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A B S T R A C T

Viral Encephalopathy and Retinopathy (VER), caused by Red-spotted Grouper Nervous Necrosis Virus (RGNNV), 
is a major constraint on giant grouper (Epinephelus lanceolatus) aquaculture. Current surveillance depends on 
destructive brain and eye sampling, limiting scalable and repeated monitoring of broodstock and high-value fish. 
This study evaluated detection performance of destructive and non-destructive sampling methods for RGNNV in 
giant grouper following experimental intramuscular injection challenge. One hundred juvenile giant groupers 
were challenged with four RGNNV doses (4.6 × 107, 4.6 × 106, 4.6 × 105 and 4.6 × 104 copies/mL) in duplicate 
tanks, each containing five cages (10 fish/cage) representing four dose groups and one cohabitated control. 
RGNNV copy number was quantified by RT-qPCR across nine destructive tissues (brain, eyes, nostril, gill, head 
kidney, spleen, injection-site muscle and gut), two non-destructive samples (mucous and urine), and parallel tank 
water environmental RNA (eRNA). Fish morbidity increased dose-dependently, from 30% at 4.6 × 104 to 100% 
at 4.6 × 107 copies/mL dose. RGNNV detection and copy number also aligned with clinical outcome. Clinically 
affected injected fish exhibited a clear neural tropism, with brain and eyes reaching up to 1012 RGNNV copies/g, 
whereas subclinically affected injected fish displayed lower RGNNV detection frequency and copy number (<
107 copies/g). Horizonal transmission was confirmed, with 5% morbidity in cohabitated fish. Among non- 
destructive samples, only mucous consistently detected RGNNV (100% in clinically affected injected fish and 
69.2% in subclinically affected injected fish), while urine had no detection, confirming poor diagnostic value. 
eRNA detected RGNNV from day 7 post-challenge, peaking after fish morbidity and reflecting active shedding 
rather than early detection. These findings highlighting the diagnostic value of mucous sampling and the 
complementary role of eRNA in surveillance of giant grouper aquaculture.

1. Introduction

Giant grouper (Epinephelus lanceolatus) is currently recognised as a 
promising aquaculture candidate due to its rapid growth rate, adapt
ability to diverse environmental conditions, and high market value 
(Glamuzina and Rimmer, 2022; Johannes, 2001). Exhibiting low food 

conversion ratios (0.74–0.82) and high specific growth rates 
(2.49–2.54%), global production of the grouper sector has increased 
35.6-fold, from 7600 t in 2000 to 270,800 t in 2023 (Butler et al., 2025; 
FAO, 2025). Although there is potential to improve efficiency in grouper 
production through optimisation of aquafeed formulation and culture 
practices, attempts to expand the grow-out production volumes have 
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been restricted by outbreaks of Viral Encephalopathy and Retinopathy 
(VER) (Thwaite et al., 2022).

VER is a major fish viral disease, affecting over 120 fish species 
across 54 families and exhibiting a nearly worldwide distribution in 
marine, freshwater, temperate and tropical systems (Bandín and Souto, 
2020; Costa and Thompson, 2016). VER is caused by members of 
Nodaviridae, genus Betanodavirus (Mori et al., 1992). The Nodaviridae 
that cause disease in fish are colloquially termed Nervous Necrosis Virus 
(NNV) but formerly exist as four recognised genotypes: Red-spotted 
grouper NNV (RGNNV), Striped Jack NNV (SJNNV), Barfin flounder 
NNV (BFNNV) and Tiger Puffer NNV (TPNNV).

Groupers are primarily affected by the RGNNV genotype. NNV is 
neurotropic and causes vacuolation and necrosis of the nervous tissues, 
with specific clinical signs of VER including erratic swimming and loss of 
appetite. Diagnosis and detection of NNV involve assessment of brain or 
eye for the presence of pathognomonic lesions, virus isolation, or 
detection of NNV genome by reverse transcription quantitative poly
merase chain reaction (RT-qPCR) (Moody and Crane, 2014). Both hor
izontal and vertical transmission have been reported in VER (Bandín and 
Souto, 2020). The high stability of the virus in seawater and its wide
spread distribution make prevention of the horizontal transmission 
pathway extremely difficult in open (cages) and semi-open (pond) grow- 
out aquaculture (Frerichs et al., 2000; Harikrishnan et al., 2010; Rimmer 
and Glamuzina, 2019). The majority of marine farmed finfish species are 
only adversely affected by VER during early larval development. How
ever, some species, such as European seabass (Dicentrarchus labrax) and 
various groupers exhibit high susceptibility throughout their entire 
production, including grow-out (Padrós et al., 2022; Thwaite et al., 
2022). Giant grouper has been reported to be affected by VER across 
Taiwan, China and Australia (Condon, 2019; Duan et al., 2024; Lin et al., 
2001).

Although RGNNV-host-environmental interactions are presumed as 
the driver of disease outbreaks, limited information exists of detection 
and quantification of RGNNV in the environment preceding, during, or 
post disease outbreaks. The reliance on destructive tissue sampling, due 
to the neurotropic nature of RGNNV, has contributed to gaps in under
standing the virus epidemiology and pathogenesis by limiting routine, 
repeated, and large-scale monitoring of infected fish. Consequently, 
evidence-based approaches to prevention of VER disease outbreaks are 
also limited. Understanding the drivers of natural disease outbreaks is 
one of the most significant hurdles to overcome to improve management 
of VER in aquaculture (Bandín and Souto, 2020; Costa and Thompson, 
2016). Conducting a holistic approach to investigate the drivers of 
natural disease outbreaks, along with measuring the impact of envi
ronmental parameters in subclinically affected fish, is somewhat diffi
cult when viral status prior to environmental influence cannot be 
determined without destructive sampling.

Approaches to reduce the impact of RGNNV in highly susceptible 
species include vaccination and genetic selection of resistant breeding 
lines (Yang et al., 2022). However, determining the underlying genetic 
and immune mechanisms that contribute to survival following VER 
challenge is inhibited by the inability to temporally monitor viral load 
and immune function in individuals as a progression with a known 
outcome of survival versus morbidity in highly susceptible species 
(Toubanaki et al., 2022). The limitation is particularly relevant for 
groupers, which require extended time to reach breeding maturity, 
making survivors valuable for breeding, but also potential RGNNV 
carriers, as well as for wild-caught broodstock with unknown infection 
status. Therefore, non-destructive approaches are needed to enable 
repeated monitoring of viral status without sacrificing high value fish.

Access to effective non-destructive sampling from infected fish to 
monitor the progression of RGNNV following experimental challenge, 
aligned with gene expression and survival outcome, would significantly 
improve the knowledge base to better manage VER. Previous studies 
using non-destructive tissues for NNV detection have reported limited 
and inconsistent diagnostic performance. In European seabass and white 

grouper (E. aeneus), gill, fin clips, and blood samples generally contained 
much lower viral loads than brain tissue and often produced inconsistent 
detection outcomes, with virus present only at certain time points (e.g., 
7 days post-infection in gills and fin clips, or up to 30 days in blood) 
(Ferreira et al., 2019; Tarrab et al., 2019). More detailed findings indi
cate that sampling fin clips and scales frequently failed to detect virus 
even in confirmed infections (Mazelet et al., 2011; Tarrab et al., 2019), 
while RGNNV was only detectable in blood during a narrow infection 
period (5 to 15 days post infection) and mostly at high infection doses 
(Dalla Valle et al., 2000; Ferreira et al., 2019). Ferreira et al. (2019)
reported successful RGNNV detection from non-destructive tissues, 
including blood, caudal fin, and gills in European seabass, but in
consistencies in viral loads and detection rates raised concerns about 
diagnostic reliability by returning false negatives even when infection 
was confirmed in brain tissue. Similarly, Padrós et al. (2022), citing 
Breuil et al. (1991), emphasised the limited diagnostic value of repro
ductive fluids in Mediterranean finfish due to irregular viral presence 
and technical constraints.

