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Nervous necrosis virus (NNV) is a member of the Betanodavirus genus that causes fatal diseases in over 40 species of fish world-
wide. Mortality among NNV-infected fish larvae is almost 100%. In order to elucidate the mechanisms responsible for the sus-
ceptibility of fish larvae to NNV, we exposed zebrafish larvae to NNV by bath immersion at 2, 4, 6, and 8 days postfertilization
(dpf). Here, we demonstrate that developing zebrafish embryos are resistant to NNV at 2 dpf due to the protection afforded by
the egg chorion and, to a lesser extent, by the perivitelline fluid. The zebrafish larvae succumbed to NNV infection during a nar-
row time window around the 4th dpf, while 6- and 8-day-old larvae were much less sensitive, with mortalities of 24% and 28%,
respectively.

Aquaculture is the fastest increasing type of food production
system in the world, with an annual growth rate of 9% since

1985 (1). The fish produced by aquaculture account for about
50% of the total amount of fish produced for human consump-
tion (1). Nevertheless, the rapid development of aquaculture is
associated with environmental costs, such as habitat degrada-
tion, diseases, and pollution (2). Viral nervous necrosis disease
(VNND) is one of the most devastating threats to cultured
marine fish worldwide and results in great economic loss. The
disease is caused by the nervous necrosis virus (NNV), a mem-
ber of the Betanodavirus genus. The virus is highly contagious and
virulent to at least 40 marine and brackish water fish species, in-
cluding groupers, sea bass, temperate basses, barramundi, mullet,
sea bream, and flounder (3).

NNV is a spherical, nonenveloped virus with a bipartite, posi-
tive, single-stranded RNA genome. The virus genome is com-
posed of RNA1 (3,107 nucleotides [nt]) and RNA2 (1,421 nt),
which encode the RNA-dependent RNA polymerase (RdRp) (4)
and the coat protein (CP), respectively (5). A subgenomic tran-
script of the RNA1 segment (RNA3) encodes the nonstructural
proteins B2 and B1 (6, 7). The B2 protein prevents host RNA
interference-mediated cleavage (8). The B1 protein is expressed at
the early stage of infection and exhibits an anti-necrotic cell death
function (7).

Mortality among NNV-infected larvae and juveniles is almost
100%, resulting in serious economic losses to producers of high-
value fish species. Mature fish are more resistant to VNND but are
still capable of horizontally transferring the virus to mature fish
and vertically to their offspring. The high level of susceptibility to
NNV of fish larvae and juveniles, including zebrafish (9), and the
recent report describing an NNV outbreak in zebrafish (10) led us
to establish an NNV-zebrafish larva infection model to study host-
pathogen interactions in the early stages of development. Ze-
brafish characteristics make them an attractive model for studying
host-microbe interactions and immune system development. The
optical transparency of zebrafish larvae, the availability of trans-
genic lines, their small size, and the rapid development of ze-

brafish embryos are some of their many advantages. Zebrafish
genomic sequencing enables the use of functional genomic and
reverse genetic techniques. This experimental platform therefore
provides significant opportunities for understanding host-mi-
crobe interactions in the context of a rapidly developing vertebrate
host (11). This study describes the fluctuations in zebrafish larva
sensitivity to NNV during the first 11 days postfertilization (dpf),
providing a suitable system to study the host factors involved in
protecting larvae against pathogens.

MATERIALS AND METHODS
Zebrafish, larvae, and eggs. Adult wild-type AB zebrafish (Danio rerio)
were maintained under conditions previously described (12). The eggs
used for the experiments and the mother fish that spawned the eggs for
this study were NNV free, as validated by reverse transcriptase (RT) real-
time PCR (see below). Naturally spawned zebrafish eggs were collected as
described before (13). Following collection, the eggs were kept in plastic
containers at a density of 100 eggs in 100 ml egg water, which contained 60
mg/liter of Instant Ocean in deionized water and 0.25 mg/liter methylene
blue. The eggs were kept at a temperature of 28.5°C for 1 to 7 days, until
they were used for the experiments. Larvae were fed twice a day with
NobilFluid Artemia (JBL, Neuhofen, Germany) from 5 dpf until the end
of the experiment (11 days postinfection).

