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Abstract

The red-spotted grouper nervous necrosis virus (RGNNV) genotype of Betanodavirus causes significant losses to the European 
sea bass aquaculture industry. The lack of widely available vaccines against this genotype has led researchers and the industry to 
investigate other avenues for reducing mortality caused by the disease, such as the selection of resistant stocks. The objectives of 
this study were: a) to assess the presence of natural resistance in sea bass families propagated in the genetic improvement program 
of Nireus S.A., Greece and, b) to test an ELISA method able to detect viral coat antigen and measure viral load in the brain of 
tested fish. The second objective was to investigate virus antigen fluctuations during the course of the infection and its correlation 
with disease development, mortality and resistance. Further aspects of disease pathogenesis were investigated. A population of sea 
bass consisting of 89 families was experimentally infected with an RGNNV genotype of Betanodavirus; mortalities were recorded 
and brain samples from dead and survived fish were collected. Experimental infection of fish resulted in a typical pattern of mor-
tality development that reached 56%. Different levels of natural resistance between families were found with cumulative mortality 
ranging from 20% to 86.2%. There was no statistical difference between the weight of dead fish and the resistant and susceptible 
families, except when extreme phenotypes were tested, indicating that the weight of fish that died was not a significant factor of 
final mortality. Brain virus load in the population as a whole increased sharply until D6 post-infection and then gradually dropped 
until the end of the experiment. When the viral load in the population (dead and survived fish) was tested against time of death, 
no correlation was found. In fish that survived the infection, the virus load remained high. The viral load per mg of brain tissue in 
samples taken from dead fish was not a factor that influenced family cumulative % mortality. Brain samples from survived fish re-
produced the disease after infection of healthy fish. This study revealed a natural resistance of sea bass to Betanodavirus infection. 
This important finding can be used as an additional tool in reducing the mortality of cultured stocks. Additionally, there was clear 
evidence that fish surviving infection become subclinical carriers of the pathogen. Apparently, survival may not be associated with 
mechanisms of viral clearance but to other mechanisms that may suspend viral replication or aid infected cell endurance. These 
findings may assist in developing future vaccines and stock selection. A combination of effective vaccination and resistant stocks 
could be the way ahead.  
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Introduction

Viral nervous necrosis or viral encephalopathy and ret-
inopathy (VNN or VER, respectively, hereafter) is caused 
by the genus Betanodavirus that includes viruses affect-
ing fish. Typical signs of VNN include dilation of the ab-
domen, lateral, spiral, vertical swimming, redness and ul-
ceration of the snout and blindness (Costa & Thompson, 
2016; Bakopoulos et al., 2018a). Necropsy of fish brains 

provides evidence of encephalitis with intense inflam-
mation (Breuil et al., 1991; Comps et al., 1994; Munday 
& Nakai, 1997; Munday et al., 2002).Various genotypes 
of betanodaviruses have been reported to cause VNN in 
many commercially important fish species worldwide, 
including European sea bass (Dicentrarchus labrax, L.), 
which is affected by the red-spotted grouper nervous ne-
crosis virus (RGNNV, hereafter) genotype (Frerichs et 
al., 1996; Skliris et al., 2001; Montes et al., 2010). Beta-
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nodaviruses are small icosahedral non-enveloped viruses 
containing two single-stranded RNA molecules (RNA1 
encoding viral RNA-dependent RNA polymerase and 
RNA2 encoding capsid protein). The main viral antigen 
(Ag, hereafter) employed to induce specific antibodies 
and activate a protective immune memory is the capsid 
protein, largely shown to be immunogenic in fish (Coeur-
dacier et al., 2003; Costa & Thompson, 2016). Regarding 
prevention of VNN, various approaches have been tested 
experimentally, such as DNA vaccines (Sommerset et al., 
2005), heat-inactivated viral particles (Breuil & Rome-
stand, 1999), recombinant capsid protein vaccines (Yuasa 
et al., 2002) and virus-like particles (Thiery et al., 2006), 
to name a few, with or without success. Finally, an an-
ti-RGNNV genotype Betanodavirus commercial formu-
lation, that has recently been granted marketing autho-
rization for commercial use in Greece, Spain, Italy and 
Croatia, could contribute significantly to the protection of 
sea bass against the disease in these countries.

The lack of commercially licensed, worldwide avail-
able, vaccines against this genotype (and other genotypes 
affecting other important for aquaculture fish species), 
has led researchers to investigate alternative ways to re-
duce mortality caused by the disease, namely, the quest 
for naturally resistant wild stocks of sea bass and/or ge-
netic company-based selection programs for this trait 
among their sea bass brood stock. Indeed, Khanh et al. 
(2017) demonstrated differences in the survival of off-
spring originating from different sea regions and found 
survival rates of 99%, 94%, 62%, and 44% for South-East 
Mediterranean, North-East Mediterranean, Western Med-
iterranean and Northern Atlantic stocks, respectively. The 
authors calculated a moderate intrapopulation heritability 
of VNN resistance (0.26 ± 0.11), which is a good val-
ue for selection of this trait. Similar heritability was also 
calculated in another study on D. labrax by Faggion et 
al. (2021). Finally, variation in survival and the existence 
of naturally resistant offspring has been demonstrated by 
our laboratory as well, using offspring of European sea 
bass families, propagated in the selection program of Ni-
reus S.A., Greece (Bakopoulos et al., 2018a) for this trait. 
The combination of naturally resistant populations and 
vaccination with an effective anti-VNN vaccine, could 
offer even higher survival rates for cultured stocks.

