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Abstract
Betanodaviruses cause viral nervous necrosis, an infec-
tious neuropathological condition in fish that is char-
acterized by necrosis of the central nervous system, 
including the brain and retina. This disease can cause 
mass mortality in larval and juvenile populations of 
several teleost species and is of global economic im-
portance. The mechanism of brain and retina damage 
during betanodavirus infection is poorly understood. 
In this review, we will focus recent results that high-
light betanodavirus infection-induced molecular death 
mechanisms in vitro . Betanodavirus can induce host 
cellular death and post-apoptotic necrosis in fish cells. 
Betanodavirus-induced necrotic cell death is also cor-
related with loss of mitochondrial membrane potential 
in fish cells, as this necrotic cell death is blocked by the 
mitochondrial membrane permeability transition pore 
inhibitor bongkrekic acid and the expression of the anti-
apoptotic Bcl-2 family member zfBcl-xL. Moreover, this 
mitochondria-mediated necrotic cell death may require 
a caspase-independent pathway. A possible cellular 
death pathway involving mitochondrial function and the 
modulator zfBcl-xs is discussed which may provide new 
insights into the necrotic pathogenesis of betanodavirus.
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BETANODAVIRUS
Betanodaviruses cause viral nervous necrosis, an infec-
tious neuropathological condition in fish that is character-
ized by necrosis of  the central nervous system, including 
the brain and retina[1]. This disease can cause mass mor-
tality in larval and juvenile populations of  several teleost 
species and is of  global economic importance[2]. 

The family Nodaviridae is comprised of  the genera 
Alphanodavirus and Betanodavirus. Alphanodavirus predomi-
nantly infects insects, while Betanodavirus predominantly 
infects fish[3-7]. Nodaviruses are small, nonenveloped, 
spherical viruses with bipartite positive-sense RNA ge-
nomes (RNA1 and RNA2) that are capped but not poly-
adenylated[3]. RNA1 encodes a non-structural protein of  
approximately 110 kDa that has been designated RNA-
dependent RNA polymerase or protein A. This protein is 
vital for replication of  the viral genome. RNA2 encodes a 
42 kDa capsid protein that may also function in the induc-
tion of  cell death[8,9]. Nodaviruses also synthesize RNA3, 
a sub-genomic RNA species from the 3’ terminus of  
RNA1. RNA3 contains two putative open reading frames 
that potentially encode a 111 amino-acid protein B1 and 
a 75 amino-acid protein B2[3,10,11]. Recently, the betanoda-
virus B1 protein has been shown to have an anti-necrotic 
death function during the early replication stages[10]. In 
contrast, the betanodavirus B2 protein appears to func-
tion as a suppressor of  host siRNA silencing[12,13] or as a 
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necrotic death factor[14,15]. In addition, red-spotted grouper 
nervous necrosis virus (RGNNV) infection and expres-
sion can trigger the ER stress response, which results in 
the upregulation of  the 78 kDa glucose regulated protein 
at the early replication stage[16]. Very recently, RGNNV 
has been shown to induce the production of  reactive oxy-
gen species (ROS) during the early and middle replication 
stages[17]. 

NECROTIC CELL DEATH DURING 
BETANODAVIRUS INFECTION
Apoptosis and necrosis are two stereotyped mechanisms 
by which nucleated eukaryotic cells die[18,19]. Necrosis is 
considered a pathological reaction to major perturbations 
in the cellular environment such as anoxia[20], while apop-
tosis is a physiological process that preserves homeostasis 
by facilitating normal tissue turnover[21,22]. The mecha-
nisms leading to apoptosis are better understood[23-26].

Tumor necrosis factor-α (TNF-α) is a crucial regula-
tor of  the innate and adaptive immune response against 
microbial infection via its regulation of  cell death and 
survival[27]. TNF-α is a pro-inflammatory cytokine that 
plays important roles in diverse host responses, such as 
cell proliferation, differentiation, necrosis, apoptosis, and 
induction of  other cytokines. Recently, TNF-α has been 
shown to induce either nuclear factor κB-initiated surviv-
al or apoptosis, depending on the cellular context[28]. As 
such, many viruses have strategies to neutralize TNF-α 
either by direct binding and inhibition of  the ligand or 
receptor or by modulation of  various downstream signal-
ing events[29,30].

The death receptors (DRs), including TNF receptor-1 
(TNF-R1), Fas, DR3, DR4, DR5, and TRAIL, contain an 
intracellular “death domain” that influences downstream 
signaling pathways by means of  homotypic interactions 
with adaptor proteins, such as FADD, TRADD, and 
receptor-interacting protein-1 (RIP1)[31]. These DRs in-
duce apoptosis in many cell types through activation of  
caspase 8. Activated caspase 8 may act indirectly to induce 
apoptosis through cleavage of  Bid. The truncated Bid 
protein acts on the mitochondria to cause the release of  
cytochrome c, which further activates downstream caspase 
9. Furthermore, TNF-R1 is also involved in the initiation 
of  necrotic cell death (Figure 1)[32]. TNFα and other cyto-
kines that bind to receptors of  different-classes promote 
the generation of  ROS, which functions as a second mes-
senger in the necrotic cell death pathway[33,34].