Virus. The NNV strain used in this study was originally isolated from
a sick white grouper (Epinephelus aeneus) in Israel (new GenBank acces-
sion number KP748520). Its viral genome is 99% similar to that of the

Received 26 December 2014 Accepted 22 February 2015

Accepted manuscript posted online 6 March 2015

Citation Morick D, Faigenbaum O, Smirnov M, Fellig Y, Inbal A, Kotler M. 2015.
Mortality caused by bath exposure of zebrafish (Danio rerio) larvae to nervous
necrosis virus is limited to the fourth day postfertilization. Appl Environ Microbiol
81:3280 –3287. doi:10.1128/AEM.04175-14.

Editor: H. Goodrich-Blair

Address correspondence to Moshe Kotler, moshek@ekmd.huji.ac.il.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AEM.04175-14

3280 aem.asm.org May 2015 Volume 81 Number 10Applied and Environmental Microbiology

http://www.ncbi.nlm.nih.gov/nuccore?term=KP748520
http://dx.doi.org/10.1128/AEM.04175-14
http://dx.doi.org/10.1128/AEM.04175-14
http://aem.asm.org


sevenband grouper nervous necrosis virus (SGNNV). The virus was prop-
agated on goldfish (Carassius auratus) cultured skin cells (GFSk-S1 cells).
The GFSk-S1 cells were grown in Leibovitz medium (L15; Biological In-
dustries, Beth Haemek, Israel) supplemented with 10% fetal bovine se-
rum, 2 mM glutamine (Biological Industries, Beth Haemek, Israel), and
1% penicillin-streptomycin (Biological Industries, Beth Haemek, Israel)
at 25°C, as previously described (14). Virus titration was evaluated by
plaque assay in 96-well plates. Virus was inactivated by UV irradiation for
4 min at room temperature at 25 nm and 214 mJ/cm2.

Larva infection. To optimize the conditions for NNV infection,
groups of 10 or 20 zebrafish larvae were immersed in a bath at 4 days
postfertilization under the environmental conditions described in Table
1. Larvae were exposed to the virus for 3, 12, or 24 h in water at a temper-
ature of 25°C or 28°C containing 5 � 104 PFU/ml NNV. Groups of larvae
were maintained in flat-bottomed, 12-well plates containing 1 ml of egg
water and 1 ml of NNV suspension, while the control groups were main-
tained in the same fluid lacking the virus. Following infection, larvae were
kept in 2 ml egg water, which was replaced daily throughout the experi-
mental period. The larvae were monitored daily for a period of 11 days
postinfection for clinical signs of disease and mortality. Condition evalu-
ation trials were repeated three times for each treatment. Following these
trials, all experiments were performed with 60 larvae, divided equally in
three wells of flat-bottomed, 12-well plates. All experiments were repeated
three times.

Egg piercing. Eggs were held by tweezers, and the chorion was pierced
by an insulin needle (29 gauge by 1/2 in.; BD, NJ, USA) while the larvae
were kept submersed in the perivitelline fluid (see Fig. 5AII).

Egg dechorionation. Eggs were manually dechorionated under a bin-
ocular microscope using two tweezers. Each naked larva was washed twice
in 10 ml distilled water to remove the perivitelline fluid (see Fig. 5AIII).