Scarce information is available in the scientific liter-
ature on a comprehensive quantitative analysis of Beta-
nodavirus fate in the brain of infected fish. Furthermore, 
no data is available on virus load in combination with 
different levels of natural resistance to VNN. Thus, the 
objectives of this study were: a) to assess the presence of 
natural resistance (and its level) in sea bass families prop-
agated within the framework of the genetic improvement 
program of Nireus S.A., Greece and, b) to measure viral 
load in the brain of tested fish, in an effort to investigate 
virus quantity fluctuations during the course of the trial 
and correlate it with disease development, mortality and 
resistance. 

Materials & Methods

Fish

For the purposes of this study, the term family is used 
to describe specific parents and their offspring used in the 
genetic improvement program from which experimental 
fish were taken. Specifically, the term “family” in the 
experimental population describes only the offspring. A 
total of 2,516 sea bass individuals (approximately 30 fish 
per family and 89 families, 5-month old) with an average 
initial weight of 12g were used in this study. These fish 
represented a whole year class of fish originating from 
Nireus S.A breeding nucleus of sea bass. The commercial 
family-based breeding program operates with overlap-
ping generations and the experimental population used in 
this study represents offspring of year class 2012. Fam-
ilies in the breeding program are produced by artificial 
stripping of mature females and males and subsequent 
controlled crossings in family design including both ma-
ternal and paternal half-sibs. Each fish carried an elec-
tronic ID (pit-tag inserted in the abdominal cavity by staff 
of Nireus S.A.) allowing the allocation of each fish to a 
certain family.

Experimental facilities and physicochemical parameters

Fish were randomly placed in two 2m3 cylindroconi-
cal tanks in the wet laboratory of the Department of Ma-
rine Sciences, University of The Aegean. The wet labora-
tory is part of the Laboratory of Ichthyology, Aquaculture 
and Aquatic Animal Health (ICHTHYAI), and the facili-
ties are licensed to carry out experiments on aquatic ani-
mals (permit EL83 BioExp 01, according to Presidential 
Decree 56/2013 in compliance with Directive 2010/63/
ΕC; Decision No 2700/11-3-2022 of the competent Re-
gional Veterinary Authority). The system housing the 
experimental population is a closed recirculated sea wa-
ter system with a total capacity of 16m3, consisting of 
eight 2m3 cylindroconical tanks. The quality of water 
was maintained by solids filtration, disinfection (UV-C 
200W), biological filtration and aeration. Water tempera-
ture was kept at 22.5oC during the acclimatization period 
(1 week) and at 27±0.1oC during the experimental chal-
lenge (with the help of water heaters). The temperature 
for the challenge test was elevated at a rate of 0.5oC/day 
and fish were acclimatized for a further week when the 
challenge temperature was reached. The photoperiod was 
kept at 12h light:12h dark, salinity 3.8-3.9%, dissolved 
O2 >4.8mg/l, pH 8, total ammonia nitrogen and nitrite 
<0.05ppm and <0.5ppm, respectively, and nitrate levels 
<40mg/l. The fish were fed a commercial diet at 1% of 
body weight, with the feed administered every 8h. The 
fish were fasted for 24h upon arrival, before and after the 
experimental infection and on the termination of the ex-
periment. 
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Experimental infection

For the efficacy studies, a strain of Betanodavirus of 
the RGNNV genotype isolated from a cultured European 
sea bass outbreak in 2012 in Western Greece, was used 
(kind donation of Dr E. Karagouni, Hellenic Pasteur In-
stitute). A vial containing the necessary quantity of the 
betanodavirus stock suspension was retrieved from -85oC 
and placed at 4oC overnight to thaw gradually. The stock 
suspension was diluted with sterile phosphate-buffered 
saline, pH 7.2 (PBS), down to a betanodavirus concen-
tration of 106 TCID50/ml. This dilution was shown, in two 
pre-trial tests, to produce a 53.3-60% cumulative mortal-
ity in a sea bass mixed family population. The fish were 
anesthetized with 0.2% phenoxyethanol and then injected 
intramuscularly (i.m.) (Sommerset et al., 2005; Vimal et 
al., 2014) with 100μl of the 106 TCID50/ml suspension. 
The fish were then randomly distributed in three 2m3 
tanks. For positive control, 30 fish were also injected with 
the same virus suspension in order to validate the level of 
cumulative mortality; for negative controls, another 30 
fish were injected with 100μl of sterile PBS. Both control 
populations originated from the mixed population used 
in pre-trials. 