RIP1 is an intracellular adaptor molecule with kinase 
activity[35]. The RIP1[36] and RIP3[37] proteins appear to 
be crucial for the initiation of  caspase-independent cell 
death. RIP1 is also necessary for the generation of  ROS 
by TNF-α[33,34]. 

Other research has shown that TNF-α activates RIP1 
kinase-mediated signaling, promoting the induction of  
downstream genes influencing necrosis or apoptosis[38]. 

In aquatic betanodavirus systems, RGNNV induces 
exposure of  phosphatidylserine (PS; an early apoptotic 

marker) at an early apoptotic stage[39], as determined by 
annexin-V assays. Secondary necrotic morphological chang-
es are also evident at middle and late stages under phase-
contrast microscopy in RGNNV-infected grouper cells 
using acridine orange (AO) and ethidium bromide (EtBr) 
to identify apoptotic and post-apoptotic necrotic cells; 
double-stained cells are often observed. Furthermore, 
RGNNV infection can induce ROS production in mito-
chondria at the early replication stage [24 h postinfection 
(p.i.)]. Viral expression during this stage leads to ROS pro-
duction, triggering an oxidative stress response[17], which 
may contribute to secondary necrotic cell death. In our 
system, RGNNV induces necrotic cell death, but whether 
or not this requires RIP1 kinase-mediated signaling is still 
unknown.

BETANODAVIRUS INFECTION AFFECTS 
MITOCHONDRIAL FUNCTION
Apoptosis is controlled at the mitochondrial level by the 
sequestration of  apoptogenic proteins in the mitochon-
drial intermembrane space and the cytosolic release of  
these factors on exposure to proapoptotic signals[39,40]. 
Disruption of  the mitochondrial membrane potential 
(MMP) initiates the caspase cascade, leading to down-
stream activation of  apoptosis[40,41]. MMP can affect both 
the inner and outer mitochondrial membranes, and this 

� February 12, 2013|Volume 2|Issue 1|WJV|www.wjgnet.com

ER stress

zfbcl-xL

Necrotic cell death

Viral
expression

RGNNV
infection

Mitochondrial
broken down

Cytochrome c  release

Caspase-independent

D Y

Figure 1  Schematic working model for mitochondrial dysfunction caused 
by betanodavirus infection. Red-spotted grouper nervous necrosis virus 
infection and early replication causes an ER stress response upon entry in the 
early replication stage [12 h postinfection (p.i.)]. Subsequently, this ER stress 
signaling can affect a number of important events, including enhanced viral 
expression, induction of mitochondrial membrane potential (MMP) loss, mito-
chondrial breakdown, and cytochrome c release at the middle replication stage 
(48 h p.i.). Bcl-2 may also be downregulated at the middle replication stage, 
as overexpression of Bcl-xL prevents loss of MMP. In regard to downstream 
events, cytochrome c release is not required or caspases activation or trigger-
ing of necrotic cell death at the late replication stage (72 h p.i.).
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precedes the signs of  necrotic or apoptotic cell death, 
including the apoptosis-specific activation of  caspases[42]. 
Adenine nucleotide translocase (ANT) plays a role in 
the exchange of  ATP for ADP through the inner mito-
chondrial membrane, thus supplying the cytoplasm with 
ATP newly synthesized by oxidative phosphorylation. In 
a search for proapoptotic proteins, Bauer et al[43] identi-
fied the protein ANT1 as the main inducer of  apoptosis. 
The overexpression of  ANT1 produces rapid cell death, 
with a concomitant decrease in MMP and an increase in 
nucleosomal DNA degradation. Since this cell death is 
sensitive to caspase inhibitors and to inhibitors of  the 
mitochondrial permeability transition pore (MPTP), such 
as bongkrekic acid (BKA), apoptosis and the involvement 
of  MPTP are thus implicated[43]. Hence, the mitochon-
drion is appreciated as a central integrator of  pro-death 
stimuli, streamlining various types of  proapoptotic signals 
into a common caspase-dependent pathway[41].

In a betanodavirus system, secondary necrosis is cor-
related with loss of  MMP in grouper liver cells[44] and mi-
tochondrial breakdown at the middle and late apoptotic 
stages[11]. The loss of  MMP is dramatically inhibited by 
the ANT specific inhibitor BKA, which enhances host-
cell viability at the early and middle apoptotic stages[44]. 
Furthermore, RGNNV-induced mitochondrial cyto-
chrome c release is also blocked following BKA treat-
ment at the early (24 h p.i.) and middle (48 h p.i.) stages. 

