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Abstract

The gilthead sea bream (Sparus aurata) is a marine fish of great importance for Mediterranean
aquaculture. This species has long been considered resistant to Nervous Necrosis Virus (NNV),
an RNA virus that causes massive mortalities in several farmed fish animals. However, the
recent appearance of RGNNV/SJNNV reassortant strains started to pose a serious threat to sea
bream hatcheries, as it is able to infect larvae and juveniles of this species. While host
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response to NNV has been extensively studied in adult fish, little attention has been devoted
to early life history stages, which are generally the most sensitive ones. Here we report for the
first time a time-course RNA-seq analysis on 21-day old fish gilthead sea bream larvae
experimentally infected with a RGNNV/SJNNV strain. NNV-infected and mock-infected
samples were collected at four time points (6 h, 12 h, 24 h, and 48 h post infection). Four
biological replicates, each consisting of five pooled larvae, were analysed for each time point
and group. A large set of genes were found to be significantly regulated, especially at early
time points (6 h and 12 h), with several heat shock protein encoding transcripts being up-
regulated (e.g. hspa5, dnaj4, hspa9, hsc70), while many immune genes were down-regulated (e.g.
myd88 and irf5 at T06, pik3r1, stat3, jak1, il12b and il6st at T12). A gene set enrichment analysis
(GSEA) identified several altered pathways/processes. For instance, the formation of
peroxisomes, which are important anti-viral components as well as essential for nervous
system homeostasis, and the autophagy pathway were down-regulated at 6 h and 24 h post
infection (hpi). Finally, two custom “reactomes” (i.e. significant gene sets observed in other
studies) were defined and used. The first reactome integrated the transcriptomic response to
NNV in different fish species, while the second one included all genes found to be stimulated
either by interferon (IFN) or by IFN and Chikungunya virus in zebrafish. Genes in both
reactomes showed predominant up-regulation at 6hpi and 12hpi and a general down-
regulation at 24hpi. Such evidence suggest a certain degree of similarity between the response
of sea bream and that of other fish species to NNV, while the observed down-regulation of
IFN- and viral-stimulated pathways argues for a possible interference of NNV against the host
response.

Introduction

The gilthead sea bream (Sparus aurata) is one of the most important farmed species in Europe
(http://feap.info/wp-content/uploads/2020/10/20200930_feap-production-report-2020.pdf ),
with an annual production that reached 83 thousand tonnes in 2016 (representing ~6% of the
total EU aquaculture production) for an economic value that was worth €445 million (10% of
total EU value) [1]. As for other farmed fish, sea bream aquaculture is threatened by the
occurrence of several pathogens, mainly bacteria (e.g. Photobacterium damselae piscicida) and
parasites (e.g. Sparicotyle chrysophrii) that can cause outbreaks in hatcheries and/or at sea and
can result in massive mortality of animals and extensive economic damage to farmers [2].
Until recently, S. aurata was considered resistant to one of the major viral pathogens in
aquaculture, the Nervous Necrosis Virus (NNV) [3], affecting a wide range of fish species and
causing high mortality rates [4]. Clinical signs of Viral Nervous Necrosis (VNN) include
abnormal swimming behaviour, abnormalities of swimming bladder control (e.g. swim
bladder hyperinflation), anorexia and lethargy. In addition, nervous signs due to vacuolisation
and necrosis of the central nervous system caused by viral replication in brain and retina cells,
are observable [3,[5], [6], [7]].

NNV is caused by betanodavirus, a naked positive-sense single-stranded RNA virus of the
family Nodaviridae [8]. At present, four different genotypes of the virus are internationally
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recognised: striped jack NNV (SJNNV), tiger puffer NNV (TPNNV), barfin flounder NNV
(BFNNV) and red spotted grouper NNV (RGNNV). In 2007 Toffolo et al. [9] reported for the
first time the appearance of a reassortant NNV genotype (named SJNNV/RGNNV), followed by
the discovery of the RGNNV/SJNNV genotype in 2009 by Olveira et al. [10]. Unfortunately, this
latter genotype is able to cause disease outbreaks in sea bream [3,7], a species that was until
recently considered resistant to the disease [3]. All RGNNV/SJNNV outbreaks in gilthead sea
bream farms have occurred in hatcheries or in nurseries (with the exception of a few field
outbreaks [7,11]) and this has led to the hypothesis (still debated) that juveniles/adults may be
less susceptible to this reassortant virus (RGNNV/SJNNV) than larval stages [3].