In order to investigate the condition (i.e. infective or 
not) of the virus retrieved from brain samples of the fish 
that survived the infection (after treatment and dilution 
as described in the following section), samples with puri-
fied high viral Ag content were i.m injected in the dorsal 
muscle of naïve fish (100μl/fish, n=3 per sample). The 
experimental infection protocol has been approved by 
Decision No 5690/11-5-2022, of the competent Regional 
Veterinary Authority. 

Monitoring, sampling and treatment of samples

The fish were monitored every 4h post-infection 
(p.i.) for development of disease symptoms and mortali-
ty. Dead fish were collected, individually weighed, their 
electronic ID scanned. Their brains were excised, placed 
on pre-weighed sterile eppendorfs and weighed, prior 
to placement at -85oC for future use. Recently died fish 
were microbiologically sampled to eliminate the cause 
of death, other than VNN, every second day of the tri-
al. Briefly, aseptically collected cephalic kidney samples 
were inoculated into brain heart infusion agar plates (with 
2% NaCl), incubated for 48h at 22oC and inspected for 
bacterial growth. 

The trial ended when no mortalities were recorded 
for two consecutive days. Surviving fish were euthanized 
with an overdose of anesthetic and then the weight of 
each fish was recorded, their electronic ID scanned and 
the brain of 10% of the surviving fish population was ex-
cised and processed as reported above. All measurements 
and records were saved in an excel file for later process-
ing. When all brain samples were collected, they were 
thawed and frozen consecutively three times in order for 
the brain cells to brake and release VNNv particles (ad-
opted by Poisa-Beiro et al., 2008). After the last thawing, 

sterile PBS was added to each brain sample at 1:166.67 
dilution, w:v, respectively, in order for all samples to be 
diluted by the same factor and provide sufficient sample 
volume for further tests. Then, using sterile 1ml pipette 
tips, each sample was completely homogenized in sterile 
PBS and centrifuged at 10,000rpm for 5min in order to 
spun down cells and cell debris. Each separate vial’s su-
pernatant was collected, filtered through a 0.45μm filter 
and placed in a separate sterile eppendorf and stored at 
-85oC for future testing. 

Rabbit anti-viral nervous necrosis virus (VNNv)  
polyclonal serum

Rabbit anti-VNNv polyclonal serum was prepared at 
the premises of the Hellenic Pasteur Institute (Athens, 
Greece) (HPI) with prior approval from the Animal Bio-
ethics Committee of the HPI according to the EC Direc-
tive 1986/609 and the National Law 1992/2015. The rab-
bits were reared in institutional facilities under specific 
pathogen-free conditions, receiving a diet of commercial 
food pellets and water ad libitum.

Stock suspension of betanodavirus was concentrated 
using polyethylene glycol (PEG) (MW 8,000) and benzo-
ylated cellulose membrane (12kDa MWCO), at 4oC until 
sufficient concentration was achieved. The concentrated 
suspension was then dialyzed against PBS, pH 7.2, over 
24h at 4oC, with three changes of buffer. Virus particles 
were then heat-inactivated for 1h at 70oC and stored at 
-85oC for subsequent use. The protein content of the con-
centrate was measured using the BIORAD protein assay 
kit, following the instructions of the manufacturer.

New Zealand white female rabbits were subcutane-
ously injected thrice with 200μl per injection, on days 0, 
21 and 35. The immunogen was an emulsion containing 
2.62mg/ml of genotype RGNNV Betanodavirus particles 
(measured as protein Ag) mixed 1:1 with Freund’s com-
plete for the first injection and Freund’s incomplete ad-
juvant for the second. The last injection was performed 
without adjuvant. Blood was collected 14 days after the 
last boost, allowed to clot for 10min at room temperature 
and then overnight at 4oC and then it was centrifuged at 
750 x g for 10min to separate the serum. Serum was ti-
trated against Betanodavirus Ag using a simple indirect 
ELISA and then aliquoted and stored at -20oC for future 
use. The main steps of the titration ELISA included: a) 
coating with the Ag, b) adding dilutions of the rabbit an-
ti-Betanodavirus serum, c) adding anti-rabbit IgG HRP 
conjugate, d) reading the reactions after addition of te-
tramethyl benzidine in substrate buffer.

