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Answers to the specific comments (in red): 

 

Reviewer #1: 

 

COMMENT-1) Authors said that they performed a challenge with betanodavirus, ma no data of 

cumulative mortality are reported. In my opinion, this is a very important information that is 

needed 

This work is part of an integrated study focused on the comparison between RGNNV and 

SJNNV infection in juvenile seabass. This comprehensive study has yielded a great amount of 

data  in collaboration with two different research groups. For this reason, they are going to be 

published in two different articles. The first one, comprising the results about viral 

pathogenesis (viral quantification in dead and surviving fish and mortality rate), has already 

been published (Souto et al. 2015), whereas the present manuscript addresses the host 

immune response to those infections. Therefore, the present study complements the previous 

one, and both of them yield a more complete knowledge on the differences between RGNNV 

and SJNNV pathogenesis in seabass.  

Nevertheless, following referee suggestion, a section describing the clinical signs and mortality, 

along with the reference in which these data have been published, have been added in 214-

219 paragraph. In addition, the material and method section (lines 127-131), has also be 

modified to include the fish tank to record mortality. 

 

COMMENT-2) in M&M, authors said that they used 50 fish per group, then they explain the 

sampling points and number of animals sampled, but if you sum the numbers there are less 

fish than those used, so where are the others? Since there is no data on mortality, I cannot 

assume that they are dead. Moreover, how authors could predict that they will have at least 

15 fish per group at the end of the challenge? 

Samples were: 5 fish per time (4 sampling times), that makes a total of 20 specimens, plus 15 

specimens to obtain serum at 30 days p.i. Total: 35 specimens. Although there was some 

mortalities (cumulative mortality at 30 days was 46%), we have enough number of fish to 

conduct our analyses. In addition, sera for antibody analyses were obtained from surviving fish 

from both replicate tanks (see material and methods lines 127-131). 

 

*Response to Reviewers



2 
 

COMMENT-3) Authors said that they used fish of 5 g average weight, then they collected blood 

from 15 fish per group and pooled them into 3 groups of 5 sample each. Why they pooled the 

blood, since the quantity you can obtain from such fish size will be enough to perform the 

analyses? Doing this, they obtained just 3 samples per group, that is very few to be strong 

statistically supported. 

Although, on form, blood extracted from 5-g fish should be enough to obtain serum for ELISA 

analyses, we did not succeed (especially considering the volume reduction after clotting and 

centrifugation). For this reason, we had to pool samples from different animals. 

In addition, on the basis of previous works on nodavirus immunization and ELISA assays, 

considering the low amount of sera from single fish (ca. 20 ul) and the dilution to be employed, 

for a great part of individuals the serum is not enough to make replicates. 

Although increasing the number of biological samples analyzed would have given us more 

information about significant differences between samples, as referee suggests, we believe 

that the differences between RGNNV- and SJNNV-inoculated fish are big enough to be 

considered reliable. In addition of analyzing three samples, each of them has been analyzed in 

triplicate. 

 

COMMENT-4) Please explain which kind of statistical analyses you performed to obtain the 

sample size of 50 animals per group (test, power, etc.) 

We always intend to use the minimum amount of animals able to give us the maximum 

information taking account both, ethical issues, and the capacity of our installation (in order to 

avoid stress by overcrowding). 

 

COMMENT-5) lines 148-150: authors said that they analyzed viral REPLICATION in brain using a 

real-time PCR targeting the RNA2. In betanodavirus, replication is leaded by RNA1 segment, 

since it is the one coding for polymerases. So, why authors decided to use a PCR that target the 

RNA2 instead of one targeting the RNA1, if their aim was to QUANTIFY the viral replication? 

When we designed the experiments we planned to quantify the RNA2 segment assuming that 

an increase in the number of copies of this viral segment would be indicating viral replication 

(as it has been previously considered in other articles), even when this replication would be 

driven by the RNA polymerase encoded by RNA1. Nevertheless, since this idea seems to be a 
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bit confusing, the term “viral replication” has been replaced by “viral quantification” or 

“increase in RNA2 copy number” throughout the MS, according to the referee suggestion. 

 

COMMENT-6) As above, in Results, paragraph 3.1, authors said that they quantified viral 

replication and they reported RNA2 quantity. In this case, they quantified the viral PRESENCE, 

and not the REPLICATION. 

The suggested change has been performed. 

 

COMMENT-7) As already said, the first paragraph of the Results should be the challenge 

results, so data and analyses on mortality are necessary. 

A new section describing challenge results has been added in “Results” (paragraph 214-219). 

The cumulative mortality curve cannot be added to this MS, since, as I have previously 

explained, it has been already published. The reference of this previous publication appears in 

this new section. 

 

COMMENT-8) in Fig.1 and Fig.2 there are no data of Controls group. I think that they are 

necessary 

Data of control group have been added. 

 

COMMENT-9) Discussion: at lines 297-300 authors said that SJNNV is less immunogenic than 

RGNNV. At lines 371, they said that SJNNV is more antigenic than RGNNV. This is very 

interesting, also if you consider that the previous study by Pascoli et al. you cited in the 

manuscript reported a lower seroconversion in fish vaccinated with inactivated SJNNV respect 

to those vaccinated with inactivated RGNNV. How can authors explain these findings? I think 

they need a deeper explanation in discussion. 

A paragraph to discuss the results of seroconversion after SJNNV and RGNNV inoculation has 

been added in the MS (lines 402-413).  

 

Reviewer #2:  
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COMMENT-1. Be consequent about the way RNA2 is written (with or without space in 

between). 

The manuscript has been carefully revised and RNA2 has always been written without space in 

between. 

 

COMMENT-2. Address the situation about the reassortment of RGNNV/SJNNV and its 

implication on pathogenicity and immunity in the introduction and discussion. 