So far, several studies have been conducted to elucidate the molecular and physiological
changes that occur in the various fish species infected with NNV (e.g. Refs. [5,6,[12], [13], [14],
[15], [16], [17]]). These studies have highlighted that diverse mechanisms are triggered in the
host while trying to respond to the virus. Interestingly, Liu, et al. [12], as well as Kim et al. [5],
reported the induction of Heat Shock Proteins (HSPs), interferon and immune genes in sea
bass epithelial cells and in sevenband grouper brain tissue in response to NNV infection. In
addition, Li, et al. [15,18] discovered that the autophagy pathway is up-regulated in the late
stage of infection and results in higher replication rates of RGNNV, suggesting that the virus
might be able to interfere with cellular processes of the host. While host response to NNV has
been extensively studied in adult fish, little attention has been devoted to early life-history
stages, which are generally the most sensitive ones. Moreover, no evidence is available on the
transcriptomic response of gilthead sea bream to the novel reassortant RGNNV/SJNNV. Here
we report a time-course RNA-seq analysis on 21-day old sea bream larvae, experimentally
infected with a RGNNV/SJNNV strain. NNV-infected and mock-infected samples were
collected at four time points (6 h, 12 h, 24 h, and 48 h post infection). Four biological
replicates, each consisting of five pooled larvae, were analysed for each time point and group
to identify differentially expressed genes and significantly regulated cellular pathways. In
addition, the sea bream transcriptomic response to NNV was evaluated in a rigorous
comparative context with that of other species. To this end, custom “reactomes” (i.e. significant
gene sets observed in other studies) were defined and used. The first reactome integrates the
transcriptomic response to NNV in different fish species, while the second one includes all
genes found to be stimulated either by interferon (IFN) or by IFN and Chikungunya virus in
zebrafish. These reactomes were used in a Gene Set Enrichment Analysis (GSEA).

Overall, the analysis revealed a complex pattern, with time-dependent profile and several
involved cellular pathways, shedding light for the first time on the transcriptome response of
gilthead seabream larvae to NNV.
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For the experimental challenge, the reassortant betanodavirus strain (RGNNV/SJNNV) named
VNNV/S.aurata/Farm1/461-1/Nov2014 was used [3]. The strain was isolated from a natural
disease outbreak occurred in 2014 in the Mediterranean. The virus was replicated on
E−11 cells [19] according to standard procedures [20]. Viral titre was calculated according to
the Reed and Muench formula [21] and expressed as TCID /mL.…

Experimental infection

The experimental infection protocol was evaluated by the Istituto Zooprofilattico…

Viral replication

Betanodavirus replication in pooled sea bream larvae was assessed by real-time qPCR
estimating the number of RNA1 and RNA2 copies (CN) per reaction, corresponding to 20 ng of
total extracted RNA. The trend of viral replication over time was consistent for both target
genes, though quantitatively higher for RNA1 (p-value < 0.05) (Fig. 1). Larvae were checked by
RT-qPCR immediately after challenge (i.e. 10 min after infection), to obtain the starting viral
load, showing RNA1 and RNA2 levels equal …

Discussion

In the present study, both genome replication of the virus and gene expression changes in the
host were monitored. Overall, RNA1 levels were higher than RNA2 at all the time points,
consistently with previous reports [32,33]. In the first 6 h post infection the viral titre
displayed a slight increase and a high number of DEGs was detected. Viral titre, however,
slightly decreased at T12, remained stable at T24, and then increased again at T48, while the
number of DEGs reached its peak at T12…