ELISA for the detection of VNNv Ag

A simple indirect ELISA was developed that was a 
modification of the Bakopoulos et al. (1997; 2003) meth-
od. Briefly, 96-well plates were coated with 80μl/well of 
0.001% poly_L_lysine in carbonate/bicarbonate buffer, 
pH 9.6 for 1h at r.t. After washing, they were then filled 
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with either a betanodavirus suspension (10-fold dilutions 
0.0262 to 0.00000262mg/ml serving as positive controls 
and the creation of standard curve) or the samples to be 
tested, in triplicate, at 50μl/well for 8h at 4oC, followed 
by the addition of 25μl/well of 0.05% glutaraldehyde 
in 0.02M phosphate buffered saline (PBS), pH 7.4, for 
20min at r.t. The plates were washed and 15% bovine se-
rum albumin (BSA) in Low Salt Wash Buffer (LSWB), 
100μl/well, was added to block free-sites in the wells, 
overnight at 4oC. Then, after washing, rabbit anti-beta-
nodavirus serum at dilution 1:1000 in LSWB+1% BSA, 
50μl/well for 1h at r.t. was added. The negative control 
included wells where instead of rabbit anti-Betanodavi-
rus serum, 5% goat serum in LSWB was added. After an-
other wash, anti-rabbit IgG conjugated to biotin, diluted 
1:1,500 in 5% goat serum in LSWB, 50μl/well was added 
and the plates were incubated for 30min at r.t. Next, Ex-
travidin® conjugated to HRP and diluted 1:1000 in 5% 
goat serum in LSWB was added at 50μl/well for 30min at 
r.t. Reactions developed after the addition of chromogen 
for 5min and further development stopped with the addi-
tion of 2M H2SO4. Results were read at 450nm. The viral 
protein in brain samples was calculated from the standard 
curve of the OD reading versus the known concentrations 
of viral protein concentrate (10-fold dilutions) used in the 
positive control wells of the assay. Then, using the dilu-
tion factor of brain samples and the weight of each brain 
sample, the viral protein concentration per brain weight 
unit was calculated.

Statistics

Data collected from the measurement of betanodavi-
rus Ag in brain samples were statistically processed using 
the SPSS Statistics software (v. 20). Normal distribution 
of values was checked with the Shapiro-Wilk test. In ad-
dition to the correlations performed according to Pear-

son’s test, statistical differences were checked with the 
student t-test, Wilcoxon test and ANOVA. In all cases, 
comparisons were considered significant when p<0.05. 
For the purpose of this study, data analysis focused on 
designated (according to results) resistant and susceptible 
families.

Results

Experimental Infection (whole population data)

The trial lasted a total of 26 days. During the course 
of the experimental infection, no mortality (or symptoms 
related to the disease) was observed in the negative con-
trol group, while a cumulative mortality of 56% was re-
corded for the positive control group (data not shown). 
In the population tested, some mortality was recorded 
from day 2 post-infection (D2 p.i.) without development 
of symptoms. Immediately after, and as mortality rose, 
classical symptoms of VER were observed, such as abdo-
men distension, lateral, spiral, vertical and erratic (bursts) 
swimming. As the infection progressed, further to the lat-
ter symptoms, congestion, haemorrhage and ulceration 
of the snout as well as unilateral or bilateral blindness 
were observed. Brain necropsy of recently died fish re-
vealed brain congestion and intense inflammation, while 
individuals with distended abdomen had their swim blad-
der inflated. All these findings are in agreement with pre-
viously reported classical symptoms of VNN (Breuil et 
al., 1991; Comps et al., 1994; Munday & Nakai, 1997; 
Munday et al., 2002; Bakopoulos et al., 2018a). Micro-
biological sampling of head kidney from fish that died 
recently did not reveal the presence of bacteria. In total 
1,464 individuals died and 1,052 fish survived. Figure 1 
illustrates the progress of daily and cumulative mortality.

As it is obvious from Figure 1, the experimental in-
fection caused acute mortality between days 4-6 (maxi-

Fig. 1: Development of daily and cumulative mortality (data presented as percentages). Cumulative mortality is shown with the 
line with square points; daily mortality is shown with the line with circular points.
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mum daily mortality was recorded on D6) with a sharp 
increase from D4 onwards and then deaths dropped grad-
ually from D6 to D10. The rate of daily mortality drop 
was then normalized and finally deaths stopped after D26 
p.i. Cumulative mortality of this trial was 58.19%. The 
remaining 41.81% of the population survived but many 
fish had permanent eye lesions.

Regarding the assessment of virulence of brain sam-
ples taken from fish that survived the infection but carried 
viral Ag, all samples tested caused mortality over a period 
of 24 days post-infection. 

The average weight of dead fish in the whole popu-
lation was 13.93±4.3g, whereas that of the fish that sur-
vived was 22.23±6.9g. The weight of dead fish differed 
significantly from the weight of fish that survived chal-
lenge (t=-35.76; p<0.001).

Figure 2 illustrates the development of average daily 
weight of dead fish during the course of the trial.

There has been a clear tendency, in the whole popula-
tion, for smaller-sized fish to die during the first days of 
the trial. The size of dead fish increased gradually until 
D18 of the trial, then dropped until D22 and then fluctu-
ated until trial termination. Until D18, the weight of dead 
fish during the first week of the trial was significantly 
lower compared to those in the following week. This is 
supported by the positive correlation (r=0.31; p<0.05) be-
tween weight of dead fish and time of death.

Brain Samples (whole population data)

There was a positive correlation between brain weight 
(samples of both dead and survived fish) and body weight 
(samples of both dead and survived fish) (r=0.616, 
p<0.05). This positive correlation was maintained when 
samples of either dead or survived fish were tested (r=0.55 
and r=0.65, respectively; data not illustrated.

ELISA detection of betanodavirus protein Ag (whole 
population data)

The ELISA method developed for measuring betan-
odavirus Ag was able to detect as low as 2.62ng/ml of 
Betanodavirus protein Ag and this sensitivity limit was 
always statistically different from the negative control of 
the assay.