The ability to temporally monitor RGNNV in the environment 
(water) and individual fish as infection progresses has been inhibited by 
the reliance on destructive sampling of brain. Among non-destructive 
samples available from fish, analysis of mucous has been demon
strated as effective in detecting viral pathogens including infectious 
hematopoietic necrosis virus (IHNV) in rainbow trout (Oncorhynchus 
mykiss) (Lapatra et al., 1989), infectious salmon anaemia virus (ISAV) in 
Atlantic salmon (Salmo salar) (Griffiths and Melville, 2000), and tilapia 
lake virus (TiLV) in red tilapia (Oreochromis spp.) (Liamnimitr et al., 
2018). Despite the successes in other viral diseases, the use of mucous 
for RGNNV detection has not been explored, highlighting the necessity 
for further investigation, especially in giant grouper.

In addition to the use of non-destructive samples, environmental 
DNA/RNA (eDNA/ eRNA) samples collected from culture water is pro
posed to be a simple sampling method for the surveillance of aquatic 
pathogens (WOAH, 2022). eRNA holds promise for the detection of viral 
diseases, and potentially reflects actively shed viral genetic material 
from infected fish, enabling the monitoring of infection dynamics in 
aquaculture systems (Bass et al., 2023; Farrell et al., 2021; Ip et al., 
2024). Recent studies have successfully applied eRNA-based surveil
lance to detect iridovirus in red sea bream (Pagrus major) (Kawato et al., 
2021) and viral haemorrhagic septicaemia virus (VHSV) in olive 
flounder (Paralichthys olivaceus) (Kang et al., 2025). Focusing on VER, 
RGNNV has also been detected in experimental tank water during 
infection in sevenband grouper (Hyporthodus septemfasciatus), with 
detection limited to fish mortality days, supporting the utility of eRNA- 
based surveillance for tracking viral shedding and transmission in 
aquaculture systems (Krishnan et al., 2021).

The current study aims to assess the suitability of non-destructive 
approaches for RGNNV surveillance and monitoring in giant grouper 
by comparing detection efficiency between destructive tissues and non- 
destructive samples, including mucous, urine, in clinical and subclinical 
fish, as well as eRNA from water. Detection efficiency is evaluated based 
on viral copy number and consistency of detection frequency across 
tissue types and clinical status, under different RGNNV doses and 
challenge routes. The outcomes of the current study are expected to be 
applied to monitor the detection of RGNNV in an aquaculture setting 
through improved understanding of detection performance among 
destructive and non-destructive sampling methods.

2. Materials and methods

2.1. RGNNV challenge extract

The RGNNV extract for experimental challenge was isolated from 
clinically affected orange-spotted grouper (E. coioides) exposed to a VER 
outbreak in North Queensland, Australia (Condon, 2019). Eye tissue was 
pooled into 100 mL sterile phosphate-buffered saline (PBS; Sigma- 
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Aldrich®), subjected to three freeze–thaw cycles (− 25 ◦C to 4 ◦C), and 
homogenised with an Ultra-Turrax T25 (IKA Works) at 20,000 rpm for 5 
min while kept on ice. The homogenate was clarified in a Sorval RC 6+
centrifuge (Thermo Scientific) using an F12s-6 × 500 LEX rotor, first at 
610g for 10 min and then at 3803 g for 10 min at 4 ◦C. The resulting 
supernatant was sequentially filtered through 0.45 μm and 0.22 μm 
filters (Sartorius), checked for absence of culturable bacteria on sheep 
blood agar after overnight incubation at 28 ◦C, and stored at − 20 ◦C in 
sterile 50 mL centrifuge tubes as the viral extract for challenge 
experiments.

Total nucleic acids were extracted from the viral extract using the 
MagMAX™ CORE Nucleic Acid Purification Kit (Applied Biosystems™) 
following the manufacturer's instructions. Extracted nucleic acids were 
analysed by RT-qPCR, which detected RGNNV-1 (RNA1 segment of the 
RGNNV genome) with cycle threshold (Ct) values of 24.37, corre
sponding to 4.6 × 108 copies/mL. This concentration was used as the 
viral stock for challenge studies. The stock was diluted in sterile PBS to 
prepare four challenge doses corresponding to 4.6 × 107, 4.6 × 106, 4.6 
× 105 and 4.6 × 104 copies/mL.

2.2. Experimental giant grouper

A total of 100 juvenile giant groupers, with an average body weight 
of 162.6 ± 43.5 g, were obtained from a commercial hatchery. The fish 
were acclimated at a temperature of 26–28 ◦C, a salinity of 30 ppt and 
fed ad lib on commercial feed pellets. Prior to the experiment, RGNNV- 
free status was confirmed by RT-qPCR using the pooled brain and eye 
samples from 10 fish of the same stock.

2.3. Experimental challenge dose and design

Fish were intramuscularly injected with 100 μL of RGNNV at one of 
four viral doses (4.6 × 107, 4.6 × 106, 4.6 × 105 and 4.6 × 104 copies/ 
mL) or with sterile PBS as a control. To negate any influence of water 
quality variation on the experimental study, the control-PBS injected 
fish were cohabitated with the injection challenge fish (hereafter 
referred to as “cohabitated fish”). Fish, grouped by dose, were placed in 

cages (10 fish per cage) inside two 2000 L tanks, with each tank holding 
five cages (one per treatment) to provide two replicates per treatment 
(Fig. 1). Fish were monitored every 8 h and challenges were operated for 
3 weeks post-injection. To maintain stable and consistent tank condi
tions across treatments throughout the experiment, no water exchange 
was performed.

Symptomatic fish displaying VER clinical signs including loss of 
equilibrium, spinning, open jaw lock and lethargy were removed and 
euthanised (AQUI-S® at ~175 mg/L) (Coyle et al., 2004). These in
dividuals are hereafter referred to as “clinically affected injected fish”. 
Asymptomatic fish at the termination of experiment were also euthan
ised and are referred hereafter as “subclinically affected injected fish”.

eRNA samples were collected from tank water by incubating a 0.22 
μm mixed cellulose ester membrane filter (47 mm diameter) for two 
durations, 2 h and 24 h. Filters were preserved in 15 mL nuclease-free 
tubes filled with 2 mL MagMAX™ CORE Lysis Solution (Applied Bio
systems™) and 2 mL nuclease-free water (Integrated DNA Technolo
gies™) at room temperature (28 ◦C) until the further quantitative 
analysis (Fig. 1).

2.4. Tissue collection and extraction

Samples were collected using destructive and non-destructive 
methods (Fig. 1). Non-destructive samples consisted of mucous and 
urine collected post-euthanasia. Mucous was collected by gently swab
bing the external body surface of each fish using sterile scalpel blade, 
while urine was collected by gently applying pressure to fish abdominal 
region to induce expression. Destructive samples included brain, eyes 
(left and right), nostril, gills, head kidney, spleen, muscle tissue at the 
injection site, and gut. These tissues were collected following euthanasia 
by aseptically excising the target tissues using sterile dissection in
struments. Tissue samples were weighed and immediately placed into a 
2 mL lysing matrix D tube™ (MP Biomedicals™) containing 350 μL of 
MagMAX™ CORE Lysis Solution (Applied Biosystems™). Tissue samples 
were stored at room temperature for at least 24 h prior extraction.