Conclusion

The reassortant RGNNV/SJNNV is a “relatively” new viral strain of NNV that poses serious
threats to sea bream aquaculture and the molecular changes induced by this virus in sea
bream are still uncharacterised. In this work we followed the dynamics of viral replication and
analysed the host response at the transcriptome level. Early down-regulation of important
immune pathways (TLR, ISG, fish immune/viral reactomes) suggests that the reaction of the
sea bream immune system might be rapidly…

Funding

This work was supported by the Italian Ministry of Health, RC IZSVE 09/15. This project has
received funding from the European Union's Horizon 2020 research and innovation
programme under Grant Agreement no 727610 (PerformFISH). This output reflects the views

50



12/28/22, 7:21 PM Transcriptome analysis reveals a complex response to the RGNNV/SJNNV reassortant Nervous Necrosis Virus strain in se…

https://www.sciencedirect.com/science/article/abs/pii/S105046482100111X 5/8

only of the author(s), and the European Union cannot be held responsible for any use which
may be made of the information contained therein.…

CRediT authorship contribution statement

L. Peruzza: Software, Formal analysis, Data curation, Writing – original draft, Writing – review
& editing, Visualization. F. Pascoli: Investigation, Methodology, Resources. G. Dalla Rovere:
Investigation. R. Franch: Investigation. S. Ferraresso: Investigation. M. Babbucci: Formal
analysis. L. Biasini: Validation, Visualization, Investigation. M. Abbadi: Validation,
Investigation. V. Panzarin: Writing – original draft, Conceptualization, Resources, Funding
acquisition, Conceptualization. A.…

Declaration of competing interest
Authors declare no conflict of interest.…

Acknowledgments
All IZSVe technical staff, with particular reference to the animal handlers, is acknowledged for
the technical help.…

References (53)

J.A.L. de Castro et al.
Intracellular antigen processing by ERAP2: molecular mechanism and roles in health
and disease
Hum. Immunol. (2019)

Y. Mohamud et al.
Enteroviral infection inhibits autophagic flux via disruption of the SNARE complex to
enhance viral replication
Cell Rep. (2018)

E. Dixit et al.
Peroxisomes are signaling platforms for antiviral innate immunity
Cell (2010)

X. Song et al.
A Janus Kinase in the JAK/STAT signaling pathway from Litopenaeus vannamei is
involved in antiviral immune response
Fish Shellfish Immunol. (2015)

J. Zhang et al.
Molecular characterization and expression analysis of eleven interferon regulatory
factors in half-smooth tongue sole, Cynoglossus semilaevis
Fish Shellfish Immunol. (2015)

https://www.sciencedirect.com/science/article/pii/S0198885918307857
https://www.sciencedirect.com/science/article/pii/S2211124718303000
https://www.sciencedirect.com/science/article/pii/S0092867410004356
https://www.sciencedirect.com/science/article/pii/S1050464815001400
https://www.sciencedirect.com/science/article/pii/S1050464815000923


12/28/22, 7:21 PM Transcriptome analysis reveals a complex response to the RGNNV/SJNNV reassortant Nervous Necrosis Virus strain in se…

https://www.sciencedirect.com/science/article/abs/pii/S105046482100111X 6/8

K. Takeda et al.
TLR signaling pathways
Semin. Immunol. (2004)

J.O. Kim et al.
Investigation of nervous necrosis virus (NNV) replication in vitro using RNA in situ
hybridization
Virus Res. (2019)

J.O. Kim et al.
Development and application of quantitative detection method for nervous necrosis
virus (NNV) isolated from sevenband grouper Hyporthodus septemfasciatus
Asian Pacific journal of tropical medicine (2016)

K.C. Cook et al.
Peroxisome plasticity at the virus-host interface
Trends Microbiol. (2019)

D.K. Verma et al.
Transcriptome analysis reveals immune pathways underlying resistance in the
common carp Cyprinus carpio against the oomycete Aphanomyces invadans
Genomics (2021)

View more references

Cited by (7)

Autophagy regulation in teleost fish: A double-edged sword
2022, Aquaculture

Show abstract

Mixtures of environmental pharmaceuticals in marine organisms: Mechanistic
evidence of carbamazepine and valsartan effects on Mytilus galloprovincialis
2022, Science of the Total Environment