Information about RGNNV/SJNNV reassortants has been included in lines 49-56. 

 

COMMENT-3. Mat and methods: Difficult to understand the method used for collecting serum 

where blood is incubated at 37C for 10 minutes before overnight incubation at 4C and 

centrifugation twice. Why incubate at such high temperature? Does it affect the quality of 

downstream analysis?  

The protocol we follow to obtain serum was developed to be applied for mammalian blood, 

which explains the previous incubation at 37 C for improving clotting. We modify this protocol 

by eliminating this step (as it was described by Lopez-Jimena et al. 2012). This incubation was 

included in the MS by mistake, it has been now deleted. 

 

COMMENT-4. Lines 188-189: it is meant to be - RGNNV-, SJNNV-infected or non-infected 

(right?) please correct. 

Referee is right, this mistake has been corrected. 

 

COMMENT-5. Line 191:  please change double-diluted to two-fold dilution 6. Line 200: Move 

"considered" from end of sentence such that it is: negative controls was considered as the cut-

off threshold 7. Results: Viral replication- The figure 1 should be 1 figure including both SJNNV 

and RGNNV in one graph. Moreover, statistics between the virus amounts for both viruses at 

each time point should be carried out for better comparison, and include the new statistics 

comparison in results section.  

All these suggestions have been assumed. In addition the description of these results has also 

been changed, according with the new graph (lines 221-228). 
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The new statistical test performed has been described in lines 166-168. Figure caption has also 

been changed (line 655). 

 

COMMENT-6. Section 3.3: In general, mention the down regulation of both TNFa and IL-10 in 

both brain and head kidney up to 12 hrs before upregulation. Lines 250-254 - the results do 

not match the figure and the figure section cited is also wrong. Also, since the ratio from 

higher for SJNNV at 24 hrs to higher for RGNNV at 72 hrs should be mentioned.  

The description of transcription of inflammatory genes (section 3.4) has been modified in 

order to make it less confusing. 

The down-regulation of TNF-alpha and IL-10 genes up to 12 h p.i. has been mentioned in line 

262. 

 

COMMENT-7. Line 282: SJNNV, non-pathogenic.... is it completely true? may be rewrite to less 

pathogenic will be better. The results in this study show that there is replication for both 

viruses, and the differences are not really huge. 

SJNNV is now referred as to be “less virulent” to sea bass, meaning that this genotype cause 

less mortality than RGNNV 

 

COMMENT-8. line 319: The study which the results here are compared to had used similar 

dose in fish almost 3 times in size. Can the dose/weight of fish have any influence? This should 

be discussed. 

Fish age is an important variable to take into account regarding sea bass susceptibility to 

RGNNV. This idea has been added in lines 349-352. 

 

COMMENT-9. Line 356: Remove the word "fact" at the end of the sentence. previous results 

"suggests" role of inflammatory...and thus it does not become a fact. 

This phrase has been changed 

 

COMMENT-10. Line 412: correct the spelling for antibody. Done. 
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Figure 5: Please add the which symbols represent RGNNV. SJNNV and negative control in the 

figure for better readability 

Figure 5 has been changed. 
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ABSTRACT 26 

The immune response of European sea bass to RGNNV and SJNNV infections has been 27 

evaluated by quantifying the transcription of some genes involved in the IFN I system, 28 

as well as in the inflammatory and adaptive immune mechanisms. The transcription of 29 

IFN-I, ISG-12, ISG-15 and MxA genes has been analyzed in brain and head kidney, 30 

showing that RGNNV genotype induces a more intense response of the IFN I system 31 

than SJNNV in both organs. In addition, the results obtained indicate the importance of 32 

the inflammatory response in nodavirus pathogenesis, with the transcription of IL-8 and 33 

TNF- significantly higher in brain than in head kidney, being RGNNV the strongest 34 

inductor. An important difference between the immune response induced by both 35 

genotypes refers to the IgM titre in sera, which was higher in SJNNV-inoculated fish. 36 

The acquired response is also important locally, since TR-transcription is higher in 37 

brain than in head kidney (especially in the RGNNV-inoculated group). To our 38 

knowledge, this is the first study addressing the sea bass anti-SJNNV immune response. 39 

  40 
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1. Introduction 41 

Viral nervous necrosis is a neurological fish disease caused by Nervous Necrosis 42 

Virus (NNV), Betanodavirus genus, a naked icosahedral virus with two single-stranded, 43 

positive-sense RNA segments (RNA1 and RNA2). RNA1 encodes the RNA-dependent 44 

RNA polymerase, and RNA2 encodes the capsid protein. Based on the RNA2 segment, 45 

betanodaviruses have been clustered in four genotypes [1], now officially recognized as 46 

species. The genotypes Red-spotted Grouper Nervous Necrosis Virus (RGNNV) and 47 

Striped Jack Nervous Necrosis Virus (SJNNV) have been detected in several fish 48 

species, including European sea bass (Dicentrarchus labrax L.) [2-4]. In addition, the 49 

coexistence of both genotypes within the same individual, which may lead to the 50 

reassortment of both viral segments, seems to be a frequent event [5]. In fact, a recent 51 

study conducted with isolates from the Mediterranean has shown that a high percentage 52 

of the betanodavirus isolates in this geographical area are reassortants displaying 53 

RGNNV-type RNA1 and SJNNV-type RNA2 segments [6]. Reassortment may be an 54 

important mechanism involved in modifying viral virulence to a certain fish species 55 

and/or host range. 56 

RGNNV is the only genotype highly virulent to sea bass, whereas SJNNV causes no 57 

mortality or very low mortality after intramuscular or bath challenges [7, 8]. In fact, 58 