Fig. 1. Experimental challenge design and sampling workflow for RGNNV detection throughout the experiment.
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2.5. Detection of RGNNV by RT-qPCR

Total nucleic acids from tissue and eRNA samples were extracted 
using the MagMAX™ CORE Nucleic Acid Purification Kit (Applied 
Biosystems™) following the manufacturer's instructions with minor 
modifications. For tissue samples, 5 μL of 20 mg/mL MagMAX™ CORE 
Proteinase K (Applied Biosystems™) was added to the sample, which 
was then homogenised for 30 s at 5000 rpm using a Precellys 24 tissue 
homogeniser (Bertin Technologies™). The homogenised samples were 
incubated at 72 ◦C for 1 h. Nucleic acids were then extracted using the 
KingFisher™ Flex 96 Deep-Well Magnetic Particle Processor (Thermo
Fisher Scientific™) and eluted in 100 μL of MagMAX™ CORE Elution 
Buffer (Applied Biosystems™). For eRNA samples, 375 μL of the 4 mL 
original lysis/water solution with filter paper was transferred to an 
Axygen® 1.7 mL microtube, and the remaining steps were performed as 
for tissue samples.

RT-qPCR was used to detect RGNNV-1 and RGNNV-2, targeting the 
RNA1 and RNA2 segments of the RGNNV genome, with β-actin as a host- 
derived protocol integrity control. The β-actin assay was originally 
developed from a previous teleost study (Olsvik et al., 2005) and sub
sequently validated through sequence alignment with giant grouper 
β-actin (Accession number: XM_033642591.1), confirming suitability as 
a host-derived marker. The master mix was prepared using the Sensi
FAST™ Probe Lo-ROX One-Step Kit (Meridian Bioscience™). For each 
reaction, 1.25 μL of sample template was added to 8.75 μL of the master 
mix, which included 0.5 μL of target primers (0.2 μM final concentra
tion) and 0.5 μL of target probe (0.05 μM final concentration). Primer 
and probe sequences are listed in Table 1. RT-qPCR was performed on a 
QuantStudio™ qPCR machine (Applied Biosystems™) with the 
following settings: reverse transcription at 45 ◦C for 10 min, initial 
denaturation at 95 ◦C for 5 min, followed by 40 cycles of 95 ◦C for 10 s 
(denaturation) and 60 ◦C for 30 s (annealing/extension). Two positive 
controls and two non-template controls were included. Data was pro
cessed using QuantStudio™ Design & Analysis software (v. 1.5.1; 
ThermoFisher Scientific™) to generate Ct values. Samples not ampli
fying within 40 cycles were considered as not detected. Results of RT- 
qPCR to detect RGNNV from fish samples were only considered valid 
and included in statistical analysis if β-actin was detected within the 
sample.

RGNNV copy number was calculated from Ct values using a standard 
curve generated from ten-fold serial dilutions of a quantified RGNNV 
RNA standard. Ct values were converted to copy number based on the 
linear regression of the standard curve, and results were expressed as 
copies per gram of tissue. Samples in which RGNNV was not detected 
were assigned a viral copy number of zero per gram of tissue.

2.6. Tissue-specific differences in RGNNV copy number

To investigate tissue-specific differences in RGNNV copy number, 
viral copy number was quantified across 10 tissue types (including 
brain, left and right eyes, nostril, mucous, gills, head kidney, spleen, 
muscle tissue at the injection site, and gut) collected from clinical and 
subclinical giant grouper from both injected and cohabitated groups. For 
injected fish, analyses were conducted using individuals challenged with 
high RGNNV dose (4.6 × 107 copies/mL) and two lower RGNNV dose 
(4.6 × 105 and 4.6 × 104 copies/mL), representing high and low viral 
levels. Viral copy number data were examined separately in clinical and 
subclinical fish to determine tissue-specific patterns of replication and 
their association with disease expression.

2.7. Data analysis

Morbidity data was analysed with Kaplan–Meier survival curves, and 
differences among challenge doses were tested by the log-rank (χ2) test. 
RGNNV copy number was calculated as the average of RGNNV-1 and 
RGNNV-2 targets, because no significant difference was detected be
tween the two assays (p > 0.05). Viral copy number data was log- 
transformed when necessary and analysed using non-parametric tests: 
Wilcoxon rank-sum for two-group comparisons (clinical status and in
cubation time), and Kruskal–Wallis tests with Dunn's post hoc compar
isons (Bonferroni adjusted) for multiple challenge doses. Factorial 
effects of dose, clinical status, and tissue type were examined using 
aligned rank transform (ART) ANOVA, with Fish ID included as a 
random effect for repeated measures. Pairwise correlations among tissue 
groups were assessed using Spearman's rank correlation coefficients. 
Detection rates were summarised descriptively, and positive/negative 
agreement was calculated to evaluate non-destructive versus destructive 
tissues. All analyses were performed in R (R Core Team, 2025), with 
significance set at p < 0.05.

3. Results

3.1. Cumulative morbidity rates

Cumulative morbidity of giant grouper increased with exposure to 
higher viral doses during the 21-day experimental challenge (Fig. 2a). 
The morbidity rates followed a dose-dependent pattern, with 100% 
morbidity at the 4.6 × 107 copies/mL dose, followed by 90% morbidity 
at the 4.6 × 106 copies/mL dose, 65% morbidity at the 4.06 × 105 

copies/mL dose, and 30% morbidity at the 4.6 × 104 copies/mL dose. 
Cohabitated fish exhibited the lowest morbidity (5%).

Despite a significant difference in cumulative morbidity, there was 
only a small variation in days to morbidity between the different chal
lenge doses. Morbidity onset was first reported on day 5 in fish chal
lenged with higher viral doses (4.6 × 107 to 4.6 × 105 copies/mL), with 
peak events occurring on the following days from day 6 to day 7. Given a 
challenge approximately 1000-fold lower than the high challenge dose, 
onset to morbidity was only slightly delayed to day 6, but peaked on day 
7, in fish with the lowest dose (4.6 × 104 copies/mL) (Fig. 2a).

The increased morbidity recorded at higher viral doses corresponded 
with reduced survival. Survival analysis using the Kaplan–Meier method 
revealed a significant difference across viral doses with higher viral 
doses associated with lower survival rates, confirming the influence of 
viral copy number on morbidity (log-rank test: χ2 = 90.3, p < 0.0001) 
(Fig. 2b).

3.2. Detection of RGNNV using eRNA in relation to fish morbidity 
timeline

RGNNV was detected in experimental water using eRNA samples 
from day 7 post-challenge. However, RGNNV was detected two days 
earlier in eRNA samples incubated for 24 h compared to 2 h, indicating 

Table 1 
Summary of primers and probes used for the RT-qPCR assay.