Figure 3 illustrates the Betanodavirus Ag load (ex-
pressed as mg Ag/mg brain) as measured for each indi-
vidual sampled during the course of the trial.

As shown in Figure 3, an increasing viral load is ap-
parent from D3 to D6, then a downward trend from D6 
to D11 and then the viral load fluctuated at lower levels 
until the end of the trial. However, there was no statistical 
difference between time-points. 

After measuring betanodavirus Ag in brain samples, 
the results were correlated with brain weight. No correla-
tion was found between brain weight and viral load (mg 
of viral Ag / mg of brain tissue), when either all samples 
or samples from dead fish or samples from fish that sur-
vived were tested. This indicates an even distribution of 
the virus in brain tissue. Furthermore, when mg of viral 
Ag/mg brain of dead fish was compared to that of fish 
that survived, no significant difference was found (t=-
0.69; p=0.48). 

Resistance and susceptibility to infection (family-wise 
data)

Each fish that took part in the trial could be allocat-
ed to a certain family. Supplementary Table S1, sum-
marizes records per family. Cumulative % mortality per 
family ranged from 20% to 86.2%, average weight of 
dead individuals within families ranged from 8.72±2.69 
to 20.54±3.66g, average weight of survived individuals 
within families ranged from 13.10±2.96 to 29.70±11.30g 
and the average time of death per family ranged from 

Fig. 2: Average weight (grams) of dead fish during the course of infection. Average values ± standard deviation SD).
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142.6±61.5 to 278.9±152.8 hours, with high SD values 
(Table S1) characterizing large time gaps between re-
corded death time. Obviously, certain families showed re-
sistance to the disease, mortality in other families ranged 
close to total population mortality, while others reached 
higher cumulative mortality, indicating certain suscepti-
bility to VNN. For classification reasons, families were 
arbitrarily distinguished into resistant (cumulative mor-
tality ≤45%), of average susceptibility (45.01-65%) and 
susceptible (mortality ≥65.01%), representing 21.3%, 
44.9% and 33.7%, respectively, of the total number of 
families (89) participating in this trial. 

For the purposes of this study, comparisons between 
families focused on only resistant (19 families) and sus-
ceptible families (30 families), as classified above; com-
parison of cumulative mortality between these two groups 
of families indicated that it was significantly different. 

Individual data per family were used in various cor-
relations, in order to identify the presence of any patterns 
of responses. There was no correlation between cumu-
lative % mortality per family and the average weight of 
dead fish in each family (r=-0.097). In addition, as re-
gards the weight of dead fish, no statistical difference was 
found between resistant and susceptible families (data 
not illustrated), except only extreme phenotypes were 
tested (five most resistant versus five more susceptible 
families). In the latter case, dead fish weight of resistant 
families was significantly higher compared to susceptible 
families. In all other cases, weight of dead fish was not a 
significant factor influencing final mortality. In contrast, 
a negative correlation was found between cumulative % 
mortality per family and the average weight of surviv-
ing fish in each family (r=-0.36, p<0.05); the lower the 
final mortality in the family, the higher the average body 
weight of fish that survived (Fig. 4).

No correlation was found when family cumulative % 
mortality was tested against family average time of death 

p.i. (r=0.088, p<0.05) (data not illustrated). This indicates 
that deaths were distributed almost evenly p.i. irrespec-
tive of the resistance/ susceptibility of the family to the 
infection. Furthermore, there was no statistical difference 
in time of death when resistant families were compared 
with susceptible families (both, either all families or ex-
treme phenotypes). Concerning the whole population, av-
erage body weight of dead fish within a family was pos-
itively correlated with family average time of death p.i. 
(r=0.36, p<0.05), as illustrated in Figure 5. Smaller-sized 
fish died earlier.

ELISA detection of betanodavirus protein Ag  
(family-wise data)

Supplementary Table S2, presents all betanodavirus 
Ag measurements per family. The average brain weight 
of dead fish in the families ranged from 47.39±12.99 to 
82.69±18.40mg and of survived fish between 42.00±0.00 
and 123±0.00mg. The average concentration of viral Ag 
in samples from dead fish (mg viral Ag/ mg brain tissue 
x 10-3) ranged from 0.42±0.59 to 3.56±6.54 and from fish 
that survived between 0.01±0.00 and 11.16±13.77. 

No correlation was found between average viral load 
per mg of brain tissue of dead fish and cumulative % family 
mortality. In fact, when the brain viral load of resistant and 
susceptible families was compared, no statistical difference 
was found and this includes tests on extreme phenotypes. 
A low negative correlation was found between average vi-
ral load per mg of brain tissue of fish that survived and cu-
mulative % family mortality (r=-0.19; p<0.05); this means 
that there was a trend individuals that survived from the 
families with high cumulative% mortality, to have lower 
viral load in the brain. Correlation was even lower (r=0.1) 
when average viral load per mg of brain tissue of dead fish 
was tested against cumulative % family mortality. A low 

Fig. 3: Betanodavirus antigen concentration (milligrams per milligram of brain tissue) in the brain of fish that died during the 
course of infection.
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negative correlation was also found when the average viral 
load/mg brain tissue was tested against the average time 
of death of each family (r=-0.21; p<0.05); this signifies 
that there was a tendency for late average death time of 
families to correlate with lower concentrations of betano-
davirus Ag. Figure 6 illustrates viral Ag average quantities 
at various time-points post-infection in resistant (6a) and 
susceptible (6b) families.  