Souto et al. [8] and Carballo et al. [9] showed that SJNNV replicates in sea bass brain, 59 

although it seems to fail in developing the histopathological lesions characteristic of this 60 

disease. This different level of virulence to sea bass may be the result of a differential 61 

interaction between the virus and the host immune system. Thus, previous studies have 62 

suggested an inverse relationship between viral virulence and immune response in a 63 

specific host [9-12]. However, this suggestion has been based on the study of a few 64 

genes, mainly those involved in the type I interferon system (IFN I). For this reason, a 65 
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more comprehensive analysis of the host immune response is required in order to get 66 

more insight into the immune genes involved in controlling the viral disease onset. 67 

Fish innate immune system consists of cell and molecular components, including 68 

those involved in the IFN I and inflammatory responses. Interferons are cytokines 69 

acting through the induction of interferon-stimulated genes (ISGs), such as Mx, ISG-15 70 

and ISG-12, which encode for proteins with proven antiviral activity in several fish 71 

species. This system has been shown to be crucial in limiting replication of a wide 72 

number of fish viruses [13-16], and the transcription of some of these genes in sea bass 73 

after RGNNV infection has been reported [9, 17-21]. In contrast, to our knowledge, 74 

there is only one study addressing the IFN I response after SJNNV inoculation in this 75 

fish species [9], analysing only the Mx transcription. The inflammatory response has 76 

been suggested to be especially important in the course of RGNNV infections, since it 77 

has been proposed to be responsible for the intense degeneration, mainly vacuolation, 78 

observed in brain, retina and spinal cord of affected animals [17, 18]. In addition, the 79 

importance of the inflammatory response in limiting NNV infection has been 80 

demonstrated in corticosteroid-treated turbot (Scophthalmus maximus), which resulted 81 

in an earlier mortality onset [22]. The inflammatory response is generated by pro-82 

inflammatory cytokines, including Interleukin 8 (IL-8) and Tumour Necrosis Factor 83 

alpha (TNF-), which are tightly regulated, mainly at a transcriptional level, by anti-84 

inflammatory cytokines. In this contest, Interleukin 10 (IL-10) and Transforming 85 

Growth Factor beta (TGF-) play a key role in preventing a massive inflammatory 86 

response, which may cause tissue damage. 87 

Although the relative importance of the adaptive immunity is lower in fish than in 88 

mammals, sea bass-RGNNV infection elicits the production of high levels of antibodies 89 

in sera [18, 23-25], and the local antibody production by peripheral non-lymphoid tissue 90 
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has been demonstrated in NNV-infected halibut (Hippoglossus hippoglossus) [24]. In 91 

addition, T-cells have also been demonstrated to play an important role, being the major 92 

histocompatibility complex (MHC) molecules, class I and II, required for their 93 

activation. Specifically, MHC II displays antigens to T-helper cells, which leads to the 94 

induction of an immune response specific to that antigen [27, 28]. Class II molecules 95 

consist of MHC-encoded and  chains [28]. Antigen recognition by T-cells is through 96 

antigen-specific T-cell receptors (TR); there are two T-cell populations according to the 97 

receptor they express: TR- and TR-TR-is an antigen pattern recognition 98 

receptor, T-cells expressing this receptor are especially abundant in mucosal tissues, and 99 

display cytotoxic activity [29]. These cells have been functionally considered as a 100 

bridge between innate and acquired immunity [30]. 101 

To go deeper inside the mechanisms of antiviral immune response in fish, the present 102 

work describes a local (brain) and systemic (head kidney) response induced in European 103 

sea bass by high virulent (RGNNV) and a low virulent (SJNNV) nodavirus isolates. The 104 

results obtained are important for a better understanding of some features of antiviral 105 

responses, and can be of interest to find strategies to combat this pathology. 106 

 107 

2. Materials and Methods 108 

2.1. Viruses and cell culture 109 

The isolates ERV378/102-5/04 (RGNNV genotype) [25] and SJ93Nag (SJNNV 110 

reference strain) [8] have been used in this study. 111 

Both viral isolates were propagated on the E-11 cell line [31]. These cells were 112 

grown in Leibovitz L15 medium (Gibco) supplemented with 10% foetal bovine serum 113 

(FBS, Gibco), penicillin (Sigma, 100 units/mL) and streptomycin (Sigma, 10 mg/mL) at 114 

25 
o
C until confluence before virus inoculation. Once inoculated, cells were maintained 115 
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in L15 medium supplemented with FBS (2%), penicillin (100 units/mL) and 116 

streptomycin (10 mg/mL) at the same temperature, and the resulting viral suspensions 117 

were titrated using 96-well plates (Nunc) following the 50% tissue culture infective 118 

dose method (TCID50) [32]. 119 

 120 

2.2. Experimental challenge 121 

European sea bass specimens were ruled out as NNV carriers following the 122 

methodology described by Lopez-Jimena et al. [5]. Animals were maintained in 100-L 123 

aquaria with aeration, and the temperature was between 22 and 25 
o
C throughout the 124 

challenge. Fish were handled following the European Union guidelines for the handling 125 

of laboratory animals (Directive 2010/63/UE). 126 

Fish (5 g, average weight) were split into two different groups (n=50, each group) in 127 

duplicate (tanks A and B) to be intramuscularly injected with the previously described 128 

NNV isolates, at a dose of 10
5
 TCID50/g of fish. Fish from tanks A were used for the 129 

mortality curve analysis, and fish from tanks B for sampling to conduct immunological 130 

studies. A negative control group, consisting of L-15-injected fish, was included. Five 131 

specimens were randomly sampled per experimental group at 3, 12, 24 and 72 h post-132 

inoculation (p.i.). Animals were killed by anesthetic overdose (MS-222, Sigma), and 133 

their brains and head kidneys were aseptically collected and individually stored in liquid 134 

nitrogen until immunological and virological analyses. In addition, blood samples were 135 

extracted from the caudal vein of 15 fish per experimental group at 30 days p.i. Blood 136 

from 5 fish was pooled, and sera were obtained after overnight incubation at 4 
o
C for 137 

clotting. Supernatants were then centrifuged twice at 400 x g for 15 min, and the 138 

resulting sera were stored at -20 
o
C until used. A total of 3 samples, each one composed 139 

of sera from 5 animals, were analyzed in each experimental group. 140 
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 141 

