C, and non-stimulated and non-
infected cells were used as negative controls. Data, presented as 
mean RLU ± standard deviation (SD), were statistically analysed 
with the two-way ANOVA test using the GraphPad Prism 6 soft-
ware. Differences of p < 0.05 were considered significant.

2.7   |   Quantification of Endogenous Ifn I and mx 
Transcription After RGNNV Inoculation

RTG-2 cells were grown on 24-well plates for 24 h as described 
above and inoculated with the RGNNV strain (5 × 104 TCID50/
mL). At 24 h p.i., poly I:C (10 μg/mL, final concentration) was 
added to the infected cells. Uninfected cells stimulated with poly 
I:C were used as positive controls. Infected cells non-stimulated 
with poly I:C, and non-stimulated and non-infected cells were 
used as negative controls. RNA was extracted at 2 and 4 h (ifn) 
or at 18 h (mx) after poly I:C treatment using the EZNA total 
RNA kit I (Omega). After RNA treatment with DNase (DNase 
I recombinant RNase-free, Sigma), cDNA was synthesised with 
the Transcriptor First Strand cDNA Synthesis Kit (Roche), using 
1000 ng of RNA and random primers. Transcription quantifica-
tion of ifnI, mx1 and mx3 was performed according to (Gémez-
Mata et al. 2020). Fold change values were calculated according 
to Pfaffl (2004), using ef1-a as the endogenous reference gene, 
and uninfected cells as the calibrator. Primers used are listed 
in Table  1. Data were statistically analysed with the two-way 
ANOVA test using the GraphPad Prism 6 software. Differences 
of p < 0.05 were considered significant.

3   |   Results

3.1   |   Detection of Betanodaviruses in Cell 
Supernatants

All betanodaviruses induced the ssmx promoter (Figure  1A). 
The RGNNV and SJNNV strains triggered an early induction, 
whereas induction was recorded only at 36 h p.i. in RG/SJ-
inoculated cells. Regarding sensitivity, SJNNV was the only 
viral isolate inducing a significant increase of luciferase activity 
at the lowest viral dose tested (5 × 102 TCID50/mL).

In RTG psaumx2-luc cells, a significant induction was only ob-
served after inoculation with the isolates RGNNV (at 36 h p.i.) 
and RG/SJ (at 18 h p.i.) (Figure 1B). The RGNNV strain was the 
only one inducing a significant increase of luciferase activity at 
the lowest dose tested (5 × 102 TCID50/mL).

Therefore, only the RGNNV and RG/SJ strains triggered signifi-
cant inducibility values in both cell lines, being RGNNV able to 
induce the saumx2 promoter at the lowest dose tested. For this 
reason, the RGNNV strain was selected to validate both RTG 
pmx-luc systems in further assays.

 13652761, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jfd.70000 by U

niversity of M
álaga, W

iley O
nline L

ibrary on [18/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4 of 9 Journal of Fish Diseases, 2025

3.2   |   Detection of RGNNV in Tissue Samples Using 
the RTG-Pmx-Luc Systems

The analysis of sea bass brain homogenates (added with the 
RGNNV strain from 104 to 106 TCID50/mL) showed a clear dose-
dependent induction in both cell lines (Figure  2A1,B1). The 
sensitivity limit for RGNNV detection in sea bass brain using 
both cell systems is between 103 and 104 TCID50/mL at 24 h p.i. 

Although the sensitivity of both cellular systems is similar, the 
saumx2 promoter activation seems to be stronger (Figure 2B1), 
reaching 7.49 × 104 RLU values.

To establish the RTG pmx-luc experimental systems as tools to 
estimate RGNNV load in brain samples, a linear regression be-
tween values of inducibility (y-axis) and TCID50/mL (x-axis) was 
performed using samples added with the RGNNV strain from 

FIGURE 1    |    Induction of luciferase in RTG pssmx-luc (A) and RTG psaumx2-luc (B) cells after viral infections at 5 × 102 (green) and 5 × 103 (blue) 
TCID50/mL with RGNNV (A1, B1); SJNNV (A2, B2); and RG/SJ (A3, B3) strains. Mean inducibility values ± standard deviation (SD) obtained from 
three different samples are shown. Asterisks indicate significant differences in comparison with non-inoculated control cells at each time point, 
p < 0.05. Numbers are fold induction values. The dashed red line indicates the baseline, corresponding to the inducibility value in control non-
inoculated cells.

TABLE 1    |    Primers used in this study (Ballesteros et al. 2015).