Viral nucleic acid and immune gene expression analyses. Larvae
were sacrificed by fast freezing at �70°C. Each larva was washed twice in
10 ml distilled water. Total RNA was extracted from a pool of five larvae
that were ground manually using a sterile plastic pestle in a 1.5-ml Eppen-
dorf tube. Further RNA extraction was performed using an EZ RNA pu-
rification kit (Biological Industries, Beth Haemek, Israel). cDNA was syn-
thesized using a Master Script RT-PCR system (5 PRIME, Hamburg,
Germany), according to the manufacturer’s instructions, and a random
hexamer primer. Real-time RT-PCR was performed with an AB 7300
instrument (Applied Biosystems, CA, USA). Each reaction mixture con-
tained 5 �l of primers (300 nM each), 5 �l of cDNA (diluted 1/10), and 10
�l of SYBR green PCR core reagent (Applied Biosystems, CA, USA). Sam-
ples were first incubated for 2 min at 50°C and for 10 min at 95°C and then
subjected to 40 amplification cycles (95°C for 15 and 60°C for 1 min). The

expression data for the genes were normalized to those for a 150-bp frag-
ment of the �-actin gene using the following primers: �-actin 1f (ATGG
ATGAGGAAATCGCTG) and �-actin 2r (ATGCCAACCATCACTCC
CTG) (9), where f and r represent forward and reverse, respectively.
Original data were analyzed using the comparative threshold cycle (CT)
method (2���CT). All PCRs were performed with triplicate samples and
were repeated at least twice. NNV cDNA was identified and quantitated by
real-time PCR targeting two capsid gene fragments: an 81-bp fragment,
using primers NTR f (GCCCCTGATGGAGCAGTCT) and NTR r (AGC
ACGGTCAACATCTCCAGTT) (primer set 1 [9]), and a 203-bp frag-
ment, using primers 203f (GACGCGCTTCAAGCAACTC) and 203r (CG
AACACTCCAGCGACACAGCA) (primer set 2 [15]). For immune gene
analyses, the following primers were used: for the Mx(a) gene, Mx f (AG
TACCGGGGAAGAGAGCTA) and Mx r (AAGGTGGCATGATTGTC
TGT) (9); for the interleukin 1� (IL-1�) gene, IL-1� f (GGCTGTGTGT
TTGGGAATCT) and IL-1� r (TGATAAACCAACCGGGACA) (16), and
for the tumor necrosis factor alpha (TNF-�) gene, TNF-� f (GCGCTTT
TCTGAATCCTACG) and TNF-� r (TGCCCAGTCTGTCTCCTTCT)
(16).

Eggs used for the experiments were NNV free, as validated by RT-
PCR of total RNA extracted from five randomly collected pools of 10
eggs (data not shown). RNA extracted from brain and liver tissues of
the 10 randomly collected egg-producing mother fish used for this
study were found to be NNV free using RT-PCR, as described above
(data not shown).

Histology. Five larvae from each group of NNV-infected or mock-
infected larvae were collected at 24 hours postinfection (hpi) and fixed in
a 10% solution of phosphate-buffered formalin. The samples were dehy-
drated using graded ethanol concentrations, embedded in 2-hydroxyethyl
methacrylate, and sectioned at a thickness of 3 �m. The sections were
stained with toluidine blue.

Statistical analysis. Data were analyzed using the statistical analysis
software SPSS (version 18.0) and GraphPad Prism (version 6.05). Statis-
tical significance was set at a P value of �0.05. Larva survival was calcu-
lated by Kaplan-Meier analysis, and statistical significance was deter-
mined by the log rank (Mantel-Cox) test.

Ethics statement. All animal studies were carried out according to the
European Union Regulations for animal experimentation and approved
by the Hebrew University Animal Care Committee (approval number
MD-13-13789-3).

Nucleotide sequence accession number. Newly determined sequence
data for NNV have been deposited in GenBank under accession number
KP748520.

TABLE 1 Environmental conditions required for enhancing the sensitivity of larvae to NNV at 4 dpfa

Treatment
no.