2.3. Sample processing 142 

Brains and head kidneys were individually homogenized (10% w/v) in QIAzol Lysis 143 

Reagent (Qiagen) using the Lysis Matrix tubes designed for the Fast-Prep24 (MP 144 

Biomedical) system. Total RNA was extracted with the RNeasy Lipid Tissue Mini Kit 145 

(Qiagen) following commercial guidelines. The resulting RNA was analyzed by agarose 146 

gel electrophoresis, quantified with the NanoDrop-1000 system (ND-1000, 147 

ThermoFisher), and stored at -80 
o
C until used. The cDNA synthesis was performed 148 

with the iScript cDNA synthesis Kit (BioRad), mixing 1 µg of RNA, 4 µL of 5x iScript 149 

Reaction Mix, and 1 µL of iScript Reverse Transcriptase in a final volume of 20 µL. 150 

Mixtures were incubated at 25 
o
C for 5 min, followed by 30 min at 46 

o
C and 5 min at 151 

85 
o
C for transcriptase inactivation. The resulting cDNA was stored at -20 

o
C. 152 

 153 

2.4. Viral genome quantification 154 

RGNNV and SJNNV RNA2 genomic segments have been quantified by two specific 155 

absolute real-time PCR protocols [33, 34]. Serial dilutions of pCR™4-TOPO® TA 156 

vector (Invitrogen) containing the complete RGNNV- or SJNNV-RNA2 segment were 157 

used as reference standard curves. All the reactions were conducted using the 158 

LightCycler 96 Termocycler (Roche) and the Fast Start Essential DNA Green Master 159 

Mix (Roche) using SYBR Green technology. PCRs were carried out in 20-µL mixtures 160 

containing cDNA generated from 50 ng of RNA, 10 µL of Fast Start Essential DNA 161 

Green Master 2x, 1 µL of each primer (10 pmol) and 6 µL of water. Termocycling 162 

conditions were: initial denaturation at 95 
o
C for 10 min, followed by 45 amplification 163 

cycles of 95 
o
C for 10 s, 60 

o
C for 10 s and 72 

o
C for 10 s. To obtain melting curves, the 164 

following profile was conducted: 95 
o
C for 10 s, 65 

o
C for 60 s and 97 

o
C for 1 s. 165 
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Statistically significant differences were analyzed by the two-way ANOVA test and 166 

Bonferroni´s test as a post hoc, using the GraphPad Prism 5.0 software. Values with p < 167 

0.05 were considered significant. 168 

 169 

2.5. Immunogene transcription analyses 170 

The transcription of MxA, ISG-12, ISG-15, IFN-I MHCII-, IL-8, IL-10, TGF-, 171 

TNF- and TR- was quantified in brain and head kidney by relative real-time PCR 172 

protocols using the Mx3000P thermocycler (Stratagene), in combination with Brilliant 173 

II SYBR Green qPCR Master Mix (Agilent Technologies), following manufacturer´s 174 

guidelines. Rox was included as a passive reference dye to compensate for non-PCR 175 

related variations in fluorescence. Mixtures were prepared with cDNA generated from 176 

10 ng of RNA, 12.5 µL of 2x Brilliant II SYBR Green qPCR Master Mix 177 

complemented with 0.375 µL of Rox (0.002 mM), and 1 µL of each primer (10 pmol) in 178 

a final volume of 20 µL. The amplification profile was as follows: 95 
o
C for 10 min, 179 

followed by 35 cycles of 95 
o
C for 45 s, 52 

o
C for 45 s and 72 

o
C for 45 s. In addition, 180 

melting curves were obtained following this profile: 95 
o
C for 1 min, 52 

o
C for 30 s, and 181 

a final step at 95 
o
C for 30 s. Reactions were performed with five biological samples in 182 

triplicate. 183 

The annealing temperature of all the primers used was 52 
o
C, and the amplification 184 

product size ranged between 75 and 240 bp (Table 1). Relative quantification was 185 

performed comparing with the transcription level of the target gene in control sample 186 

(L15-injected fish) at 3 h p.i. Ribosomal 18S RNA was the reference endogenous gene 187 

used [18], and relative fold change values (Pfaffl method) were calculated with the 188 

MxPro software. Results were expressed as mean relative fold change values ± standard 189 

deviation (SD). Statistically significant differences were analyzed by the two-way 190 
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ANOVA test and Bonferroni´s test as a post hoc, using the GraphPad Prism 5.0 191 

software. Values with p < 0.05 were considered significant. 192 

 193 

2.6. Anti-NNV antibody quantification 194 

Quantification of anti-NNV antibodies was conducted by indirect ELISA, as reported 195 

by Lopez-Jimena et al. [25]. Briefly, 96-well polystyrene plates (Immulon 4HBX, 196 

Thermo) were coated with 0.4 mg of lysates from RGNNV- or SJNNV-infected E-11 197 

cells. Wells coated with lysates from non-infected (control) E-11 cells were also 198 

included. Positive and negative controls were included in each plate. After washing with 199 

low salt wash buffer (LSW) and blocking with 3% skimmed-powder milk (Sigma), two-200 

fold dilutions of sera (100 µL) were added. Each dilution was analyzed in triplicate. 201 