Gene Abbreviation Primer sequence (5′-3′)

ifn1 IFN-1-F AAAACTGTTTGATGGGAATATGAAA

IFN-1-R CGTTTCAGTCTCCTCTCAGGTT

mx1 Mx-1-F GGTTGTGCCATGCAACGTT

Mx-1-R GGCTTGGTCAGGATGCCTAAT

mx3 Mx-3-F AGCTCAAACGCCTGATGAAG

Mx-3-R TGAATATGTCTGTTATCCTCCAAA

elf1α RTeF1α-F GATCCAGAAGGAGGTCACCA

RTeF1α-R TTACGTTCGACCTTCCATCC
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103 to 106 TCID50/mL. R2 values were 0.95 and 0.93, for RTG 
pssmx-luc and RTG psaumx2-luc cells, respectively, indicating 
that both cell lines could be used to estimate load in sea bass 
brain samples (Figure 2A2,B2).

To confirm this, inducibility in cells inoculated with brain ho-
mogenates from experimentally challenged survivors (asymp-
tomatic fish) and dead sea bass specimens was calculated using 
both RTG pmx-luc systems (Table S1). Afterwards, TCID50/mL 
values predicted according to the regression equations were 
compared with TCID50/mL values determined following the 
standard TCID50/mL method, based on CPE appearance on E11 
cells (Figure 3, Table S1). No differences between both predicted 
values were observed. Similarly, no differences between pre-
dicted and measured TCID50/mL values were recorded, with the 
exception of the D3 sample.

3.3   |   RTG Pmx-Luc Systems Reveal RGNNV 
Antagonistic Activity on the IFN-I System

To evaluate the RGNNV antagonistic activity on the IFN-I sys-
tem, the possible interference of RGNNV infection with the well-
known induction triggered by poly I:C was investigated in both 
systems. When cells were inoculated with the RGNNV strain 24 h 

before poly I:C treatment, a significant decrease in the induction 
elicited by poly I:C was recorded (Figure 4A,B), suggesting the 
RGNNV antagonistic effect on ssmx and saumx2 promoters. This 
effect was only detected in cells infected with 5 × 103 and 5 × 104 
TCID50/mL, being higher at the highest viral dose tested, indicat-
ing a dose-dependent effect. In RGNNV-infected cells not treated 
with poly I:C, only the highest viral dose caused a significant in-
crease in luciferase activity (Figure 4A,B).

3.4   |   Transcription of Endogenous Ifn I 
and mx Genes

In order to determine if the RGNNV antagonistic activity ob-
served also affects the endogenous IFN I-system response, ifnI, 
mx1 and mx3 transcription was quantified in RTG-2 cells inoc-
ulated with the virus and subsequently treated with poly I:C. 
Regarding ifnI, the infection with the RGNNV strain (5 × 104 
TCID50/mL) did not affect the transcription elicited by poly I:C 
(Figure  5A). In contrast, the poly I:C-induced transcription of 
mx1 and mx3 was lower in RGNNV-infected cells (19.2 and 
39.71% reduction, respectively) (p < 0.05, Figure 5B). Therefore, 
the RGNNV strain interfered with the transcription of both en-
dogenous mx genes, affecting the ISG signalling pathway but 
not ifn I transcription.

FIGURE 2    |    Detection of RGNNV in sea bass brain homogenates using RTG pssmx-luc (A) and RTG psaumx2-luc cells (B). Different doses of the 
RGNNV strain (from 101 to 106 TCID50/mL) were added to samples from non-infected sea bass. Luciferase activity was measured at 24 h p.i. In A1 
and B1, luciferase activity is shown. Asterisks indicate significant differences with control non-inoculated cells, p < 0.05. In A2 and B2, the lineal 
regression analysis of inducibility values obtained in samples and the viral doses inoculated is shown. Bars indicate mean ± standard deviation (SD) 
obtained from three different measures. The dashed red line indicates the baseline.
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4   |   Discussion

Firstly, different betanodavirus isolates were added to both 
experimental systems to establish the minimum viral dose 
detectable by the luciferase-reporter systems and to compare 
the time course response of the two promoters to each isolate. 
RGNNV and RG/SJ NNV strains triggered luciferase activity 
only when they were inoculated at 5 × 103 TCID50/mL, thus 
this could be considered the detection limit of the systems for 
these isolates, which is in concordance with previous stud-
ies (Collet et al. 2004; Jørgensen et al. 2007). Although stan-
dard titration has a higher sensitivity (101.5–101.8 TCID50/mL) 
(Padrós et al. 2022), the method is time-consuming and highly 
dependent on the development of CPEs in permissive cell lines, 
as well as on the subjective recognition and interpretation of 
those CPEs, whereas the proposed experimental systems are 

able to detect virus which do not develop CPEs on RTG-2 cells, 
such as nodavirus.