Treatment parameter Cumulative mortality (%) on day:

Crowding (no. of
larvae/2 ml)

Temp
(°C)

Length of
infection (h) 1 2 3 4 5 6 7 8 9 10 11

1 10 25 3 1.7 6.7 8.3 28.3 28.3 28.3 30.0 33.3 33.3 33.3 33.3
2 10 25 12 3.3 45.0 51.7 63.3 66.7 71.7 75.0 76.7 81.7 83.3 93.3
3 10 25 24 1.7 33.3 48.3 60.0 73.3 83.3 85.0 88.3 96.7 98.3 98.3
4 10 28 3 3.3 13.3 18.3 21.7 21.7 26.7 26.7 33.3 33.3 35.0 35.0
5 10 28 12 1.7 5.0 6.7 6.7 15.0 25.0 25.0 45.0 45.0 46.7 48.3
6 10 28 24 0.0 1.7 11.7 13.3 15.0 31.7 35.0 48.3 48.3 48.3 48.3
7 20 25 3 1.7 13.3 25.0 35.0 36.7 43.3 43.3 43.3 43.3 43.3 46.7
8 20 25 12 3.3 50.0 78.3 86.7 86.7 93.3 96.7 96.7 96.7 96.7 100.0
9 20 25 24 1.7 36.7 60.0 76.7 85.0 85.0 85.0 90.0 91.7 96.7 100.0
10 20 28 3 1.7 10.0 16.7 31.7 31.7 35.0 36.7 38.3 38.3 38.3 46.7
11 20 28 12 0.0 5.0 15.0 38.3 41.7 41.7 41.7 43.3 46.7 46.7 46.7
12 20 28 24 1.7 3.3 23.3 36.7 36.7 36.7 40.0 48.3 48.3 51.7 55.0
a Experiments with each treatment group were done in triplicate. Data represent the average results from three independent experiments. The row with gray shading indicates the
most efficient conditions for NNV infection.
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RESULTS
Optimal conditions for NNV-zebrafish larva infection. The en-
vironmental condition evaluation trials (Table 1) indicated that
the ultimate conditions for NNV-zebrafish larva infection are an
infection time of 12 h at a temperature of 25°C with a density of 20
larvae per 2 ml. These conditions were used for all further infec-
tion assays.

Identification of NNV RNA in infected zebrafish larvae. To
confirm NNV infection in zebrafish larvae exposed to the virus on
the 2nd, 4th, 6th, and 8th days postfertilization, pools of five larvae
were collected from each group at 24 hpi. The control groups
included noninfected larvae of the same age. Using real-time RT-
PCR, we detected NNV genomic RNA in extracts of all larvae

exposed to the virus (Fig. 1). We demonstrated NNV genomic
RNA by analyzing two independent capsid fragments. Those two
fragments showed similar results (Fig. 1). These results indicate
that zebrafish larvae are infected by the virus on the 2nd, 4th, 6th,
and 8th dpf. To rule out the possibility that the RT-PCR-positive
larvae were not externally contaminated, dead larvae, sacrificed by
fast freezing at �70°C at the age of 2 dpf and 4 dpf (n 	 20, each
group), were immersed in a water bath containing 5 � 104

PFU/ml NNV under the same conditions as the experimental lar-
vae. The larvae were washed, and RNA extraction was performed
as described above. All the immersed dead larvae were found to be
RT-PCR negative for NNV (data not shown).

Zebrafish larvae are susceptible to NNV on the 4th day post-
fertilization. Zebrafish larvae (n 	 60, each age group) at the ages
of 2, 4, 6, and 8 dpf were exposed to NNV infection for 12 h at a
temperature of 25°C in 2 ml water. Figure 2 shows that larvae

FIG 2 Survival curves for zebrafish larvae infected with NNV by bath immer-
sion on days 2, 4, 6, and 8 postfertilization. The data are representative of those
from three independent experiments (n 	 60 for each age group). Mock-
infected larvae of all age groups had survival rates of 95 to 100%. dpf, days
postfertilization.

FIG 3 Survival curves for zebrafish larvae infected with NNV by bath immer-
sion on day 4 postfertilization with live virus versus or inactivated virus. The
data are representative of those from three independent experiments (n 	 60
for each group).