After incubation at 4 
o
C overnight, plates were washed five times with high salt wash 202 

buffer (HSW). The anti-European sea bass IgM monoclonal antibody (F01, Aquatic 203 

Diagnostic) (1/33 dilution) was finally added and incubated for 1 h, followed by 1-h 204 

incubation at room temperature with HRP-conjugated goat anti-mouse IgG (1/4,000 205 

dilution). Plates were washed five times with HSW between incubations. The reactions 206 

were visualized by adding 3, 3',5,5'-tetramethylbenzidine (TMB, Sigma). The optical 207 

density (OD) was measured at 450 nm using an ELISA Whittaker Microplate Reader 208 

2001 (Anthos Labtec). Three times the mean OD value of the negative controls was 209 

considered as the cut-off threshold. The highest serum dilution above this value is the 210 

anti-RGNNV antibody end point titre for that sample [25]. 211 

 212 

3. Results 213 

3.1. Clinical signs and mortality 214 
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Typical signs of the disease and mortalities were only observed in the RGNNV-215 

inoculated group. External signs of the disease were loss of appetite, erratic swimming, 216 

hyperactivity and skin darkening. Internally, fish showed hyperinflation of the swim 217 

bladder. Mortality onset was at 5 days p.i., and cumulative mortality at the end of the 218 

experiment was 47% [8]. 219 

 220 

3.2. Viral genome quantification 221 

Viral quantification in brain showed a significant increase (p < 0.05) in the number 222 

of RGNNV and SJNNV RNA2 copies through time (Fig. 1). SJNNV-inoculated fish 223 

displayed a higher number of RNA2 copies compared to animals in the RGNNV group 224 

within each sampling time; however, the increase in the number of log RNA2 copies 225 

from 3 to 72 h p.i. was higher for RGNNV (4.49) than for SJNNV (2.56). Viral genome 226 

levels at the last sampling time (72 h p.i.) were 7.77 and 9.25 log RNA2 copies/g 227 

RNA, for RGNNV- and SJNNV-inoculated fish, respectively. 228 

 229 

3.3. IFN I system induction 230 

A strong induction of ISG-15, ISG-12 and MxA genes was recorded from 3 h p.i. 231 

onwards, with similar fold change values in both organs, although with different 232 

temporal patterns (Fig. 2). 233 

In head kidney, RGNNV is a strong inductor of the transcription of several ISGs 234 

(Fig. 2 F, G, H), especially at 12 and 24 h p.i. However, SJNNV triggers the induction 235 

earlier than RGNNV, with fold change values of 2.1, 7.2 and 12.6 for ISG-15, ISG-12 236 

and MxA, respectively, at 3 h p.i., establishing, therefore, a quicker systemic response. 237 

In addition, ISG-15, ISG-12 and MxA transcription in SJNNV group increased 238 

throughout the time, with maximum fold change values always at 72 h p.i. (77.3, 739.7, 239 
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293.4, respectively), whereas maximal transcript values in RGNNV-inoculated fish 240 

were at 12 h (for ISG-15 and MxA genes) or 24 h (for ISG-12) (Fig. 2 F, G, H). IFN-I 241 

transcription was not recorded at any analyzed time (Fig. 2 E). 242 

In brain (Fig. 2 A, B, C, D), the induction of IFN system is slower than in head 243 

kidney, with values of ISG transcripts at 12 h p.i. lower in this tissue than in head 244 

kidney. The temporal pattern of ISG-15 and ISG-12 transcription in brain from 245 

RGNNV-inoculated fish was consistent with viral replication in this organ, showing 246 

maximum levels at 72 h p.i., with mean fold change values of 1921.7 and 7674.7 for 247 

ISG-12 and ISG-15, respectively (Fig. 2 B, C). Significant differences between 248 

genotypes were only recorded for ISG-15 gene at 72 h p.i. At this time, RGNNV was a 249 

stronger inductor of this gene compared to SJNNV (Fig. 2 B). Similarly, RGNNV also 250 

induced higher level of IFN-I transcripts at this sampling time (263.1 and 3.32 folds for 251 

RGNNV- and SJNNV-infected fish, respectively) (Fig. 2 A). Regarding MxA (Fig. 2 252 

D), the transcription of this gene in brain from RGNNV-infected fish showed a peak at 253 

24 h p.i. (412.3 folds), whereas maximum levels of transcription after SJNNV infection 254 

were recorded at 72 h p.i. (493.2 folds), being these values higher than those obtained in 255 

the RGNNV group at the same sampling time (Fig. 2 D). 256 

 257 

3.4. Inflammatory genes 258 

The analysis of genes encoding pro-inflammatory cytokines showed that 259 

transcription of IL-8 increased quickly after infection in both organs (at 3 h p.i.), brain 260 

and head kidney (Fig. 3 A, E), whereas the levels of TNF-mRNA increased later 261 

(from 24 h p.i.) (Fig. 3 B, F), with a clear down-regulation up to 12 h p.i. in both organs. 262 

In brain, induction of pro-inflammatory genes (Fig. 3 A, B), especially TNF-was 263 

stronger than in head kidney, and RGNNV induces higher levels of transcription of both 264 
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pro-inflammatory genes compared to SJNNV at the last sampling time (maximum mean 265 

fold change values of 1628.5 and 73.4 for TNF-, 184.1 and 29.3 for IL-8 in RGNNV 266 

and SJNNV groups, respectively) (Fig. 3 A, B). 267 

In head kidney, SJNNV triggers a higher induction of both pro-inflammatory genes 268 

compared to RGNNV at 3 h p.i. for IL-8 (8.1 mean fold change; Fig. 3 E), and at 24 h 269 

p.i. for TNF- (3.2 mean fold change; Fig. 3 F). In addition, a clear increase of IL-8 270 

transcripts over the time was observed for both genotypes (Fig. 3 E, F). 271 

Unlike what happens with pro-inflammatory gene transcription, in general, anti-272 

inflammatory genes were induced at the same level in both organs, with clear up-273 

regulations of IL-10 and TGF- genes at 24 and 72 h p.i. (Fig. 3 C, D, G, H). In both 274 

organs, the IL-10 gene was down-regulated up to 12 h p.i. 275 

 276 

3.5. Transcription of genes involved in adaptive response 277 

When the acquired response was evaluated, it was observed that in head kidney both 278 

genes analyzed, MHCII-and TR-, were down-regulated at the first sampling times 279 