Some differences in the magnitude and kinetics of luciferase ac-
tivity induction were recorded between the two pmx-luc systems. 
For instance, only pssmx was activated by the SJNNV strain, 
whereas RGNNV and RG/SJ strains activated both promoters, 
although with a different profile: the RGNNV strain triggered an 
early response on pssmx and a late response on psaumx, whereas 
the RG/SJ strain triggered a late response on pssmx and an early 
induction on psaumx. These differences might probably be re-
lated to the structural characteristics of each promoter. In fact, 
whereas pssmx presents three potential IFN-stimulated response 
elements (ISREs) and a single gamma interferon activation site 
(GAS) (Alvarez-Torres et  al.  2013), psaumx has a single ISRE 
motif, four GAS elements and a putative interleukin-6 binding 

FIGURE 4    |    Antagonistic activity of the RGNNV strain on RTG pssmx-luc (A) and RTG psaumx2-luc (B). Luciferase activity in cells inoculated 
with RGNNV (orange) at different titres (5 × 102—5 × 104) was measured at 42 h p.i. In cells inoculated first with the RGNNV strain and subsequently 
(24 h p.i.) treated with poly I:C (10 μg/mL) (green), luciferase activity was measured 18 h after poly I:C treatment (42 h after RGNNV infection). Non-
treated cells were used as a negative control (white), and non-infected cells treated with poly I:C were used as positive control (blue). Results are rep-
resented as relative light units (RLU). Bars indicate mean ± standard deviation (SD) obtained from three different samples. Different letters indicate 
significant differences, p < 0.05. Numbers indicate the percentage of inducibility decrease with respect to the positive control.

FIGURE 3    |    RGNNV titres in sea bass samples estimated using the regression equations obtained with the RTG pmx-luc systems (light and dark 
blue) and calculated on E-11 cells using the standard TCID50 method (green). Different letters indicate significant differences between columns of 
the same sample p < 0.05. Raw data are shown in Table S1.
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site (González-Mariscal et al. 2014). These structural differences 
support the idea that the fine-tuning regulation of mx expres-
sion occurs at the mx promoter level. Actually, this fine regula-
tion was also observed when the response of the three seabream 
mx promoters to IPNV and VHSV was compared (González-
Mariscal et al. 2016). Regarding the induction triggered by dif-
ferent isolates on each promoter, the differences observed in the 
induction patterns after infection with the three NNV isolates as 
well as with the IPNV isolate and the two VHSV isolates tested 
on our reporter systems (Figure  S2) agree with previous re-
ports (Alvarez-Torres et al. 2014; Cano et al. 2016; Gémez-Mata 
et al. 2020; González-Mariscal et al. 2016). Even the decrease in 
luciferase activity observed in cells inoculated with the RGNNV 
and RG/SJ strains has also been recorded when RTG-P1 cells 
(RTG-2 cells expressing luciferase under the control of rainbow 
trout mx1 promoter) were infected with IPNV or salmon pan-
creas disease virus, SPDV (Jørgensen et al. 2007), pointing to a 
response highly dependent on the interplay between each isolate 
and each promoter, which, in turn, might also be influenced by 
cell-specific factors (Alvarez-Torres et al. 2014). In spite of this, 
the combination of both systems has been proven to be useful to 
detect the three betanodavirus isolates evaluated in this study, 
even if these viruses are not normally propagated in RTG-2 cells. 
Furthermore, although both reporter systems are polyclonal cell 
lines, their sensitivity was similar to that recorded for other sys-
tems based on monoclonal cell lines, such as RTG-P1 (Collet 
et al. 2004) or CHSE-Mx10 (Jørgensen et al. 2007). Thus, it is 
tempting to think that the systems could probably also be in-
duced by unknown isolates responsible for field outbreaks or by 
isolates that do not generate CPE, making this CPE-independent 
viral detection method particularly beneficial (Collet et al. 2018).