FIG 1 Quantification analysis of NNV genomic RNA in zebrafish larvae exposed to the virus. RNA was extracted from a pool of five larvae taken from each group
at 24 h postinfection. NNV cDNA was identified and quantitated by real-time RT-PCR targeting two capsid gene fragments, an 81-bp fragment (primer set 1) and
a 203-bp fragment (primer set 2). Each bar represents the mean 
 SE of triplicate readings from pooled larvae, and the data are representative of those from three
independent experiments. The NNV expression levels were normalized against the �-actin expression level. All control groups and the group infected with
inactivated virus were found to be negative by the two primer sets. dpf, days postfertilization; 2dpf pierced, eggs were pierced with a needle before infection; 2dpf
chor�, eggs were manually dechorionated before infection.
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exposed to the virus at 2 dpf were mostly resistant to NNV infec-
tion (5% mortality), while all larvae exposed to the virus on the
4th dpf died (100% mortality) at 48 to 72 hpi. The susceptibility to
VNND was drastically reduced for larvae exposed to the virus at

days 6 and 8 postfertilization (24% and 28% mortality, respec-
tively).

As a control, at 4 dpf larvae were infected with UV-inactivated
NNV. Bath immersion with inactivated virus did not affect the

FIG 4 Methacrylate-embedded sections of zebrafish larvae at 4 dpf stained with toluidine blue. (A to C) Control mock-infected larvae; (D to F) NNV-infected
larvae showing marked neuropil vacuolation, as well as a relative paleness of neurons involving both the brain and retina. The most prominent injury appears to
be in the photoreceptor layer (yellow arrows) of the retina, with apparent nearly total lysis of the photoreceptors. dpf, days postfertilization.
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fish, with similar mortality rates being found for the mock-in-
fected control and the UV-inactivated virus-infected larvae (P 	
0.35, Mantel-Cox test). The survival rate of larvae in both groups
was significantly higher than that of NNV-infected larvae (P �
0.0001, Mantel-Cox test; Fig. 3), indicating that propagated virus
is exclusively the cause of VNND in zebrafish larvae.

The mortality rate of larvae infected on the 2nd dpf did not
differ significantly from that of the larvae in the control group
(P 	 0.145, Mantel-Cox test), while the survival rates of the con-
trol groups of larvae were significantly higher than those of larvae
infected at days 4, 6, and 8 postfertilization (P � 0.0001, P 	 0.001,
and P � 0.0001, respectively, Mantel-Cox test). Although the
mortality rates for larvae infected at the ages of 6 and 8 dpf were
higher than those for larvae in their control groups, the mortality
rate for larvae infected at the age of 4 dpf was significantly higher
than that for larvae infected on the 2nd, 6th, and 8th dpf (P �
0.0001, P � 0.0001, and P � 0.0001, respectively, Mantel-Cox
test). These results clearly demonstrate that the susceptibility of
zebrafish larvae to NNV is limited to a narrow window of time
around the 4th dpf.

Histopathology. To further characterize the disease process,
pools of five larvae were collected at 24 hpi from each group in-
fected or mock infected at 2, 4, 6, and 8 dpf and analyzed for the
histopathological changes induced by viral infection. Zebrafish
larvae infected with NNV at the age of 4 dpf showed marked neu-
ropil vacuolation, as well as a relative paleness of neurons involv-
ing both the brain and retina. The most prominent injury was in
the photoreceptor layer of the retina, where almost all of the cells
appeared to be lost (Fig. 4). The brain and retina of larvae infected
with NNV at the ages of 6 and 8 dpf were relatively preserved and
almost identical to those of the control group (data not shown).
Undeveloped brain and retina without obvious injury were ob-
served in 2-day-old infected larvae, but they could not be used for
diagnosis at this early stage of development (data not shown).