Target Primer and probe sequence Reference

RGNNV- 
1

Forward CTT CCT GCC TGA TCC ACC 
TG

(Hick and Whittington, 
2010)

Reverse GTT CTG CTT TCC CAC CAT 
TTG

Probe CAA CGA CTG CAC CAC 
GAG TTG

RGNNV- 
2

Forward CCT TCG ACG CGC TTC AA Kirkland, pers. comm.
Reverse TCT GCT TTC CCA CCA TTT 

GG
Probe TCG TGG TGC AGT CGT

β-actin Forward CCA AAG CCA ACA GGG 
AGA AG

(Olsvik et al., 2005)

Reverse AGG GAC AAC ACT GCC 
TGG AT

Probe TGA CCC AGA TCA TGT TTG 
AGA
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that longer incubation duration may enhance the sensitivity of early 
detection (Fig. 3). The viral copy number increased and peaked on day 9 
and 10, approximately 3–4 days after the morbidity peak, and detection 
continued until day 20 post-challenge (Fig. 3). Although eRNA detected 
RGNNV in the water, detection was delayed from the onset of disease 
symptoms in the fish. β-actin was also detected in water (eRNA) samples, 
reflecting the presence of host-derived RNA in the tank environment.

The RGNNV copy number trends differed between the two incuba
tion times. The average viral copy number was 3668 and 8821 at 24 h 
and 2 h incubation, respectively. Similarly, the highest viral copy 
number was detected from the 2 h incubation (54,852 copies on day 11) 
compared to 24 h incubation (34,476 copies on day 9). Despite differ
ences in peak of viral copy number and early detection, there was no 
significant difference in viral copy number detected between the two 
incubation times, indicating that both are equally effective for RGNNV 
detection in water samples during the experimental challenge (p =
0.131). The findings suggest that the longer incubation time may be the 
most sensitive approach for early detection, but shorter incubation may 
better preserve viral copy number RNA at peak infection; thus longer 
incubation could lead to viral RNA degradation or loss over time.

3.3. Results of RGNNV detection from injected challenged giant grouper

3.3.1. Frequency of RGNNV detection in different tissue types
Detection rates of RGNNV in destructive and non-destructive 

samples was more closely aligned with clinical outcome than challenge 
dose. Irrespective of challenge dose, RGNNV was detected in all 
destructive tissues and mucous samples from clinically affected injected 
fish (100% detection rates) (Fig. 4).

In subclinically affected injected giant grouper, detection rates 
differed across tissue types and individual fish (Fig. 4). Neither the 
detection rate nor tissue distribution of RGNNV followed a challenge 
dose dependant trend. In fish lacking clinical signs of VER, neural tis
sues, including brain (40.9 ± 6.4%), left eye (39.0 ± 6.4%) and right eye 
(34.1 ± 0.0%) exhibited the highest RGNNV detection rates, whilst 
nostril (31.8 ± 3.2%), gill (27.3 ± 3.2%), head kidney (15.9 ± 13.8%), 
and gut (13.6 ± 6.4%), had moderate detection rates. When RGNNV was 
detected in subclinically affected injected fish, 61.5% of fish had 
detection in brain, eye, and mucous, while a smaller proportion 
exhibited co-detection between brain and eye (15.4%) and eye and 
mucous (7.7%) (Fig. 5). Results indicate that RGNNV detection in mu
cous corresponds with infection in the neural tissues, supporting the 
potential of mucous as a non-destructive indicator of viral presence in 
subclinical fish. RGNNV was also detected only in mucous in a small 
proportion of fish (15.4%) (Fig. 5).

No RGNNV was detected in urine from either clinically or subclini
cally affected injected fish. In contrast, β-actin was consistently detected 
in urine samples, confirming the presence of host nucleic acids and 
validating sample quality and extraction.

Fig. 2. Cumulative morbidity (a) and survival rate (b) of giant grouper challenged by different RGNNV doses.

Fig. 3. Giant grouper morbidity and RGNNV copy number in eRNA samples.
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3.3.2. Viral copy number differences across RGNNV challenge doses
Left eye, a primary target tissue of RGNNV infection, was consis

tently collected from all experimental fish, providing a reliable basis for 
comparison across challenge doses (Moody and Crane, 2014; Munday 
et al., 2002). RGNNV copy number was quantified in left eyes of clini
cally and subclinically affected injected giant grouper across different 
challenge doses (4.6 × 107 to 4.6 × 104 copies/mL) (Fig. 6).

Viral copy number in left eye displayed a clear dose-dependent trend, 
whereby significant differences were detected across the challenge doses 
(p < 0.05). The highest RGNNV copy number (1.62 × 1012 copies/g) was 
detected in fish exposed to the highest challenge dose (4.6 × 107 copies/ 
mL dose). In contrast, the lowest viral copy number (3.67 × 1011 copies/ 
g) was recorded from fish exposed to the lowest challenge dose (4.6 ×
104 copies/mL dose), while intermediate challenge doses (4.6 × 106 and 
4.6 × 105 copies/mL) produced values ranging from 6.43 × 1011 to 9.26 
× 1011 copies/g.

Differences in RGNNV copy number were also assessed between 
clinically and subclinically affected injected fish. Clinically affected 

Fig. 4. RGNNV detection rate in different tissue types of clinically and subclinically affected injected giant grouper. Error bars represent variation in detection rates 
between RGNNV-1 and RGNNV-2.

Fig. 5. Co-detection of RGNNV among brain, eye, and mucous tissues in 
affected injected giant grouper.

Fig. 6. RGNNV copy number (log₁₀ scale, copies/g) in left eye of clinically and subclinically affected injected giant grouper across challenge doses.
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injected fish had significantly higher viral copy number (average 1.24 ×
1012 copies/g) than subclinically affected injected fish (average 2.53 ×
108 copies/g) (p < 0.05), confirming a strong association between viral 
copy number and disease expression. However, there was no significant 
interaction between challenge dose and clinical status (p > 0.05). As 
noted, no subclinically affected injected fish were recorded at the 
highest challenge dose (4.6 × 107 copies/mL).

3.3.3. RGNNV copy number differences across tissue types
RGNNV was detected in variable copy number in different tissues 

(Fig. 7). RGNNV copy number displayed a distinct trend with clinical 
outcome whereby RGNNV was detected in higher copy number in all 
tissues in fish which displayed clinical signs of VER compared to those 
with no clinical signs. Difference in RGNNV copy number was significant 
and influenced by both tissue type and viral dose with a strong inter
action between tissues and challenge doses (p < 0.001).

In clinically affected injected fish, viral copy number displayed a 
consistent pattern in which neural tissues (brain, left eye and right eye) 
carried the highest viral copy number across all challenge doses (4.6 ×
107, 4.6 × 105, and 4.6 × 104 copies/mL) (Fig. 8). In contrast, non- 
neural tissues exhibited more variable dose-dependent patterns. Viral 
copy number in non-neural tissues was highest from external epithelial 
surfaces (nostril and body mucous), while RGNNV detections in spleen, 
head kidney and gut were comparatively reduced in clinically affected 
injected fish.

Only fish that were challenged with lower doses (4.6 × 105 and 4.6 
× 104 copies/mL) survived and were analysed as subclinically affected 
injected fish. In the absence of clinical signs, RGNNV was detected with 
lower frequency and lower viral copy number in different tissue types 
(Fig. 7). RGNNV copy number in subclinically affected injected fish 
ranged from 8.46 × 103 to 4.53 × 107 copies/g (Fig. 9).