Once the RGNNV strain was chosen to continue with the pmx-
luc systems validation, a protocol to detect this virus in brain, 
the target tissue of betanodaviruses, was established. A 1:1000 
dilution was required to avoid cytotoxicity, allowing RGNNV 
detection with a sensitivity limit between 103 and 104 TCID50/
mL using both systems. Furthermore, the systems proved to 
be useful to estimate viral titre. Actually, pmx-luc systems pro-
vided results after less than 48 h p.i., a very short period of time 

compared with 10–14 days required for CPE generation in E-11 
cells. Detection of viral pathogens prior to CPE development was 
established for the first time in RTG-P1 cells, where Salmonid 
Alphavirus (SAV) isolates were quantified in trout serum (Collet 
et al. 2013). Then, SPDV viraemia in serum was also estimated 
using these cells (Collet et  al.  2018). Thus, our results add 
RGNNV in brain to the group of samples where viral titre can 
be estimated using luciferase quantification, and encourage the 
establishment of similar protocols using other tissues/isolates 
combinations.

Finally, a clear dose-dependent antagonistic effect of the RGNNV 
strain was recorded in both pmx-luc systems. Therefore, both, 
ssmx and saumx promoters can be antagonised by RGNNV 
infection, although this effect does not completely abolish the 
activation of the mx promoters, at least at high viral dose (104 
TCID50/mL, Figure 5). Poly I:C induction of luciferase was also 
suppressed by IPNV in RTG-P1 cells and in psaumx2 cells (Collet 
et al. 2007; González-Mariscal et al. 2016; Jørgensen et al. 2007). 
Regarding VHSV, its antagonistic effect was detected in RTG-
P1 cells (Cano et al. 2016), as well as in pssmx-luc cells, where 
the differential antagonistic activity recorded for different iso-
lates was related with their virulence in a specific host species 
(Gémez-Mata et al. 2020).

The antagonistic activity of RGNNV had been previously sug-
gested (Álvarez-Torres et  al.  2017; Carballo et  al.  2016; Mai 
et al. 2018). Regarding the mechanism responsible for this activity, 
it has been recently reported that the RGNNV non-structural pro-
teins B1 and B2 interfere with the host immune response acting 
as transcription inhibition factors targeting RNA polymerase II 
(Qin et al. 2021, 2023). Thus, our two pmx-luc systems can become 
useful tools to investigate more in depth this process. Actually, in 
contrast with the differential modulation of mx induction occur-
ring at promoter level described for VHSV antagonism (Gémez-
Mata et al. 2020), RGNNV effect seems to occur very similarly in 
the two systems, and a clear interference with endogenous mx1 
and mx3 was also evidenced, thus suggesting that the effect is not 
dependent on the specific mx promoter. However, endogenous ifnI 
transcription was not affected by RGNNV infection, and similar 

FIGURE 5    |    Relative quantification of endogenous ifnI (A) and mx1 and mx3 (B) transcription in RTG-2 cells inoculated with the RGNNV strain 
(5 × 104 TCID50/mL) and treated with poly I:C (10 μg/mL) 24 h later. Quantification was performed at 2 and 4 h after poly I:C treatment for ifnI and 
at 18 h for mx1 and mx3. Bars indicate mean ± standard deviation (SD) obtained from three different samples. Different letters indicate significant 
differences, p < 0.05. Numbers indicate the reduction in fold change values compared to the positive control (poly I:C-treated cells).
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Ct values (ranging from 19.76 to 20.67) for the housekeeping gene 
ef1-a were recorded. These results suggest a specific interference 
triggered by the RGNNV strain that occurs at the ISG signalling 
pathway, that is, after IFN I synthesis. Further investigations 
must be conducted to get more understanding about RGNNV an-
tagonistic activity, a key point in virus-host interplay.

In summary, this study validates two pmx-luc systems as tools to 
detect betanodavirus isolates belonging to different genotypes; 
to estimate RGNNV viral titre from sea bass brain samples; and 
to study virus evasion strategies. Both systems can therefore 
help to identify the molecular mechanisms underlying these 
processes and can contribute to the design of strategies to fight 
viral diseases in fish aquaculture.

Author Contributions

Esther García-Rosado, M. Carmen Alonso and Julia Béjar: con-
ceptualization. Daniel Álvarez-Torres and Patricia Moreno: inves-
tigation. Daniel Álvarez-Torres and Julia Béjar: writing, original 
draft preparation. Patricia Moreno, Esther García-Rosado and 
M. Carmen Alonso: writing, review and editing. Esther García-
Rosado, M. Carmen Alonso and Julia Béjar: supervision. Esther 
García-Rosado, M. Carmen Alonso and Julia Béjar: funding acqui-
sition. All authors have read and agreed to the published version of the 
manuscript.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available within the 
article and its Figures S1 and S2, Table S1.