The egg chorion and perivitelline fluid protect the larvae
from NNV infection at day 2 postfertilization. To determine
whether the egg chorion and/or the perivitelline fluid protects the
embryo from NNV infection, at 2 dpf, dechorionated larvae and
larvae with a pierced chorion were mock or NNV infected. NNV
infection of embryos with a pierced chorion and dechorionated
larvae reduced the survival rate by 24% and 37%, respectively,
relative to that for the mock-infected groups (P � 0.0001,
Mantel-Cox test for both groups). There was no significant
difference in the survival rates between the pierced chorion and
dechorionated groups infected on the 2nd dpf (P 	 0.112,
Mantel-Cox test) (Fig. 5B).

Innate immunity gene expression. To determine why larvae
are vulnerable to NNV at 4 dpf, we determined the expression
levels of three genes for proteins representative of the major cyto-
kine groups, TNF-�, Mx, and IL-1�, at 24 hpi. Figure 6 shows that
the expression level of the TNF-� gene in naive larvae was low and
stable during the first 6 days but rapidly increased on day 8 post-
fertilization. Unlike TNF-�, the expression of Mx and IL-1� re-
mained at about the same levels throughout the experiment until
8 dpf. However, NNV infection on day 4 induced a remarkable
increase in the levels of TNF-�, Mx, and IL-1� expression, while
infection on the other days caused only a moderate boost in the
expression of these genes (Fig. 6).

DISCUSSION

Zebrafish larvae are susceptible to NNV infection during the first
8 dpf, but the lethal effect exerted by the virus is mostly restricted
to 4 dpf. Infection of 4-day-old larvae resulted in 100% mortality,
while infection of larvae on the 2nd, 6th, and 8th dpf caused death
for 5%, 24%, and 28% of the larvae, respectively. The standard
water temperature for raising zebrafish larvae is 28.5°C, while the
optimal temperature for NNV propagation is 25°C. It is feasible
that a water temperature of 25°C, used in our study, could sup-
press the development of some immune factors (17), leading to
the high rate of mortality on the 4th dpf. Previously, it was re-
ported that 98% of zebrafish larvae challenged with NNV by mi-
croinjection died within 24 hpi, whereas the mortality for the
mock-injected group was 24% (9). Infection of zebrafish larvae by
bath immersion is a natural route of infection requiring the min-
imal manipulation of the larvae (18).

The ontogenesis of zebrafish embryos is rapid, and on the 5th

FIG 5 Zebrafish larvae infected with NNV on day 2 postfertilization. (A)
Schematic presentation of dechorionated larvae and pierced eggs. The sche-
matics show eggs containing larvae (I), pierced larvae (II), and dechorionated
larvae (III). The gray background represents perivitelline fluid. (B) Survival
curves. The groups of eggs described in the legend to panel A were infected
with NNV by bath immersion, and their survival rate was recorded. The data
are representative of those from three independent experiments (n 	 60 for
each age group).
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FIG 6 Temporal expression levels of genes for TNF-�, Mx, and IL-1� following NNV infection at different days postfertilization. RNA was extracted from a pool
of five larvae taken from each group at 24 h postinfection. cDNA was used to quantify innate immune gene expression by real-time RT-PCR. Each bar represents
the mean 
 SE of triplicate readings from three independent experiments. Gene expression levels were normalized against the �-actin expression level. dpf, days
postfertilization; 2dpf pierced, eggs were pierced with a needle before infection; 2dpf Chor�, eggs were manually dechorionated before infection. The area
marked with shading represents results for larvae that underwent piercing and dechorionation at 2 dpf. Statistically significant differences are marked with
asterisks.
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dpf most organ systems are fully developed (19). However, the
adaptive immune system is morphologically and functionally ma-
ture only at 4 to 6 weeks postfertilization (20). Hence, the adaptive
immune system does not play a role during the first 11 dpf sur-
veyed in this study. Interestingly, we showed that larvae are sus-
ceptible to the virus during the early period of development, but
extensive mortality is mostly restricted to the 4th day postfertil-
ization. The reasons for the partial resistance of larvae during the
early stage of their lives and the hypersensitivity to the virus at 4
dpf are yet unknown.