RGNNV copy number in tissues from clinically affected injected giant 
grouper

In clinically affected injected fish, pooling across challenge doses, 
viral copy number differed significantly among tissue types (p < 0.001) 
(Fig. 8). Neural tissue (brain, right eye and left eye) exhibited the highest 
viral copy number, with average values of 6.16 × 1012, 1.64 × 1012 and 
1.34 × 1012 copies/g, respectively. Post hoc analysis concluded neural 
tissues formed a distinct group, significantly higher than all non-neural 
tissues. RGNNV copy number in non-neural tissues were lower than 

neural tissues, ranging from 2.06 × 108 to 5.43 × 109 copies/g. Among 
non-neural tissues, mucosal and epithelial tissues, particularly nostril 
(5.43 × 109 copies/g) and mucous (2.07 × 109 copies/g), had the 
highest viral copy number. Immune tissues, including head kidney (1.32 
× 109 copies/g) and spleen (4.63 × 108 copies/g), exhibited interme
diate values, whereas internal tissues such as gut (3.97 × 108 copies/g) 
and injection site (2.06 × 108 copies/g) had the lowest viral copy 
number.

RGNNV copy number in tissues from subclinically affected injected giant 
grouper

In subclinically affected injected fish, pooling across challenge doses, 
viral copy number differed significantly among tissue types (p < 0.001) 
(Fig. 9). The highest viral copy number (1.65 × 106 to 4.53 × 107 

copies/g) were detected in neural tissues (brain and two eyes), nostril 
and gill. Among non-neural tissues, mucous displayed intermediate viral 
copy number (4.03 × 105 copies/g), while immune tissues (head kidney 
and spleen) had lower viral copy number averaging 4.77 × 105 and 1.45 
× 105 copies/g, respectively. Injection site exhibited the lowest viral 
copy number (8.46 × 103 copies/g). Post hoc analysis indicated RGNNV 
copy number was not significantly different between mucosal and 
neural tissue but otherwise exhibited a similar trend to the post hoc 
analysis from clinically affected injected fish. Notably, in clinically 
affected injected fish, the average RGNNV copy number exceeded 107 

copies/g in all tissue types, yet a similar 107 copies/g threshold was 
detected in the brain of subclinically affected injected fish.

RGNNV correlation across tissue types
Pairwise correlation analysis revealed strong associations in RGNNV 

copy number among major tissue groups (Fig. 10). Tissues were cat
egorised into neural (brain and eyes), mucosal (mucous, nostril, gill, and 
gut), immune (head kidney and spleen), and other tissues (injection 
site). Significant positive correlations were investigated between neural, 
immune, and mucosal tissues, indicating that viral replication across 
sites followed a similar trend. The strongest relationships occurred be
tween neural and mucosal tissues (r = 0.77, p < 0.001), immune and 
neural tissues (r = 0.77, p < 0.001), and immune and mucosal tissues (r 
= 0.73, p < 0.001). A moderate correlation was detected between other 
and mucosal tissues (r = 0.62, p ≤ 0.001), while weak and non- 
significant correlations were found for other and immune (r = 0.38, p 
= 0.052), and other and neural tissues (r = 0.35, p = 0.081).

Fig. 7. Tissue-specific distribution of RGNNV copy numbers (log₁₀ scale, copies/g) in clinically and subclinically affected injected giant grouper under different 
challenge doses. Colour intensity reflects relative viral abundance across tissues and doses.
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3.4. Results of RGNNV detection from cohabitated giant grouper

3.4.1. Frequency of RGNNV detection in different tissue types
Cohabitated giant grouper, which were not directly injected with 

RGNNV but shared same culture tanks with injected challenged fish, 
exhibited varying levels of viral detection. Only one of the 20 cohabi
tated fish became moribund while the other 19 fish remained subclini
cal. RGNNV was detected in all tissue of the moribund individual, 
whereas the subclinical cohabitated fish had variable detection rates 
(Fig. 11). Within the subclinical cohabitated fish, RGNNV was detected 
in 18 (90%) of the cohabitated fish, with approximately 50% having 
detection restricted to neural tissues. One fish had no RGNNV detection 
in any tissue, indicating potential resistance to infection. The findings 
highlight that although horizontal transmission was effective, morbidity 
and distribution of RGNNV in tissues differed among individuals. Left 

eye exhibited the highest RGNNV detection rate (89.5%), followed by 
mucosal tissues such as mucous, gut, and gill (each 31.6%). Lower 
detection of RGNNV occurred in right eye (21.1%), nostril (15.8%), 
brain (15.8%), and spleen (10.5%), while urine, head kidney, and in
jection site consistently had no detection.

3.4.2. RGNNV copy number in cohabitated fish
Similar to the injected challenged fish, cohabitated fish displayed a 

clear separation in viral copy number between clinical and subclinical 
individuals (Fig. 12). The VER clinical cohabitated fish carried high viral 
copy number (3.09 × 1011 copies/g), whereas subclinical cohabitated 
fish had significantly lower copy number (6.20 × 105 copies/g, p <
0.05). The RGNNV copy number of 3.09 × 1011 copies/g, was slightly 
lower, but not significantly different from clinically affected injected 
fish (9.02 × 1011 copies/g, p = 0.910). In contrast, subclinical 

Fig. 8. RGNNV copy number (log₁₀ scale, copies/g) across different tissue types in clinically affected injected giant grouper. Different superscript letters (a – e) 
indicate significant differences among tissues (p < 0.05).

Fig. 9. RGNNV copy number (log₁₀ scale, copies/g) across different tissue types in subclinically affected injected giant grouper. Different superscript letters (a – c) 
indicate significant differences among tissues (p < 0.05).
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cohabitated fish exhibited significantly lower viral copy number (6.20 
× 105 copies/g) than subclinically affected injected fish (4.26 × 107 

copies/g, p < 0.05). Across both injected and cohabitated groups, clin
ical fish tended to have smaller body weight (139.7 ± 26.4 g) than 
subclinical fish (191.4 ± 37.6 g), suggesting that body weight may 
reflect host condition and disease progression relevant to tissue-level 

viral replication.
RGNNV copy number in subclinical cohabitated fish revealed a 

distinct concentration in neural tissues (Fig. 13). Left eye carried the 
highest copy number (4.96 × 106 copies/g) among tissues. Right eye 
(1.63 × 105 copies/g) and brain (6.63 × 104 copies/g) also contained 
detectable RGNNV, indicating that neural tissues remained the primary 

Fig. 10. Pairwise correlations of RGNNV copy number among tissue groups in affected injected giant grouper. Tissue categories include neural (brain, left eye and 
right eye), mucosal (mucous, nostril, gill, and gut), immune (head kidney and spleen), and other tissues (injection site).

Fig. 11. RGNNV detection rates in different tissue types of subclinical cohabitated giant grouper.
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sites of persistence even in the absence of VER clinical signs. Outside the 
nervous system, viral copy number was lower. Gut (4.39 × 105 copies/ 
g), gill (2.32 × 105 copies/g), and mucous (1.76 × 105 copies/g) had the 
highest viral copy number among non-neural tissues, while nostril and 
spleen contained only low copy number (8.84 × 104 and 7.76 × 104 

copies/g). RGNNV was not detected in the head kidney and injection 
site.

In summary, viral copy number in subclinical cohabitated fish in
dicates that subclinical infections involve low tissue distribution of 
RGNNV, with viral replication concentrated primarily in the eye and 
secondarily in the brain. Viral copy number in mucosal, immune, and 
internal tissues were minimal. Collectively, the differential RGNNV 
detection patterns across tissue types, sampling methods, infection 

routes, and clinical status, are summarised in Table 2.