References

Alvarez-Torres, D., M. C. Alonso, E. Garcia-Rosado, B. Collet, and J. 
Béjar. 2014. “Differential Response of the Senegalese Sole (Solea sene-
galensis) mx Promoter to Viral Infections in Two Salmonid Cell Lines.” 
Veterinary Immunology and Immunopathology 161, no. 3–4: 251–257. 
https://​doi.​org/​10.​1016/j.​vetimm.​2014.​08.​005.

Alvarez-Torres, D., J. Béjar, B. Collet, M. C. Alonso, and E. Garcia-
Rosado. 2013. “Structural and Functional Characterization of the 
Senegalese Sole (Solea senegalensis) mx Promoter.” Fish & Shellfish 
Immunology 35: 1642–1648. https://​doi.​org/​10.​1016/j.​fsi.​2013.​09.​016.

Álvarez-Torres, D., A. M. Podadera, M. C. Alonso, I. Bandín, J. Béjar, and 
E. García-Rosado. 2017. “Molecular Characterization and Expression 
Analyses of the Solea senegalensis Interferon-Stimulated Gene 15 
(isg15) Following NNV Infections.” Fish & Shellfish Immunology 66: 
423–432. https://​doi.​org/​10.​1016/j.​fsi.​2017.​05.​040.

Ballesteros, N. A., M. Alonso, S. Rodriguez Saint-Jean, and S. I. Perez-
Prieto. 2015. “An Oral DNA Vaccine Against Infectious Haematopoietic 
Necrosis Virus (IHNV) Encapsulated in Alginate Microspheres Induces 
Dose-Dependent Immune Responses and Significant Protection in 
Rainbow Trout (Oncorhynchus mykiss).” Fish & Shellfish Immunology 
45: 877. https://​doi.​org/​10.​1016/j.​fsi.​2015.​05.​045.

Bandín, I., and S. Souto. 2020. “Betanodavirus and VER Disease: A 30-
Year Research Review.” Pathogens 9, no. 2: 106. https://​doi.​org/​10.​3390/​
patho​gens9​020106.

Cano, I., B. Collet, C. Pereira, et  al. 2016. “In Vivo Virulence of 
Viral Haemorrhagic Septicaemia Virus (VHSV) in Rainbow Trout 

Oncorhynchus mykiss Correlates Inversely With In  Vitro Mx Gene 
Expression.” Veterinary Microbiology 187: 31–40. https://​doi.​org/​10.​
1016/j.​vetmic.​2016.​02.​012.

Carballo, C., E. Garcia-Rosado, J. J. Borrego, and M. C. Alonso. 2016. 
“SJNNV Down-Regulates RGNNV Replication in European Seabass by 
the Induction of the Type I Interferon System.” Veterinary Research 47, 
no. 1: 6. https://​doi.​org/​10.​1186/​s1356​7-​015-​0304-​y.

Collet, B., P. Boudinot, A. Benmansour, and C. J. Secombes. 2004. 
“An Mx1 Promoter–Reporter System to Study Interferon Pathways in 
Rainbow Trout.” Developmental and Comparative Immunology 28, no. 
7: 793–801. https://​doi.​org/​10.​1016/j.​dci.​2003.​12.​005.

Collet, B., C. Collins, and K. Lester. 2018. “Engineered Cell Lines for 
Fish Health Research.” Developmental and Comparative Immunology 
80: 34–40. https://​doi.​org/​10.​1016/j.​dci.​2017.​01.​013.

Collet, B., E. S. Munro, S. Gahlawat, et al. 2007. “Infectious Pancreatic 
Necrosis Virus Suppresses Type I Interferon Signalling in Rainbow 
Trout Gonad Cell Line but Not in Atlantic Salmon Macrophages.” Fish 
& Shellfish Immunology 22, no. 1: 44–56. https://​doi.​org/​10.​1016/j.​fsi.​
2006.​03.​011.

Collet, B., K. Urquhart, P. Noguera, et al. 2013. “A Method to Measure 
an Indicator of Viraemia in Atlantic Salmon Using a Reporter Cell 
Line.” Journal of Virological Methods 191, no. 2: 113–117. https://​doi.​org/​
10.​1016/j.​jviro​met.​2013.​04.​009.

Fryer, Y. L., A. Yusha, and K. S. Pilcher. 1965. “The In Vitro Cultivation 
of Tissue and Cells of Pacific Salmon and Steelhead Trout.” Annals of 
the New York Academy of Sciences 126, no. 1: 566–586. https://​doi.​org/​
10.​1111/j.​1749-​6632.​1965.​tb143​03.​x.