(Fig. 4 C, D). The up-regulation of these genes was recorded later, at 24 or 72 h p.i. 280 

(depending on the viral genotype), with maximum fold change values of 13.1 at 72 h 281 

p.i., for MHCII- gene in the SJNNV-infected group, and 4.3 at 72 h p.i., for TR-in 282 

the RGNNV-infected group (Fig. 4 C, D). 283 

In brain (Fig. 4 A, B), the kinetics of MHCII- transcription was similar to that 284 

previously described in head kidney, with maximum fold change values at 72 h p.i. for 285 

both, RGNNV (14 folds) and SJNNV (87.5 folds) groups. However, the temporal 286 

pattern of TR-transcription is different, with a strong up-regulation early after 287 

infection (from 3 h p.i.), especially in the RGNNV-infected group (96.2 folds) (Fig. 4 288 

B). 289 
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 290 

3.6. Antibody response 291 

A measurable level of specific anti-NNV antibodies was recorded only in sera from 292 

challenged animals, with important differences between genotypes (Fig. 5). The results 293 

showed an intense production of anti-SJNNV antibodies at 30 days p.i., with titres of 294 

1/4,096, whereas the anti-RGNNV antibody titre was 1/1,024. 295 

 296 

4. Discussion 297 

In this study, it has been possible to determine transcriptional profiles of different 298 

immuno-genes, as well as the antibody response of European sea bass after infection 299 

with RGNNV, highly virulent to sea bass, and SJNNV, less virulent to this fish species. 300 

Recently, Pascoli et al. [24] have reported a poor in vivo cross-protection between these 301 

two genotypes in sea bass, which evidences the importance of investigating the immune 302 

response triggered by both genotypes. 303 

Viral genome quantification by real-time PCR showed an increase in the number of 304 

RNA2 copies of both genotypes throughout the time, which may indicate viral 305 

replication. Nodavirus replication in fish species not showing disease symptoms, as it 306 

happens for SJNNV genotype in this study, has been previously described for Atlantic 307 

halibut, Atlantic cod and sea bream [19, 35-37]. In addition, Souto et al. [8] reported 308 

similar RNA2 copy number in brains from RGNNV- and SJNNV-inoculated surviving 309 

sea bass, suggesting similar replication levels for both genotypes. Our results suggest a 310 

higher replication rate for RGNNV (considering the difference in the number of RNA2 311 

copy number from 3 to 7 h p.i.), which agrees with previous studies showing that viral 312 

isolates highly virulent to a specific host display faster kinetics of replication than low 313 

virulent isolates [10, 38, 39]. 314 
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In addition, a higher number of RNA2 copies was recorded at 3 h p.i. in the SJNNV 315 

group, which may indicate a faster spread from the injection site to the brain; however, 316 

this aspect needs to be further investigated. Although the number of RNA2 copies was 317 

always higher in the SJNNV group, this fact did not give raise to a more intense 318 

immune response, meaning that a lower number of copies of the RGNNV genotype can 319 

induce a similar o even more intense immune response. 320 

The transcription analysis of IFN-I, ISG-12, ISG-15 and MxA showed that NNV is a 321 

strong inducer of sea bass IFN I system in brain and head kidney, which confirms the 322 

importance of this innate defence mechanism in controlling this viral infection. 323 

Noteworthy, RGNNV seems to induce a more intense response of the IFN I system 324 

compared to SJNNV. The IFN-I transcription was not recorded in head kidney at any 325 

time, whereas ISG-15, ISG-12 and MxA were clearly up-regulated in this organ. Other 326 

authors [18] also failed in the detection of IFN-I transcription in sea bass kidney. 327 

Although the induction in an IFN-independent way of some ISGs, such as ISG-15 and 328 

Mx, has been recorded [40-42] it is unlikely this to happen for the three ISGs analyzed. 329 

Therefore, the IFN-I induction in head kidney seems to be very transitory, and, in 330 

consequence, difficult to record. On the contrary, the transcription of this gene in brain 331 

seems to last longer, as it has also been reported by Scapigliati et al. [18]. 332 

Mx gene is the most frequently analyzed ISG in sea bass, having been studied as a 333 

marker of the IFN I system. Thus, numerous studies have evaluated Mx transcription in 334 

this fish species after RGNNV infection, mainly in head kidney, with first detection of 335 

Mx mRNA at times post-infection ranging from 6 to 72 h [17-20]. In this study, a strong 336 

induction triggered by RGNNV was found at 12 h p.i. in head kidney (3174.1 folds) 337 

(Fig. 2 H), with significant differences between both genotypes at 12 h p.i. This result is 338 

in contrast to Carballo et al. [9], who demonstrated that sea bass head kidney Mx gene 339 
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was induced at higher level by SJNNV than RGNNV. Similarly, a highest induction of 340 

Mx transcription has been recorded in sea bream (resistant to the infection) in 341 

comparison with sea bass (susceptible) [17]. Based on these observations, Mx has been 342 

suggested to be essential in controlling NNV infections. In fact, the direct anti-NNV 343 

activity of this protein has been demonstrated in cells over-expressing the seven-banded 344 

grouper Mx gene [43]. These previous reports refer to Mx gene, without distinguishing 345 

between MxA and MxB. The present work has used primers detecting specifically 346 