Show abstract

Transcriptomic Analysis of Fish Hosts Responses to Nervous Necrosis Virus
2022, Pathogens

Applying genetic technologies to combat infectious diseases in aquaculture
2022, Reviews in Aquaculture

https://www.sciencedirect.com/science/article/pii/S1044532303000964
https://www.sciencedirect.com/science/article/pii/S0168170218305719
https://www.sciencedirect.com/science/article/pii/S1995764516301316
https://www.sciencedirect.com/science/article/pii/S0966842X19301611
https://www.sciencedirect.com/science/article/pii/S088875432031987X
https://www.sciencedirect.com/science/article/pii/S0044848622004859
https://www.sciencedirect.com/science/article/pii/S0048969722075672
https://doi.org/10.3390/pathogens11020201
https://doi.org/10.1111/raq.12733
https://doi.org/10.3390/pathogens10111388


12/28/22, 7:21 PM Transcriptome analysis reveals a complex response to the RGNNV/SJNNV reassortant Nervous Necrosis Virus strain in se…

https://www.sciencedirect.com/science/article/abs/pii/S105046482100111X 7/8

Immune response of senegalese sole against betanodavirus mutants with modified
virulence
2021, Pathogens

Profile of Innate Immunity in Gilthead Seabream Larvae Reflects Mortality upon
Betanodavirus Reassortant Infection and Replication
2022, International Journal of Molecular Sciences

View all citing articles on Scopus

Recommended articles (6)

Research article

Molecular characterization of Galectin-8 from Nile tilapia (Oreochromis niloticus
Linn.) and its response to bacterial infection

Molecular Immunology, Volume 68, Issue 2, Part C, 2015, pp. 585-596

Show abstract

Research article

Identification of lipidomic responses to GCRV infection in Ctenopharyngodon idellus
kidney (CIK) cells

Aquaculture, Volume 533, 2021, Article 736106

Show abstract

Research article

Endogenous grouper and barramundi Mx proteins facilitated the clearance of
betanodavirus RNA-dependent RNA polymerase

Developmental & Comparative Immunology, Volume 59, 2016, pp. 110-120

Show abstract

Research article

Characterisation and function of TRIM23 in grass carp (Ctenopharyngodon idella)

Fish & Shellfish Immunology, Volume 88, 2019, pp. 627-635

Show abstract

Research article

https://doi.org/10.3390/pathogens10111388
https://doi.org/10.3390/ijms23095092
https://www.scopus.com/scopus/inward/citedby.url?partnerID=10&rel=3.0.0&eid=2-s2.0-85105777135&md5=83694ed3e6605f22c9b19a5e18d5fdd4
https://www.sciencedirect.com/science/article/pii/S0161589015300742
https://www.sciencedirect.com/science/article/pii/S0044848620323759
https://www.sciencedirect.com/science/article/pii/S0145305X1630012X
https://www.sciencedirect.com/science/article/pii/S1050464819301779


12/28/22, 7:21 PM Transcriptome analysis reveals a complex response to the RGNNV/SJNNV reassortant Nervous Necrosis Virus strain in se…

https://www.sciencedirect.com/science/article/abs/pii/S105046482100111X 8/8

pol-miR-7133 and pol-miR-3p-9227 of Japanese flounder Paralichthys olivaceus
modulate Streptococcus iniae infection through regulation of the common target
gene LAMP2

Aquaculture, Volume 520, 2020, Article 734980

Show abstract

Research article

Molecular characterization and role in virus infection of Beclin-1 in large yellow
croaker (Larimichthys crocea)

Fish & Shellfish Immunology, Volume 116, 2021, pp. 30-41

Show abstract

View full text

© 2021 Elsevier Ltd. All rights reserved.

Copyright © 2022 Elsevier B.V. or its licensors or contributors.
ScienceDirect® is a registered trademark of Elsevier B.V.

https://www.sciencedirect.com/science/article/pii/S0044848619326353
https://www.sciencedirect.com/science/article/pii/S1050464821001674
https://www.sciencedirect.com/science/article/pii/S105046482100111X
https://www.elsevier.com/
https://www.relx.com/