THE ROLE OF ANTI-APOPTOTIC 
BCL-2 FAMILY MEMBERS DURING 
BETANODAVIRUS INFECTION
Apoptosis removes damaged, infected, and superfluous 
cells. In most circumstances, a cell’s decision to live or 
die rests largely with the Bcl-2 family of  interacting pro-
teins[45,46]. The Bcl-2 family of  proteins includes both anti- 
and pro-apoptotic molecules that act at a critical intracel-
lular decision point along a common death pathway[47]. 
The ratio of  antagonists (Bcl-2, Bcl- xL, Mcl-1, Bcl-W, 
and A1) to agonists (Bax, Bak, Bcl-xS, Bid, Bik, Bad, 
PUMA, and NOXA) dictates whether a cell responds to a 
proximal apoptotic stimulus[46,47]. The Bcl-2 family mem-
ber proteins also interact with mitochondria to regulate 
MMP[42]. Changes in MMP, which can include permeabi-
lization of  both the inner and outer membranes, precede 
necrotic or apoptotic cell death[40], highlighting the central 
role of  the mitochondrion as a integrator of  pro-death 
stimuli[41]. Cytochrome c release from mitochondria into 
the cytosol is initiated by the interaction of  mitochondria 
with one or more members of  the Bcl-2 family. Thus, 
Bcl-2 proteins, which critically regulate apoptosis, func-
tion prior to the irreversible damage of  cellular constitu-
ents[48-50]. 

In our fish system, we found that RGNNV infection 
can induce downregulation of  the anti-apoptotic Bcl-2 
genes at the middle apoptotic stage (48 h p.i.)[16]. Subse-
quently, mitochondrial damage and RGNNV-induced ne-

crotic cell death were assessed in stable cell lines produc-
ing the anti-apoptotic Bcl-2 proteins, zfBcl-xL or zfMcl-1a. 
Both zfBcl-xL and zfMcl-1a strongly inhibited RGNNV-
induced necrotic cell death and reduced the percentage of  
necrotic cells at 36 h p.i. by up to 90% (zfBcl-xL) and 93% 
(zfMcl-1a), respectively, when compared with the NNV-
infected control group. Cell viability was correspondingly 
enhanced at 36 h p.i. by 102% (zfBcl-xL) and 98% (zfMcl-
1a), respectively, when compared with the NNV-infected 
control group[11]. Furthermore, overexpression of  zfBcl-
xL dramatically blocked RGNNV viral death factor pro-
tein α[9] and B2[14] induction of  cell death.

CASPASE-INDEPENDENT DEATH 
PATHWAY IN BETANODAVIRUS-
INFECTED CELLS
The mitochondrion is seen as a central integrator of  pro-
death stimuli, streamlining various types of  proapoptic 
signals into a common caspase-dependent pathway[41], 
although the absolute requirement for caspase activation 
in apoptosis is no longer considered dogma[51,52].

The molecular cornerstones of  apoptosis are the fam-
ily of  cysteinyl aspartate-specific proteases, collectively 
known as caspases. At least 13 caspases have been identi-
fied[53], and members of  this family can be subdivided 
into two groups: initiators and executioners. Initiator cas-
pases serve to relay death signals from proapoptotic sig-
nals to executioner caspases, which then cleave key pro-
teins involved in cellular structure and function. Known 
initiators include caspase 8 and caspase 9, whereas known 
effectors include caspase 3[54], caspase 6, and caspase 7.

Our analysis of  caspase 3, caspase 8, and caspase 9 ac-
tivities revealed no significant differences relative to nor-
mal control cells at 0, 24, 48, and 72 h p.i. with RGNNV 
(MOI = 5), and cell death was not effectively blocked 
by treatment with a pan-caspase inhibitor[11]. The results 
of  these assays suggest that betanodavirus can induce 
caspase-dependent and caspase-independent death 
pathways that may be dependent on the specific cell line 
used. In grouper liver cells, RGNNV may preferentially 
induce caspase-independent death, but GGNNV induces 
caspase-dependent death in sea bass cells[8].

CONCLUSION
We have reviewed the cellular impact of  RGNN viral in-
fection on cell viability via modulation of  mitochondrial 
necrotic cell death in fish cells. Over recent years, our 
knowledge about mitochondria-mediated apoptotic cell 
death has expanded, but our understanding of  mitochon-
dria-mediated necrotic cell death is still limited, especially 
in lower vertebrates. In addition, we are beginning to 
uncover the physiological roles of  mitochondria-medi-
ated caspase-independent necrotic cell death. However, 
despite these recent advances, many questions remain 
largely unanswered. What signaling occurs upstream of  

� February 12, 2013|Volume 2|Issue 1|WJV|www.wjgnet.com

Hong JR. Betanodavirus-induced necrotic cell death



necrotic cell death following betanodavirus infection? 
Does induction of  autophagy affect necrotic cell death 
during viral replication? What parameters, in addition to 
mitochondria-shaping proteins, control mitochondrial 
fusion and fission[15,55]? Hopefully, future studies will in-
crease our understanding of  the mechanisms underlying 
mitochondria-mediated necrosis, its functions in multiple 
biological processes, and the regulatory signaling path-
ways that control its activation. This knowledge will be of  
great importance for validating mitochondria-mediated 
necrosis as an effective target for the treatment of  vari-
ous diseases, including RNA viral infections.
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