As it is evident, in these distinct populations, brain vi-
ral load differed during the course of the disease, with the 
resistant population showing two extreme peaks at around 
300 and 380 hours post-infection (Fig. 6a), whereas in the 
susceptible population extreme peaks were found at ap-
proximately 490 hours post-infection (Fig. 6b).   

Similarly for the whole population, when average vi-
ral concentration/mg tissue per family of dead fish were 
tested against brain weight, a very low negative correla-

tion was found (r=-0.17) while the findings for surviving 
fish were similar (r=-0.18).

Supplementary Table S3 presents the Pearson correla-
tions of viral Ag concentration (viral Ag mg/mg tissue) 
with time of death in each family, in an attempt to assess 
whether viral Ag concentration decreased or increased 
with time. Therefore, negative R values suggest a gradual 
drop of concentration and the opposite holds for positive 
R values. These R values were then correlated with cu-
mulative % mortality in each family. These tests revealed 
a low positive correlation between viral Ag concentration 
development in time p.i. in dead fish with cumulative % 
mortality of each family (r=0.2). Thus, in families with 
low final mortality there seems to be a tendency for the 
viral Ag concentration to decrease or remain stable over 
time with the opposite happening in families with higher 
final mortality. 

Fig. 4: Correlation between family cumulative mortality (data presented as percentages) with average body weight (grams) of 
surviving fish.

Fig. 5: Correlation between family average body weight (grams) of dead fish and family average time of death (hours).
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Discussion

This study attempted to confirm and measure the nat-
ural resistance of the offspring of sea bass brood stock 
crossings of a commercial company against VNN. In ad-
dition, it attempted to identify any correlations between 
VNN Ag quantity in the brain of infected fish (dead or 
survived) and various parameters such as cumulative 
mortality, weight of fish and time of death post-infection. 
For the later, an ELISA method for measuring VNN Ag 
was developed and utilized. Experimental infection of fish 
resulted in a typical pattern of mortality as demonstrated 
previously by other researchers and our group (Thiery et 
al., 2006; Bakopoulos et al., 2018a, 2018b; Faggion et 
al., 2021). In sea bass populations, similar infection doses 
have caused either 43-55% cumulative mortality, depend-
ing on experimental temperature, (Chaves-Pozo et al., 
2012) or 57.3% (Bakopoulos et al., 2018a) or 55-81.7% 
(Bakopoulos et al., 2018b) or 80.5% cumulative mortal-
ity (Thiery et al., 2006). These previous studies support 
the data presented in this work, with the differences noted 
in final mortality attributed to the experimental animals 
used or differences in the physicochemical characteristics 
of each experiment. 

Data from the whole population showed that the aver-
age weight of dead fish was significantly lower compared 
to the fish that survived. This could, at a first glance, be 
attributed to the inability of affected fish to feed; howev-
er, the duration of the experiment was not that long and 
the feeding rate (1% of body mass) was not high enough 
to account for this difference. It is widely accepted that 
smaller-sized fish are more susceptible to VNN (Costa & 
Thompson, 2016 and references therein) and, most prob-
ably, this explains the recorded significant difference. 
Furthermore, the findings of this study support the latter 
since a positive correlation was found when weight of 
dead fish was tested against time of death, with small-
er-sized fish dying earlier p.i.

When individual fish data were allocated to each 

family, a great variation was noted in the final mortality 
recorded per family, which ranged from 20% to 86.2%. 
This finding is a clear indication of different levels of 
natural resistance to the pathogen between the families 
used. Moreover, the presence of natural resistance among 
different stocks of European sea bass (Khanh et al., 2017; 
Faggion et al., 2021) and among different stocks of At-
lantic cod (Bangera et al., 2011) has been demonstrated 
previously.

Although, as stated above, the average weight of dead 
dish in the whole population was significantly lower than 
the average weight of survived fish, no correlation was 
found between cumulative % mortality of each family 
and the average weight of dead fish in each family. This 
indicates that apparently the weight of fish that died was 
not a significant factor influencing final mortality. Never-
theless, this trait was significantly different when extreme 
phenotypes (either resistant or susceptible) were tested. 
On the other hand, and as expected, a negative correlation 
was found between cumulative % mortality of each fami-
ly and the average weight of surviving fish in each family 
(r=-0.36). This suggests that the lower the final mortality 
in a family, the higher the average body weight of the fish 
that survived. The former finding was unexpected and 
may indicate a great variation in the contribution of this 
trait to final mortality. Regarding the latter finding, our 
results are supported by other recent studies on D. labrax 
reporting a high probability of a negative genetic correla-
tion between mortality and body weight (Faggion et al., 
2021). Interestingly, both this and the study of Khanh et 
al. (2017) calculated the same moderate negative correla-
tion between resistance to VNN and body weight, indi-
cating that body weight is a maintained and important 
survival trait.   