MxA, which transcribes earlier and at higher level than MxB in kidney of RGNNV-347 

infected sea bass [20]. An underestimation of MxA transcription by the primers used in 348 

previous studies, as well as differences in fish age or isolates, could explain these 349 

discrepancies. In fact, fish age is an important factor determining the appearance of 350 

betanodavirus disease, as it has been previously suggested [44], which can be the result 351 

of differences in the host immune response. In addition, the high transcription of other 352 

ISGs analyzed in this study following RGNNV infection is consistent with the MxA 353 

transcription recorded. Furthermore, the analysis of the MxA transcription in brain (Fig. 354 

2 D) also corroborates the ability of the highly virulent RGNNV isolate to induce this 355 

gene transcription. The decrease of MxA transcription in head kidney over the time in 356 

RGNNV-inoculated animals has also been recorded by Scapigliati et al. [18]. 357 

ISG-15 is an important ISG, which can display direct antiviral activity by 358 

conjugating with cellular or viral proteins, or can have cytokine-like activity [45]. A 359 

recent study has demonstrated high levels of ISG-15 transcription in brain and head 360 

kidney of experimentally RGNNV-infected sea bass [21]. This result is consistent with 361 

the induction profile obtained for both organs in the present study (Fig. 2 B, F). In 362 

addition, a clear relation between viral replication and ISG-15 transcription in the viral 363 

target organ has been evidenced. On the whole, RGNNV is an ISG-15 inducer stronger 364 
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than SJNNV, especially at the last sampling time analyzed. The potent induction 365 

elicited locally by the RGNNV isolate can also be involved in an increased 366 

inflammatory reaction in brain, as has been reported for some mammalian ISG-15 367 

proteins. A similar pattern and intensity of induction has been described for ISG-12 368 

gene (Fig. 2 C, G). ISG-12 is a small protein involved in activating the intrinsic 369 

apoptosis pathway [46], and its antiviral activity has been demonstrated for various 370 

viruses affecting high vertebrates, including neurotropic viruses [47, 48]. The high 371 

induction recorded after RGNNV and SJNNV infection in this work points out an anti-372 

NNV role of the sea bass ISG-12 protein, comparable to those of more extensively 373 

analyzed ISGs, such as Mx and ISG-15. To our knowledge, the only previous study on 374 

ISG-12 induction has been performed with sea bass leukocytes stimulated with poly I:C 375 

[49]. 376 

The importance of the inflammatory process in the course of NNV infections has 377 

been previously suggested, and it seems to be supported by the results obtained in the 378 

present study. Thus, the transcription of IL-8, which attracts and activates neutrophils, 379 

and TNF-, which regulates inflammation and apoptosis, has been significantly higher 380 

in brain than in head kidney, with the RGNNV being a stronger inductor (Fig. 3 A, E). 381 

Although inflammation is essential to control NNV multiplication in brain [17, 22, 50, 382 

51], an uncontrolled process may cause tissue damage. In fact, one of the main 383 

differences between the immune response against nodavirus infection in sea bass and 384 

sea bream is the long-lasting anti-inflammatory response in sea bream [17], which 385 

would prevent the typical histological lesions in brain. Although this may also be an 386 

important difference in sea bass immune response against SJNNV and RGNNV, no 387 

differences have been recorded in the induction of the anti-inflammatory genes IL-10 388 

and TGF-, therefore analyses at longer times p.i. would be required in order to probe 389 
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this hypothesis. In a previous study, induction of IL-10 and TGF-was recorded up to 390 

10 days p.i. in head kidney from RGNNV-challenged sea bass, although at low level 391 

[18]; however, no data about SJNNV-triggered transcription are available. 392 

The most significant difference between the immune response induced by both 393 

genotypes refers to the antibody titre in sera, with the SJNNV eliciting the production of 394 

a higher titre of antibodies than RGNNV at 30 d p.i. Both genotypes belong to different 395 

serotypes, with the C-terminal end of the capsid protein containing the immune reactive 396 

portion [52]. Previous studies have shown the presence of antibodies in sera from 397 

RGNNV-infected or immunized fish [18, 23-25, 53], and antibody detection has been 398 

widely used to detect previous exposures to the virus. In this study, the titre of anti-399 

nodavirus antibodies was higher in SJNNV-inoculated fish and, therefore, it is tempting 400 

to suggest that this higher antibody response could be partly responsible for the lack of 401 

disease in sea bass after inoculation with this genotype. However, in a recent study 402 

Pascoli et al. [26] reported a higher antibody production in sea bass inoculated with 403 

inactivated RGNNV than after inoculation with inactivated SJNNV. This discrepancy 404 

may be consequence of differences regarding the viral isolate used. In fact, the level of 405 

antibodies produced in response to RGNNV infections varies widely depending on the 406 

challenge considered [18, 25, 26]. In addition, in the previous study [26] sea bass 407 

specimens were injected with the same dose of inactivated RGNNV and SJNNV 408 

isolates, whereas in the present study the replication of both genotypes has been 409 

recorded, with SJNNV reaching a higher number of RNA2 copies at all sampling times, 410 

which may also be an important difference to be considered. Therefore, a more 411 

extensive study, using a wide range of RGNNV and SJNNV isolates, would be 412 

necessary. 413 
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The importance of the acquired response is not only at a systemic level, but also at a 414 

local level, since TR- transcription is significantly higher in brain than in head kidney 415 

of infected fish (especially in the RGNNV group) (Fig. 4 B, D). In addition, the time 416 

course of the induction of this gene in both tissues is different. The immune response to 417 