García-Sastre, A. 2017. “Ten Strategies of Interferon Evasion by 
Viruses.” In Cell Host and Microbe, vol. 22, 176–184. Cell Press. https://​
doi.​org/​10.​1016/j.​chom.​2017.​07.​012.

Gémez-Mata, J., D. Álvarez-Torres, E. García-Rosado, M. C. Alonso, 
and J. Béjar. 2020. “Comparative Analysis of Marine and Freshwater 
Viral Haemorrhagic Septicaemia Virus (VHSV) Isolates Antagonistic 
Activity.” Comparative Immunology, Microbiology and Infectious 
Diseases 69: 101426. https://​doi.​org/​10.​1016/j.​cimid.​2020.​101426.

González-Mariscal, J. A., M. A. Fernández-Trujillo, M. C. Alonso, E. 
García-Rosado, M. C. Álvarez, and J. Béjar. 2016. “Gilthead Seabream 
(Sparus aurata) mx Gene Promoters Respond Differentially to IPNV 
and VHSV Infections in RTG-2 Cells.” Veterinary Immunology and 
Immunopathology 171: 73–80. https://​doi.​org/​10.​1016/j.​vetimm.​2016.​
02.​006.

González-Mariscal, J. A., J. B. Gallardo-Gálvez, T. Méndez, M. C. 
Álvarez, and J. Béjar. 2014. “Cloning and Characterization of the Mx1, 
Mx2 and Mx3 Promoters From Gilthead Seabream (Sparus aurata).” 
Fish & Shellfish Immunology 38, no. 2: 311–317. https://​doi.​org/​10.​
1016/j.​fsi.​2014.​03.​031.

Iwamoto, T., T. Nakai, K. Mori, M. Arimoto, and I. Furusawa. 2000. 
“Cloning of the Fish Cell Line SSN-1 for Piscine Nodaviruses.” Diseases 
of Aquatic Organisms 43: 81–89. https://​doi.​org/​10.​3354/​dao04​3081.

Jensen, M. H. 1965. “Research on the Virus of EGTVED Disease.” 
Annals of the New York Academy of Sciences 126, no. 1: 422–426. https://​
doi.​org/​10.​1111/j.​1749-​6632.​1965.​tb142​92.​x.

Jørgensen, J. B., A. Johansen, M. N. Hegseth, et al. 2007. “A Recombinant 
CHSE-214 Cell Line Expressing an Mx1 Promoter-Reporter System 
Responds to Both Interferon Type I and Type II From Salmonids and 
Represents a Versatile Tool to Study the IFN-System in Teleost Fish.” 
Fish & Shellfish Immunology 23, no. 6: 1294–1303. https://​doi.​org/​10.​
1016/j.​fsi.​2007.​07.​008.

Lafferty, K. D., C. D. Harvell, J. M. Conrad, et  al. 2015. “Infectious 
Diseases Affect Marine Fisheries and Aquaculture Economics.” Annual 
Review of Marine Science 7: 471–496. https://​doi.​org/​10.​1146/​annur​ev-​
marin​e-​01081​4-​015646.

 13652761, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jfd.70000 by U

niversity of M
álaga, W

iley O
nline L

ibrary on [18/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.vetimm.2014.08.005
https://doi.org/10.1016/j.fsi.2013.09.016
https://doi.org/10.1016/j.fsi.2017.05.040
https://doi.org/10.1016/j.fsi.2015.05.045
https://doi.org/10.3390/pathogens9020106
https://doi.org/10.3390/pathogens9020106
https://doi.org/10.1016/j.vetmic.2016.02.012
https://doi.org/10.1016/j.vetmic.2016.02.012
https://doi.org/10.1186/s13567-015-0304-y
https://doi.org/10.1016/j.dci.2003.12.005
https://doi.org/10.1016/j.dci.2017.01.013
https://doi.org/10.1016/j.fsi.2006.03.011
https://doi.org/10.1016/j.fsi.2006.03.011
https://doi.org/10.1016/j.jviromet.2013.04.009
https://doi.org/10.1016/j.jviromet.2013.04.009
https://doi.org/10.1111/j.1749-6632.1965.tb14303.x
https://doi.org/10.1111/j.1749-6632.1965.tb14303.x
https://doi.org/10.1016/j.chom.2017.07.012
https://doi.org/10.1016/j.chom.2017.07.012
https://doi.org/10.1016/j.cimid.2020.101426
https://doi.org/10.1016/j.vetimm.2016.02.006
https://doi.org/10.1016/j.vetimm.2016.02.006
https://doi.org/10.1016/j.fsi.2014.03.031
https://doi.org/10.1016/j.fsi.2014.03.031
https://doi.org/10.3354/dao043081
https://doi.org/10.1111/j.1749-6632.1965.tb14292.x
https://doi.org/10.1111/j.1749-6632.1965.tb14292.x
https://doi.org/10.1016/j.fsi.2007.07.008
https://doi.org/10.1016/j.fsi.2007.07.008
https://doi.org/10.1146/annurev-marine-010814-015646
https://doi.org/10.1146/annurev-marine-010814-015646