4. Discussion

Effective surveillance of viral diseases in aquaculture is limited by 
the lack of reliable non-destructive sampling approaches and insufficient 
understanding of how virus detection varies among tissues during 
clinical status (Brugere et al., 2017). For VER, diagnostic sensitivity is 
highest in neural tissues; however, reliance on destructive sampling 
restricts repeated monitoring and limits detections of subclinical in
fections within aquaculture settings. Although interest in non- 
destructive sampling is increasing, direct evaluation of destructive 
versus non-destructive sampling methods remains limited, and the 

Fig. 12. RGNNV copy number (log₁₀ scale, copies/g) in all tissues across challenge group and clinical status in giant grouper.

Fig. 13. RGNNV copy number (log₁₀ scale, copies/g) across different tissue types in subclinical cohabitated giant grouper.
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relationship between viral detection in alternative samples and infection 
status is poorly characterised in giant grouper. Addressing this limita
tion, the current study demonstrates that RGNNV detection in giant 
grouper is strongly tissue-specific and that non-destructive sampling, 
particularly mucous-based detection, can reliably detect infection across 
both clinical and subclinical status, while eRNA provides complemen
tary tank-level surveillance.

4.1. Tissue-specific detection of RGNNV and implications for diagnosis

A key finding of the current study was the strong tissue-specific 
pattern of RGNNV detection across experimental fish, with viral copy 
number varying markedly across different tissue types. Confirming pre- 
established knowledge, the key trend at the tissue level was the strong 
concentration of RGNNV replication in neural tissues. Across all VER 
affected injected fish, brain and eyes consistently exhibited distinctly 
higher viral copy number than all other tissues. In clinically affected 
injected fish, viral copy number in neural tissues were approximately 
102–103-fold higher than those in mucosal tissues and up to 104-fold 
higher than those in internal tissues. Non-neural tissues carried lower 
and more variable viral copy number, suggesting secondary involve
ment in infection process. Mucosal and epithelial tissues, including 
nostril, mucous, gill, and gut, exhibited intermediate viral copy number, 
higher than those found in immune tissues (kidney and spleen). Detec
tion of RGNNV in tissues with direct contact with water align with 
known horizontal transmission pathways of RGNNV, where waterborne 
contact with infected fish or contaminated material brings external 
surfaces into direct contact with infectious particles (Munday et al., 
2002; Yang et al., 2022). Although direct evidence for RGNNV entry 
through mucosal surfaces is limited, studies on other fish viruses indi
cate mucosal epithelia can act as important contact points during early 
exposure. Some viruses can bind alternative epithelial receptors and 
cross mucosal barriers (Bergelson, 2003). For example, ISAV has been 
recorded to infect epithelial cells of the gill, skin, and gastrointestinal 
tract during early infection (Aamelfot et al., 2015). The precise receptors 
that facilitate internalisation of NNV particles have not been determined 
but proposals include epithelially expressed Heat shock protein 70 
(HSP70) and HSP90ab1 as well as the adhesion proteins Nectin types 1 
and 4 (Krishnan et al., 2019; Zenke and Okinaka, 2022; Zhang et al., 
2024). Interestingly, tissue distribution of viral copy number observed in 
the current study reflects the trend of Nectin-1 detection observed in 
E. lanceolatus x E. fuscoguttatus hybrids with brain, eye and gill exhibiting 
highest Nectin 1 expression compared to spleen, liver, muscle, head 
kidney and intestine (Zhang et al., 2024).

Correlations among tissue types indicate viral replication was 
observed across neural, mucosal, and immune tissues. Strong positive 
correlations between neural and mucosal tissues, and between neural 
and immune tissues, indicate that viral copy number in these tissues are 
closely linked once infection is established. Experimental infections 
have shown that nodaviruses can spread systemically across different 
fish tissues. For example, in Atlantic halibut, nodavirus was detected in 
kidney, heart, liver, and intestine with increasing viral loads over time 
and confirmed replication in brain and retina (Grove et al., 2003). 
Sevenband grouper exhibited similar patterns, with NNV detected in all 
sampled tissues and high burdens in fish brain and eye (Kim et al., 
2018). Atlantic cod (Gadus morhua) exhibited similarly broad tissue 
distribution with marked replication in brain and retina (Korsnes et al., 
2009). Although tissue distribution of nodaviruses has been described 
previously, correlations among tissue groups have not been investi
gated. Correlations observed in the current study should be considered 
when investigating transcriptomic response to RGNNV challenge.

Interestingly, although detection of RGNNV reflected a similar 
pattern of tissue distribution across both challenge routes (e.g. injected 
and cohabitation), a notable difference of an absence of detection of 
RGNNV from head kidney and the muscle/skin injection site was 
observed from cohabitated fish. Results of RGNNV detection from head 
kidney samples in injection challenged fish is potentially an artefact in 
tissue distribution driven by a challenge route that bypasses the mucosal 
immune pathway. Alternatively, the variable detection of RGNNV 
within each challenge dose may be indicative of individual variation in 
the early antiviral activity in the head kidney to rapidly activate 
interferon-mediated responses that clear circulating virus before 
detectable replication can occur (Chen et al., 2014; Yong et al., 2017). In 
which case, absence of RGNNV in the head kidney of cohabitated fish 
may reflect also limited systemic distribution, where viral replication in 
neural tissues does not reach the threshold required for dissemination to 
internal immune organs (Costa and Thompson, 2016; Grove et al., 
2006). The dominance of detection in the eye and mucosal surfaces, 
together with the absence of RGNNV in urine and head kidney, suggests 
that infection in cohabitated fish arose through waterborne exposure, 
with initial viral entry via ocular or mucosal tissues. The strong 
concordance of mucous analysis with brain and eye suggests analysis of 
mucous following natural or experimental exposure may serve as a 
useful tool to screen for individuals with resistance to RGNNV in 
experimental challenge or natural disease outbreaks. Further investi
gation into RGNNV in mucous samples is warranted and proteomic 
analysis may identify mucosal factors that influence RGNNV detection in 
individuals.

Table 2 
Summary of RGNNV detection patterns across sampling methods, tissue types, infection routes, and clinical status.

Sampling 
method

Tissue 
category

Tissue type Infection 
route

Clinical 
status

Detection rate (%) RGNNV copy 
number (copies/g)

Diagnostic relevance

Destructive

Neural Brain and eyes

Injection
Clinical 100 1012 Primary target tissue

Subclinical 34.0–40.9 106–107 Key target tissue for 
subclinical detection

Cohabitation Clinical 100 1011 Systemic infection 
confirmation

Subclinical 15.8–89.5 103–106 Primary persistence site

Non-neural
Nostril, gill, head kidney, 
spleen, injection-site muscle 
and gut

Injection Clinical 100 108–109 Secondary tissues
Subclinical 13.6–31.8 103–105 Limited diagnostic value

Cohabitation Clinical 100 109 Secondary sites
Subclinical 0–31.6 0–105 Minimal involvement

Non- 
destructive Non-neural

Mucous
Injection

Clinical 100 109 Reliable non-destructive 
alternative

Subclinical 34.1 ± 9.6 105 Promising non- 
destructive indicator

Cohabitation Clinical 100 109 Shedding indicator
Subclinical 31.6 105 Surveillance tool