NNV in brain is characterized by an early TR-response (Fig. 4 B), which is a T-cell-418 

related receptor, suggesting an important role of the acquired immunity in controlling 419 

viral replication in the target organ, as it has been previously reported in brain of 420 

experimentally-challenged sea bass and Atlantic halibut [54, 55]. On the contrary, in 421 

head kidney no increase of TR-transcription at 3, 12 and 24 h p.i. was recorded, which 422 

may indicate either a quick migration of T-cells to the brain as target organ or down-423 

regulation of this gene transcription. This result is surprising, since this gene has been 424 

classically considered to be important mainly in mucosal tissues, such as gills or 425 

intestine, and kidney and brain are the organs showing the lowest basal levels of gene 426 

expression [55]. Regarding MHCII-(Fig. 4 A, C), the lack of transcription of this gene 427 

recorded at the beginning of the infection in both tissues has also been described for 428 

different experimental systems, including rainbow trout infected with Infectious 429 

Pancreatic Necrosis Virus (IPNV) [28]. Our results support the putative role of the local 430 

adaptive immune response suggested by an important up-regulation of the gene coding 431 

the IgM light chain following RGNNV challenge in sea bass [18]. 432 

This study has shown that RGNNV and SJNNV stimulated a complete immune 433 

response, involving the induction of numerous genes related with both, innate and 434 

adaptive responses. These responses have been recorded both at a local (brain) and 435 

systemic (head kidney) level, with SJNNV inducing an early immune gene transcription 436 

in kidney. Thus, the quicker systemic response induced by SJNNV, together with a 437 
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higher production of antibodies, may be partly responsible for the resistance of sea bass 438 

to this genotype.  439 

The present work complements and extends previous studies, and poses questions to 440 

be considered in future investigations, such as, for instance, that both, RGNNV and 441 

SJNNV, stimulated an immune response that includes the induction of innate- and 442 

adaptive response-related genes as well as a humoral antibody response. 443 
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Figure captions 653 

 654 

Fig 1. Absolute quantification of NNV RNA2 segment in brain from juvenile European 655 

sea bass experimentally challenged with RGNNV or SJNNV. Data are mean ± SD 656 

obtained from five different samples. Different letters denote significant differences (p 657 

< 0.05). 658 

 659 

Fig 2. Relative quantification of the indicated IFN I system-involved genes in brain (A, 660 

B, C, D) and head kidney (E, F, G, H) from juvenile European sea bass experimentally 661 

challenged with RGNNV or SJNNV. Data are mean ± SD obtained from five different 662 

samples. Different letters denote significant differences (p < 0.05) between genotypes 663 

within each sampling time. Asterisk refers to significant differences (p < 0.05) with 664 

control fish. 665 

 666 

Fig 3. Relative quantification of the indicated inflammatory response-involved genes in 667 

brain (A, B, C, D) and head kidney (E, F, G, H) from juvenile European sea bass 668 

experimentally challenged with RGNNV or SJNNV. Data are mean ± SD obtained from 669 

five different samples. 670 

 671 

Fig 4. Relative quantification of the indicated response-involved genes in brain (A, B) 672 

and head kidney (C, D) from juvenile European sea bass experimentally challenged 673 

with RGNNV or SJNNV. Data are mean ±SD obtained from five different samples.  674 

 675 

Fig 5. Titration of anti-RGNNV (    ) and anti-SJNNV (    ) antibodies in sera from 676 

experimentally challenged European sea bass at 30 days p.i. White symbols represent 677 



30 
 

antibodies in control groups. (1) and (2) are the thresholds for samples from the 678 

SJNNV- and RGNNV-infected fish, respectively. Data represent mean OD values ± SD 679 

obtained by the ELISA analysis of 3 samples composed of sera from 5 different fish. 680 

 681 



Table 1. Primers used in this study 

Target gene Sequence (5´-3´) Amplicon 

size (bp) 

Reference 

rRNA18S CCAACGAGCTGCTGACC 208 [16] 

 CCGTTACCCGTGGTCC   

MxA ATTCTGAGTTCTTGCTGAAGG 113 [18] 

 CCTCTAGAACTCCACCAGG   

TGF- GACCTGGGATGGAAGTGG 225 [16] 

 CAGCTGCTCCACCTTGTG   

IFN-I GGCTCTACTGGATACGATGGCT 200 [16] 

 GCGTCCAAAGCATCAGCT   

MHCII- CAGAGACGGACAGGAAG 240 [55] 

 CAAGATCAGACCCAGGA   

IL-8 GTGCTCCTGGCGTTC 220 [56] 

 CTTCACCCAGGGAGC   

TR- CTGCTGTGTGTGGCCTCAGAC 200 [54] 

 GTGCTGGACGGAGCAGTGGTA   

ISG-12 CCTGGTACAGCTGCTGT 199 [47] 

 AGCTGCTCCTGCTGACT   

ISG-15 CGACTCAAAGCCTCTCTGCTACT 100 [19] 

 CGTTTCTGACGAACACCTGGAT   

IL-10 ACCCCGTTCGCTTGCCA 164 [16] 

 CATCTGGTGACATCACTC   

TNF- CGACTGGCGAACAACC 220 [57] 

 GCTGTCCTCCTGAGC   

CP_RGNNV CGTCCGCTGTCCATTGACTA 100 [32] 

 CTGCAGGTGTGCCAGCATT   

CP_SJNNV GACACCACCGCTCCAATTACTAC 75 [33] 

 ACGAAATCCAGTGTAACCGTTGT   

 

Table1
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HIGHLIGHTS 

 

IFN I system response against RGNNV is more intense, especially in kidney 

Transcription of inflammatory genes is higher in brain, with RGNNV being a stronger inductor 

Antibody response against SJNNV is more intense 

The early TR- response in brain suggests a key role of acquired immunity in controlling viral 

replication 
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