9 of 9

Lester, K., M. Hall, K. Urquhart, S. Gahlawat, and B. Collet. 2012. 
“Development of an In Vitro System to Measure the Sensitivity to the 
Antiviral Mx Protein of Fish Viruses.” Journal of Virological Methods 
182, no. 1–2: 1–8. https://​doi.​org/​10.​1016/j.​jviro​met.​2012.​01.​014.

López-Vázquez, C., C. P. Dopazo, J. L. Barja, and I. Bandín. 2007. 
“Experimental Infection of Turbot, Psetta maxima (L.), With Strains of 
Viral Haemorrhagic Septicaemia Virus Isolated From Wild and Farmed 
Marine Fish.” Journal of Fish Diseases 30, no. 5: 303–312. https://​doi.​
org/​10.​1111/j.​1365-​2761.​2007.​00815.​x.

Mai, W., H. Liu, H. Chen, Y. Zhou, and Y. Chen. 2018. “RGNNV-Induced 
Cell Cycle Arrest at G1/S Phase Enhanced Viral Replication via p53-
Dependent Pathway in GS Cells.” Virus Research 256: 142–152. https://​
doi.​org/​10.​1016/j.​virus​res.​2018.​06.​011.

Moreno, P., D. Álvarez-Torres, M. C. Balebona, et al. 2023. “Inhibition of 
Nervous Necrosis Virus Replication by Shewanella putrefaciens Pdp11 
Extract.” Aquaculture 575: 739812. https://​doi.​org/​10.​1016/j.​aquac​ul-
ture.​2023.​739812.

Moreno, P., S. Souto, R. Leiva-Rebollo, J. J. Borrego, I. Bandín, and M. 
C. Alonso. 2019. “Capsid Amino Acids at Positions 247 and 270 Are 
Involved in the Virulence of Betanodaviruses to European Seabass.” 
Scientific Reports 9, no. 1: 14068. https://​doi.​org/​10.​1038/​s4159​8-​019-​
50622​-​1.

Olveira, J. G., S. Souto, C. P. Dopazo, R. Thiéry, J. L. Barja, and I. 
Bandín. 2009. “Comparative Analysis of Both Genomic Segments 
of Betanodaviruses Isolated From Epizootic Outbreaks in Farmed 
Fish Species Provides Evidence for Genetic Reassortment.” Journal of 
General Virology 90, no. 12: 2940–2951. https://​doi.​org/​10.​1099/​vir.0.​
01391​2-​0.

Padrós, F., M. Caggiano, A. Toffan, M. Constenla, C. Zarza, and S. Ciulli. 
2022. “Integrated Management Strategies for Viral Nervous Necrosis 
(VNN) Disease Control in Marine Fish Farming in the Mediterranean.” 
Pathogens 11, no. 3: 330. https://​doi.​org/​10.​3390/​patho​gens1​1030330.

Pfaffl, M. W. 2004. “Quantification Strategies in Real-Time PCR.” In 
A-Z of Quantitative PCR, edited by S. A. Bustin, 87–1132.

Poynter, S. J., and S. J. DeWitte-Orr. 2016. “Fish Interferon-Stimulated 
Genes: The Antiviral Effectors.” Developmental and Comparative 
Immunology 65: 218–225. https://​doi.​org/​10.​1016/j.​dci.​2016.​07.​011.

Qin, Y., Y. Wang, J. Liu, Y. Lu, and X. Liu. 2021. “Red-Grouper Nervous 
Necrosis Virus B2 Protein Negatively Regulates Fish Interferon 
Response by Suppressing Host Transcription Directed by RNA 
Polymerase II.” Aquaculture 536: 736488. https://​doi.​org/​10.​1016/j.​
aquac​ulture.​2021.​736488.

Qin, Y., P. Zhang, S. Deng, et al. 2023. “Red-Grouper Nervous Necrosis 
Virus B1 Protein Inhibits Fish IFN Response by Targeting Ser5-
Phosphorylated RNA Polymerase II to Promote Viral Replication.” Fish 
& Shellfish Immunology 134: 108578. https://​doi.​org/​10.​1016/j.​fsi.​2023.​
108578.