Urine All All 0 0 Not suitable

Environment – eRNA – Tank level Delayed detection
Peak after fish 
morbidity Shedding signal only
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4.2. Performance of non-destructive sampling approaches for RGNNV 
surveillance

The distribution and RGNNV copy number across tissues, doses, 
challenge route and clinical outcome inform the diagnostic utility of 
different tissues, which can be better understood, supporting the 
assessment of non-destructive sampling methods for RGNNV detection. 
To date, no prior studies have investigated the diagnostic value of non- 
destructive samples in clinically and subclinically affected grouper. 
Therefore, the current study offers the first evidence of the potential 
value of mucous and urine for RGNNV detection. Urine had no detect
able RGNNV, despite good sample quality. The non-detection of RGNNV 
in urine eliminates the usefulness of the urine sample as a monitoring 
tool but also indicates the biological mechanism of viral shedding from 
infected individuals to drive the horizontal transmission pathway does 
not occur via urination. The current study found mucous to be a 
promising candidate for RGNNV detection as a diagnostic tool during 
disease outbreaks and to detect subclinically infected fish in a surveil
lance application. Mucous displayed strong diagnostic performance 
among the non-destructive tissue with 100% detection in clinically 
affected injected fish and strong concordance (69.2%) with neural tis
sues in subclinically affected injected individuals. Further to being 
useful as a sample for detection, the RGNNV copy number detected in 
the mucous samples also displayed high correlation with copy number 
from neural tissues. To our knowledge, this is the first report of diag
nostic value of mucous to detect RGNNV; however, the diagnostic value 
of mucous is reported from other fish viral diseases. Infectious particles 
of salmonid alphavirus (SAV) were detected by RT-qPCR and isolated 
from mucous of Atlantic salmon which were experimentally challenged 
by intraperitoneal injection (Graham et al., 2012). More recently, TiLV 
was detected in mucous from 21 field samples demonstrated to be 
infected with TiLV using liver samples (Liamnimitr et al., 2018). Mucous 
allowed earlier detection than internal tissue for both IHNV and TiLV 
and detected viral infections in fish without clinical signs in ISAV and 
SAV carriers (Griffiths and Melville, 2000; Liamnimitr et al., 2018). 
Although the concordance between mucous and neural tissues was high 
(69.2%), further work should be conducted to determine if increasing 
testing replicates improves accuracy of detection compared to brain or 
eye tissues. As a practical outcome, the current study indicates mucosal 
screening of fish that survive an RGNNV outbreak will provide a strong 
indication of whether the fish is a carrier of RGNNV or has cleared 
RGNNV. In a farming scenario, knowledge of carrier versus cleared 
status would assist with management decisions to retain survivors as 
valuable broodstock. In a scientific application, the ability to determine 
status of groupers following RGNNV experimental challenge enables 
subsequent studies to investigate the longevity of RGNNV detection, 
apply a holistic approach that measures the impact of environment on 
immune response and RGNNV in survivors, and investigate genetic 
markers for resistance.

4.3. eRNA detection for RGNNV surveillance

The current study also evaluated eRNA as a non-destructive method 
for detecting RGNNV in water. RGNNV was successfully detected by 
eRNA in experimental challenge systems; however, detection lagged 
disease progression. Morbidity in challenged fish peaked at 6–7 days 
post-challenge, whereas RGNNV was first detected in water 2–3 days 
later and remained detectable until day 20 post-challenge, albeit at 
substantially lower copy number. The current study indicates that eRNA 
detection of RGNNV reflects established infection rather than providing 
early pathogen detection. The temporal detection of RGNNV in the 
environment only after morbidity is consistent with previous studies. In 
sevenband grouper, RGNNV was detectable in tank water only on days 
when mortality occurred, suggesting that waterborne viral RNA pri
marily reflects active clinical infection (Krishnan et al., 2021). Similarly, 
for VHSV in olive flounder, eRNA concentrations in seawater closely 

aligned with mortality curves (Kang et al., 2025). Collectively, studies 
suggest that while eRNA is valuable for confirming ongoing viral activity 
at the population level, its utility for early warning is constrained by the 
requirement for substantial viral shedding. However, the ecological and 
epidemiological conditions that lead to natural outbreaks of VER remain 
poorly defined. The drivers of VER outbreaks have not been identified 
from field studies. Based on viral dose challenge, a high viral dose 
exposure is required to induce VER. Additional factors such as signifi
cant immune depression in groupers may also be a contributing factor to 
natural disease outbreaks, however no such event has been reported in 
the literature. Therefore, the induction of VER in an experimental 
challenge model may influence shedding dynamics and RGNNV detec
tion timing. In a natural disease outbreak, it is plausible that RGNNV 
shedding by vectors or subclinically infected hosts could precede sub
stantial disease under natural conditions and be detectable via eRNA. 
The current conclusions may reflect viral shedding kinetics inherent to 
the experimental design rather than limited sensitivity of the eRNA 
methodology. The current study has demonstrated proof of concept of 
eRNA to detect RGNNV; however, field-based investigations are 
required to clarify the predictive value of eRNA surveillance in a com
mercial aquaculture setting.

Detection of RGNNV in water via eRNA also provides insight into 
infection dynamics in cohabitated fish. In the current study, only a single 
cohabitated fish became moribund. Morbidity occurred at day 17 post- 
challenge, approximately 11 days after the peak morbidity in injected 
challenged fish and approximately 9 days after the first detection of 
RGNNV in the water using eRNA. Viral theory suggests the low infection 
prevalence and morbidity among cohabitated fish were likely due to low 
dose exposure to RGNNV via water attributable to the humane removal 
and euthanasia of clinically affected injected individuals, thereby 
limiting viral shedding. Similar reductions in morbidity following 
removal of infected fish have been reported in RGNNV challenge study 
in European seabass (Ferreira et al., 2019). The combined results of 
RGNNV detection from mucous and eRNA data support two key in
ferences: RGNNV shedding and infection occur through mucous and 
markedly increase only after clinical disease onset, which implies the 
management strategy of prompt removal of clinically affected fish 
should substantially reduce environmental viral loads. In an aquaculture 
setting, reduced loading of RGNNV in the environment, particularly at 
the start of a disease outbreak, should theoretically reduce severity of 
the disease outbreak. The conclusions align with anecdotal industry 
observations that removal of VER-affected fish during outbreaks reduces 
disease severity. The low viral shedding until viral infection is well 
advanced also sheds some insight into why RGNNV infections can lead 
to such high mortality in an aquaculture setting. In fish, innate responses 
often arise only after viral replication is already increasing, giving high- 
dose exposures a substantial early advantage and allowing infection to 
progress rapidly (Ortega-Villaizan et al., 2022; Poisa-Beiro et al., 2008). 
The release of large viral copy number with peak infection rather than 
slow gradual release as infection progresses potentially results in 
numerous virions achieving fish receptor binding simultaneously 
creating multiple invasion points and potentially reducing the efficacy 
of numerous focal immune responses to prevent RGNNV infection. Once 
high tissue invasion is achieved, because RGNNV is strongly neuro
tropic, high infectious doses are more likely to reach pathogenic 
thresholds sooner than low doses, contributing to the faster onset and 
severity typically observed in RGNNV infections (Munday et al., 2002).