The ELISA method developed is characterised by high 
sensitivity as it can detect as low as 2.62ng/ml of Betano-
davirus protein Ag. This detection limit proved sufficient, 
allowing us to measure viral Ag in all the samples test-
ed. Unfortunately, a bibliographic search did not reveal 

Fig. 6: Concentration of betanodavirus antigen (milligrams x 10-4 per milligram of brain tissue) in brain samples of dead fish in 
relation to time of death (hours): (a) resistant families and (b) susceptible families.
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scientific articles applying immunological methods for 
detecting betanodavirus. Instead, the majority of articles 
consulted, applied molecular methods for virus detec-
tion and quantification (Grove et al., 2006; Korsnes et 
al., 2009; Chaves-Pozo et al., 2012; Costa & Thompson, 
2016 and references therein) or calculation of the TCID50/
ml from brain homogenates (Pakingking Jr et al., 2009; 
2010; Lopez-Jimena et al., 2011). Quantitative molecu-
lar methods detect numbers of RNA copies that are pres-
ent in the sample irrespective of their functionality (i.e. 
whether they originate from a complete and functional 
gene). Thus, an overestimation of functional / virulent vi-
rus quantities may be calculated and there is no indication 
of the amount of viral Ag present. Similarly, an immuno-
logical technique detects Ag produced by the virus but it 
does not provide any information on the functionality / 
virulence of viral particles (i.e. viral particles may not be 
virulent, may be incomplete or not contain RNA). How-
ever, it does provide additional information on the levels 
of Ag present in the target tissue, which may be of interest 
for developing an immune response. In contrast, calculat-
ing the TCID50/ml from brain homogenates is probably 
the best way of assessing functional viral load, but the 
method may be limited by the number of samples needed 
to be tested. For the aforementioned reasons and because 
the ELISA method developed had a very good detection 
limit, it was decided to use it in this study.    

In the whole population, virus load increased sharply 
until D6 p.i and then gradually dropped and the observed 
pattern coincides with the daily mortality rate illustrated 
in Figure 1, supporting the hypothesis that there may be 
a correlation between virus load increase in the brain and 
mortality. 

However, when in the whole population (dead and 
survived fish) viral load was tested against recorded time 
of death, no correlation was found, indicating the involve-
ment of more factors that determine the fate of infected 
fish and not only virus load. Two previous studies were 
found using the same infectious dose of Betanodavirus 
and European sea bass but differed as regards the experi-
mental temperature. Both studies support our finding that 
virus quantity increases during the exponential phase of 
mortality development and then gradually decreases as 
daily mortality rate drops and decreases even more when 
daily mortality is stabilized (Lopez-Jimena et al., 2011; 
Chaves-Pozo et al., 2012). Certain differences were noted 
in the pattern of mortality in relation to time p.i. but this is 
attributed to the different experimental temperature. For 
the same reason, there were differences in the virus load 
detected in these two studies in relation to time p.i. Fur-
thermore, studies on other fish species are in agreement 
with the reported virus load pattern over time p.i., such as 
the studies of Pakingking Jr et al. (2009; 2010) on Asian 
sea bass, Grove et al. (2006) on halibut and Korsnes et 
al., (2009) on Atlantic cod.  

The low positive correlations found between brain 
weight and total viral Ag load indicate that brain weight 
(size) is not a significant parameter influencing betan-
odavirus Ag load. In particular, the lower positive cor-
relation between total viral load in samples from fish that 

survived and brain weight may indicate the aggregation 
of infection in certain locations of the brain, which may 
not increase in size at the same rate as other brain re-
gions in larger fish. Indeed, Renault et al. (1991) reported 
infection of cells in certain regions of the brain such as 
the optic tectum, cerebellum, tegmentum, vagal lobes and 
medulla oblongata in Asian sea bass larvae. 

As reported in the results section, when viral load was 
expressed per brain weight unit (i.e. mg of viral Ag / mg 
of brain tissue), no correlation was found between brain 
weight and viral load in any case (whole population test-
ed or dead or live individuals). These results indicate that 
even in fish that survived the infection with no clinical 
symptoms of the disease, the viral load remains high. 
This finding is supported by numerous studies on Euro-
pean sea bass and other fish species, which showed that 
although Betanodavirus brain load decreases over time 
p.i. as mortality and symptoms remit, infectious viral par-
ticles and viral RNA are still detected sometimes in high 
numbers, with fish being asymptomatic carriers of the 
pathogen (Thiery et al., 2006; Korsnes et al., 2009; Pak-
ingking Jr et al., 2009; 2010; Lopez-Jimena et al., 2011; 
Chaves-Pozo et al., 2012). Our results are supported fur-
ther by Grove et al. (2006), with the authors reporting 
that experimentally infected halibut showed no signifi-
cant changes in viral load even at D81 p.i., remaining at 
high levels despite that fish being asymptomatic, after 
reaching the highest levels at D18 p.i. 