Reed, L. J., and H. Muench. 1938. “A Simple Method of Estimating Fifty 
Per Cent Endpoints.” American Journal of Epidemiology 27, no. 3: 493–
497. http://​aje.​oxfor​djour​nals.​org/​conte​nt/​27/3/​493.

Rodríguez, S., M. P. Vilas, M. C. Gutierrez, S. I. Pérez-Prieto, M. C. 
Sarasquete, and R. B. Rodríguez. 1997. “Isolation and Preliminary 
Characterization of a Birnavirus From the Sole Solea senegalensis in 
Southwest Spain.” Journal of Aquatic Animal Health 9, no. 4: 295–300. 
https://​doi.​org/​10.​1577/​1548-​8667(1997)​009<​0295:​IAPCO​A>​2.3.​CO;​2.

Sun, B., I. Skjæveland, T. Svingerud, J. Zou, J. Jørgensen, and B. 
Robertsen. 2011. “Antiviral Activity of Salmonid Gamma Interferon 
Against Infectious Pancreatic Necrosis Virus and Salmonid Alphavirus 
and Its Dependency on Type I Interferon.” Journal of Virology 85, no. 17: 
9188–9198. https://​doi.​org/​10.​1128/​jvi.​00319​-​11.

Wolf, K., and M. C. Quimby. 1962. “Established Eurythermic Line of 
Fish Cells In Vitro.” Science 135, no. 3508: 1065–1066. https://​doi.​org/​
10.​1126/​scien​ce.​135.​3508.​1065.

Yang, Z., G. H. Yue, and S. M. Wong. 2022. “VNN Disease and Status 
of Breeding for Resistance to NNV in Aquaculture.” Aquaculture and 
Fisheries 7, no. 2: 147–157. https://​doi.​org/​10.​1016/J.​AAF.​2021.​04.​001.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.    

 13652761, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jfd.70000 by U

niversity of M
álaga, W

iley O
nline L

ibrary on [18/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.jviromet.2012.01.014
https://doi.org/10.1111/j.1365-2761.2007.00815.x
https://doi.org/10.1111/j.1365-2761.2007.00815.x
https://doi.org/10.1016/j.virusres.2018.06.011
https://doi.org/10.1016/j.virusres.2018.06.011
https://doi.org/10.1016/j.aquaculture.2023.739812
https://doi.org/10.1016/j.aquaculture.2023.739812
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/10.3390/pathogens11030330
https://doi.org/10.1016/j.dci.2016.07.011
https://doi.org/10.1016/j.aquaculture.2021.736488
https://doi.org/10.1016/j.aquaculture.2021.736488
https://doi.org/10.1016/j.fsi.2023.108578
https://doi.org/10.1016/j.fsi.2023.108578
http://aje.oxfordjournals.org/content/27/3/493
https://doi.org/10.1577/1548-8667(1997)009%3C0295:IAPCOA%3E2.3.CO;2
https://doi.org/10.1128/jvi.00319-11
https://doi.org/10.1126/science.135.3508.1065
https://doi.org/10.1126/science.135.3508.1065
https://doi.org/10.1016/J.AAF.2021.04.001

	Betanodavirus Quantification and IFN I-Antagonism Detection Using Luciferase Reporter Systems Based on Fish mx Promoters
	ABSTRACT
	1   |   Introduction
	2   |   Material and Methods
	2.1   |   Cell Culture
	2.2   |   Viruses and Virus Propagation
	2.3   |   Viral Detection in Cell Supernatants Using RTG-Pmx-Luciferase Systems
	2.4   |   Quantification of Luciferase Activity
	2.5   |   Quantification of RGNNV in Brain Samples
	2.6   |   Unravelling RGNNV Antagonistic Effect Using RTG-Pmx-Luc Systems
	2.7   |   Quantification of Endogenous Ifn I and mx Transcription After RGNNV Inoculation

	3   |   Results
	3.1   |   Detection of Betanodaviruses in Cell Supernatants
	3.2   |   Detection of RGNNV in Tissue Samples Using the RTG-Pmx-Luc Systems
	3.3   |   RTG Pmx-Luc Systems Reveal RGNNV Antagonistic Activity on the IFN-I System
	3.4   |   Transcription of Endogenous Ifn I and mx Genes

	4   |   Discussion
	Author Contributions
	Conflicts of Interest
	Data Availability Statement
	References