First, we evaluated the anti-NNV protection provided by the
egg chorion and perivitelline fluid. Dechorionation comprises re-
moval of the egg chorion and the perivitelline fluid from the de-
veloping embryo, while piercing of the egg chorion preserves the
perivitelline fluid attached to the embryos but eliminates the phys-
ical protection offered by the chorion (Fig. 5A). The chorion,
comprising highly insoluble proteins and glycoproteins (21), pro-
vides a mostly physical barrier (22). The perivitelline fluid is a
protein storage component that contains lectins, protease inhibi-
tors (23), growth factors, and antimicrobial agents (24, 25). The
fish mothers used by us to produce larvae were NNV free, and they
had never been exposed to NNV, ruling out the possibility of
specific anti-NNV antibodies being transferred to the larvae. Ex-
posure of pierced or dechorionated eggs to NNV resulted in sim-
ilar mortality rates. These findings emphasize the cardinal role of
the egg chorion and the limited function of the perivitelline fluid
in protecting zebrafish embryos against NNV.

To determine whether factors involved in the innate immune
response provide the larvae with an additional layer of defense, we
compared cytokine expression levels in naive and infected larvae.
TNF-� is an important proinflammatory cytokine in fish and
mammals (26). The Mx genes are used as indicators of interferon
production in a number of fish species (27). IL-1� is a proinflam-
matory cytokine that is expressed in the early stage of microbial
infection (28) and regulates the expression of other cytokines (29).

Infection of control and pierced larvae at the 2nd dpf with
NNV did not significantly alter the mRNA levels of these genes;
however, increased expression of the three genes is evident in the
dechorionated larvae following NNV infection. The expression of
the Mx and IL-1� genes was also upregulated in the naive decho-
rionated larvae, probably due to the stress from the operation
and/or environmental antigenic stimulation. These and previ-
ously published results (30) indicate that the innate immune sys-
tem is active in larvae at the 2nd dpf. On the other hand, untreated
eggs were not stimulated, suggesting that the larva shell reduces
the interaction with external stimulators, including NNV. Upon
NNV infection of larvae on the 4th dpf, when larvae are not pro-
tected by the eggshells, the expression levels of TNF-�, Mx, and
IL-1� genes were dramatically upregulated. However, this re-
sponse is not sufficient to protect the larvae, and the larvae suc-
cumbed to the virus.

Are there additional factors that make the larvae sensitive to
NNV at the 4th dpf? Maternal fish components, such as the com-
plement component C3, factor B (Bf), lectins, lysozymes, and vi-
tellogenin (Vg)-derived yolk proteins, are transferred from
mother to offspring, protecting the larvae from the assault of
pathogens, including NNV (31). In addition, maternal IgM mol-
ecules protect some teleost offspring, including zebrafish larvae,
from pathogen infection (30). The level of maternal Ig molecules
gradually decreases in zebrafish and tilapia from the 1st day post-

fertilization to the self-feeding period at 5 to 6 dpf, when yolk
absorption is completed (32). The larva mouth slit is open by 72 h
postfertilization (hpf) (13), and at 96 hpf, the digestive organs
allow the uptake and processing of external food (33).

The increased survival rates of zebrafish larvae on the 6th dpf
correlate with the upregulation of T-cell receptor alpha chain
(TCRAC), immunoglobulin lambda light chain (IgLC) 1, IgLC 2,
IgLC 3 (34), Ikaros, and recombination activating gene 1 (RAG1)
(34). We detected a significant increase in IL-1� gene expression,
suggesting that it plays a protective role in the larvae at 6 and 8 dpf.

We speculate that maternal components, together with the egg
chorion and the perivitelline fluid, are responsible for protection
of zebrafish larvae while they are still in the egg. However, after
emerging from the chorion, the larvae are exposed to external
stimuli and environmental agents, including NNV. Even though
there is increased expression of genes involved in innate immu-
nity, the larvae are extremely sensitive to NNVD. Soon after this
critical period, the innate factors, together with the other immune
factors developing in the larvae, are capable of protecting the lar-
vae from NNV.
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