4.4. Dose-dependent infection and VER disease outcomes

Within the diagnostic context, the current study observed the clear 
dose-dependent infection response in giant grouper challenged via 
intramuscular injection with RGNNV, reflected in morbidity patterns, 
viral replication intensity and tissue distribution. The trends observed in 
the current study align with viral-kinetics and host–pathogen theory, 
which predict that higher infectious doses promote more rapid viral 
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amplification, overwhelm early innate antiviral defences, and accelerate 
the progression of infection (Alizon et al., 2009; Wargo et al., 2017). Fish 
exposed to higher RGNNV doses by injection developed clinical signs 
earlier and with much greater frequency than those challenged with 
lower doses which produced delayed onset or subclinical outcomes. 
Similar dose-dependent patterns have been reported in other RGNNV 
susceptible species. Sevenband grouper, challenged with high intra
muscular doses (10− 1 and 10− 2), exhibited rapid onset of abnormal 
swimming and 100% mortality within 6 days, whereas challenge with 
more diluted doses (10− 3 to 10− 5) resulted in weaker or delayed clinical 
signs (Tanaka et al., 1998). An intraperitoneal challenge in the same 
species also reported a graded mortality response ranging from 35% at 
103 TCID₅₀ to 80% at 105 TCID₅₀ (Krishnan et al., 2021). Likewise, 
Australian bass (Macquaria novemaculeata) only developed clinical signs 
when exposed to immersion doses of 103 TCID₅₀/mL or higher, while 
lower doses produced partial or no infection (Jaramillo et al., 2019). 
Across studies and species, including the current study, central role of 
viral dose in determining VER disease severity is consistently evident 
and aligns with biological theory of high challenge dose exceeding im
mune threshold leading to disease expression.

Also consistent with dose-dependent patterns, a major difference 
between infection outcomes with higher RGNNV copy number and 
RGNNV detected from more tissues in clinically affected injected fish 
compared with subclinically affected injected individuals was revealed. 
Clinically affected injected fish exhibited viral copy number approxi
mately 5 × 103-fold higher than subclinically affected injected fish, 
indicating that progression to VER occurred only when viral replication 
rose to extremely high levels (i.e., approximately 1011 copies/g in neural 
tissues in this study). In contrast, subclinically affected injected fish, 
injected with RGNNV and surviving to the end of the experiment, carried 
detectable but low viral copy number. Interestingly, the absence of 
clinical signs did not reflect a lack of infection, but rather comparatively 
lower viral copy number. A comparable 104–106-fold difference has 
been reported for VHSV infection in olive flounder, in which moribund 
fish exhibited higher viral copy number (1010 copies/mL) than survivors 
(104–106 copies/mL) (Kim et al., 2019). The current study noted clinical 
disease occurs with very high copy number in neural tissues and RGNNV 
detection in all tested tissues with average copy number of RGNNV 
exceeding a threshold of 107 copies/g tissue. In contrast, systemic 
detection of RGNNV in all tissues did not occur in subclinically affected 
injected fish.

Detection of RGNNV in cohabitated fish confirmed waterborne 
transmission of RGNNV within the challenge system. The current study 
observed differences in viral copy number, tissue distribution and 
survival-disease outcome in cohabitated versus injected challenged fish, 
emphasising that both viral dose and infection pathway influence the 
progression of RGNNV pathogenesis. Cohabitation outcomes further 
supported infection-intensity patterns under natural transmission. The 
copy number of RGNNV in the single moribund cohabitated fish reached 
viral copy number (3.09 × 1011 copies/g) similar to clinically affected 
injected fish (9.02 × 1011 copies/g) as well as systemic infection. In 
contrast, subclinical cohabitated fish carried 70-fold lower viral copy 
number than subclinically affected injected fish and reduced tissue 
distribution, consistent with more limited viral uptake under natural 
horizontal exposure. Waterborne transmission was also recorded in 
sevenband grouper, where virus was detected in tank water during 
shedding periods and cohabitated fish were infected through environ
mental exposure alone (Krishnan et al., 2021). A similar transmission 
pathway occurred in Atlantic halibut (Hippoglossus hippoglossus), where 
exposure to virus-contaminated water led to systemic infection 
confirmed by RT-qPCR and histopathology (Grotmol et al., 1999). These 
findings support the interpretation that cohabitated fish in the current 
study became infected via waterborne viral shedding.

The results agree with previous conclusions that clinical disease 
develops when viral replication exceeds a copy threshold (Lancaster and 
Pfeiffer, 2012). To date, few studies have quantified viral copy number 

in both clinically and subclinically affected fish following RGNNV 
challenge. Disease with high viral copy number outcome aligns with 
early innate responses determining infection outcome, as inadequate 
initial rapid control of the virus enables rapid replication and disease, 
whereas effective early restriction of viral replication restricts infection 
to subclinical levels (Avunje et al., 2011; Guo et al., 2019). However, the 
large fold difference observed in the current study also provides useful 
insight into the replication thresholds linked to VER. Results suggest that 
clinical disease is influenced not only by exposure dose. Despite different 
challenge dose, all clinically affected injected individuals displayed 
similar viral copy number in neural tissues. Conversely, within the lower 
challenge dose, variable survival, detection and viral copy number was 
observed across individual fish.

Despite identical challenge doses and exposure conditions, substan
tial variation in infection outcomes was observed among individual fish 
at lower challenge doses and under cohabitation conditions. Fish chal
lenged by injection with high dose demonstrated high morbidity and 
high viral copy number as a systemic infection in multiple tissues. In 
contrast, fish challenged at lower doses and through cohabitation con
ditions displayed low morbidity and reduced viral copy number which 
was restricted to fewer tissues. The pattern suggests, biologically, that 
once viral replication exceeds a critical level, host control is ineffective, 
whereas below the threshold, individual host factors, such as genetic 
background, innate immune capacity, or physiological condition, may 
strongly influence infection trajectory (Purcell et al., 2010; Rebl and 
Goldammer, 2018). In the current study, fish exhibited divergent disease 
phenotypes at lower challenge doses (4.6 × 104 and 4.6 × 103 copies/ 
mL), with 48.7% of fish expressing clinical disease, while 51.3% 
remained subclinical. Accordingly, the phenotypic variation observed 
among individuals at lower challenge doses may reflect genetic factors 
underlying disease resistance, which become more apparent when host 
defence mechanisms are not overwhelmed by rapid viral replication 
(Anacleto et al., 2019). Investigation into potential genetic factors in the 
current data set is on-going. The potential to select individuals with 
genetically mediated control that exhibit subclinical infections with low 
viral doses highlight the need for diagnostic approaches capable of 
reliably detecting infection across a wide range of viral burdens, pref
erably without killing fish that exhibit resistance.

4.5. Implications for RGNNV surveillance and disease management

The current study demonstrates that non-destructive samples can 
support RGNNV surveillance in giant grouper. As expected from the 
strong neurotropism of nodavirus, destructive sampling of brain and eye 
remains the most sensitive diagnostic approach. Urine had no diagnostic 
value; however, mucous exhibited high diagnostic utility, detecting 
RGNNV in all clinically affected fish and aligning well with neural tis
sues in subclinical individuals. The results of non-destructive samples 
demonstrated eRNA monitoring provides complementary information 
by capturing tank-level RGNNV detection, although the delayed detec
tion relative to clinical signs suggests eRNA is best used to confirm 
ongoing infection rather than to provide early warning. Finally, 
combining mucous-based sampling with eRNA water surveillance can 
expand non-destructive diagnostic capacity for RGNNV, allowing prac
tical monitoring of RGNNV in field-based approaches to increase the 
understanding of factors that lead to natural disease outbreaks.
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