Population descriptive statistics provided a preview 
on the findings of correlations at family level. Interest-
ingly, average viral load per mg of brain tissue from dead 
fish was not a factor influencing family cumulative % 
mortality. In contrast, as regards the families with high 
cumulative % mortality, in the individuals that survived, 
the viral load in the brain was lower, albeit marginally. 
Moreover, late average death time of a family correlat-
ed marginally with lower concentration of Betanodavi-
rus Ag in the brain, indicating that lower Ag concentra-
tion in the brain of surviving fish and late average time 
of death in families are somewhat correlated with lower 
cumulative mortality. Pearson correlations of the angle 
of brain viral load development with time p.i. (negative 
angle drop of viral load and vice versa), showed that, in 
agreement with previous reports, there is a tendency for 
viral Ag concentration to drop or remain stable over time 
p.i. in families with lower cumulative mortality (Thiery 
et al., 2006; Korsnes et al., 2009; Pakingking Jr et al., 
2009; 2010; Lopez-Jimena et al., 2011; Chaves-Pozo et 
al., 2012).

All the above findings and correlations indicate that 
brain viral load over time post-infection and survival or 
resistance are not directly correlated, and that other fac-
tors seem to play an important role in the final outcome. 
In addition, previous studies have demonstrated that the 
brain homogenates of fish that survived the infection re-
main infective for eukaryotic cell cultures (Pakingking 
Jr et al., 2010; Lopez-Jimena et al., 2011; Toffan et al., 
2019). This study also demonstrated the above infectivi-
ty in fish. Therefore, surviving fish employ mechanisms 
to control the development of the disease, at least for a 
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period of up to 81 or 130 days post-infection (Grove et 
al., 2006 or Korsnes et al., 2009, respectively). Studies 
have also been carried out on different aquaculture spe-
cies where quantitative trait loci (QTL) were detected for 
traits of economic and welfare importance using medi-
um to high density SNP arrays. For example, the major 
QTLs detected in Atlantic salmon for different traits in-
clude resistance against infectious pancreatic necrosis 
virus (Houston et al., 2008; Moen et al., 2009) and re-
sistance against piscine myocarditis virus (Boison et al., 
2019; Hillestad & Moghadam, 2019), etc. QTLs have 
also been detected in European sea bass with moderate to 
low impact. The main targeted traits in sea bass for QTL 
detection included body weight, resistance against VNN 
disease and stress resistance (Chatziplis et al., 2007; 
Palaiokostas et al., 2018; Chatziplis et al., 2020; Griot 
et al., 2021). QTLs for resistance of European sea bass 
against VER have been detected at loci LG3, LG8, LG12, 
LG15, LG19 and LG20 and, interestingly, most of the 
genes that may be involved in resistance are associated 
with normal functions, multiplication, stress management 
and protection of nervous cells and of the endothelium. 
The majority of genes reported does not seem to be di-
rectly involved in the function of the immune system, but 
rather in the metabolic pathways of infected cells. There-
fore, it can be assumed that survival after infection by 
the virus may be based on both supportive mechanisms 
for infected cells, reduced susceptibility and the devel-
opment of a specific immune response. This hypothesis 
is supported by the study of Bangera et al., (2013) on 
Atlantic cod (Gadus morhua). The authors investigated 
whether observed time-until-death in challenge tests with 
Betanodavirus were due to differences in susceptibility or 
increased endurance (individual hazard, considering that 
the animal is susceptible). Differences between estimat-
ed susceptibility and recorded cumulative mortality after 
challenge, were attributed to endurance of the fish and 
in addition, quoting from their report “susceptibility and 
endurance are apparently distinct genetic traits”. Further 
research could, therefore, focus on the underlying mech-
anisms of resistance and robustness of sea bass against 
VNN. 

Conclusions

This study confirmed the presence of natural resis-
tance of European sea bass commercial stocks to viral 
nervous necrosis caused by the RGNNV genotype of 
Betanodavirus, as shown for wild stocks.  

Although smaller-sized fish died earlier post-infection 
when the whole population is concerned, no correlation 
was found between mortality level and weight of dead 
fish, when families were tested. In contrast, cumulative % 
mortality per family was apparently negatively correlated 
with the average weight of surviving fish in each family; 
the lower the final mortality in the family, the higher the 
average body weight of fish that survived.

Deaths were distributed almost evenly p.i. irrespec-
tive of the resistance/ susceptibility of the family to the 

infection. There was no statistical difference in time of 
death when resistant families were compared with sus-
ceptible families.

A sensitive Elisa method was developed for the de-
tection of Betanodavirus coat protein Ag in brain tissue 
extracts and it was successfully used for measuring this 
Ag in infected brains.

Apparently, there were no significant differences in 
the amount of viral Ag found in the brain of dead fish or 
fish that survived the infection, even when resistant and 
susceptible families were compared. 

For individuals that survived compared to those with 
high cumulative % mortality, a lower viral load in the 
brain was observed.

In families with low final mortality there seems to be a 
tendency for the viral Ag concentration to drop or remain 
stable over time with the opposite happening in families 
with higher final mortality.

Survival seems to be related not so much with clear-
ance of the virus but with mechanisms that provide en-
durance of the infected brain cells to the virus. 
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