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Abstract 

Background Viral hemorrhagic septicemia virus (VHSV) is a highly pathogenic virus that poses a significant threat 
to the health of diverse marine species. Among these, trout species, particularly rainbow trout (Oncorhynchus mykiss), 
are highly susceptible. This study evaluated the effects of VHSV infection on the biometric traits of rainbow trout 
and investigated the molecular mechanisms associated with the disease.

Results Biometric traits of fish were collected and documented weekly during the fourth and fifth weeks 
of the experiment. A statistically significant difference in body weight was observed in the fifth week, particularly 
between the control group and the groups injected with either physiological saline or the virus. Additionally, body 
length-related attributes showed significant variation across all treatment groups within the designated timeframe. 
RNA was extracted from spleen tissue of the group injected with high doses of physiological saline and the group 
injected with high doses of the virus using the TRIzol protocol. Differential gene expression analysis revealed 1,726 
genes with significant differences between the two groups. Several key immune-related genes were identified, 
including TLR2, TLR7, TLR8, TLR22, IRF5, IRF6, IRF7, IRF8, IRF10, IL11a, IL12B, IL1b, IL7R, ILR1 II, HSP90B1, HSP47, TNF-α, 
TRF3, SPRY1, CASP3, FN1, GAPDH, and IgGFc-binding proteins. Network-based analysis of differentially expressed 
genes was conducted using the GeneMANIA module in Cytoscape, and metabolic pathways were identified 
through the DAVID database. The results highlighted the involvement of key pathways, including the Toll-like recep-
tor pathway, p53 signaling pathway, PPAR signaling pathway, and the cell cycle, in the infected group. Validation 
tests for selected upregulated (EPCAM, APOC2 and XDD4) and downregulated (TLR7, XDH, and TSPAN36) candidate 
genes, were conducted using qRT-PCR. The qPCR results showed a strong and statistically significant correlation 
with the RNA-seq data, confirming the reliability of the findings.

Conclusions VHSV significantly impacts the growth of rainbow trout, affecting both body length and gene expres-
sion. This study underscores the substantial economic risks posed by the virus and the absence of an effective cure, 
highlighting the importance of preventative measures. Additionally, potential resistance genes and pathways were 
identified through RNA sequencing, providing valuable insights for improving trout breeding programs.
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Background
The first isolation of Viral Hemorrhagic Septicemia Virus 
(VHSV) from European rainbow trout (Oncorhynchus 
mykiss) was reported by [1]. Since then, the virus has 
been identified in over 82 different fish species world-
wide [2, 3]. Infectious diseases are widespread in marine 
ecosystems, causing devastating economic losses in the 
aquaculture industry and posing significant threats to 
fisheries [4, 5]. Viral infections account for 25% of com-
mon marine diseases and impact 49% of fish species. The 
high mortality rates of wild fish in large lakes due to viral 
diseases have drawn considerable attention from both 
researchers and governments to investigate the underly-
ing causes and identify the infectious agents responsible 
[4].

Viral hemorrhagic septicemia (VHS) is classified as a 
major aquatic disease by the World Organization for Ani-
mal Health (OIE). Despite extensive efforts, no effective 
treatment exists to control its spread [6]. VHSV affects a 
wide range of marine species, with rainbow trout (Onco-
rhynchus mykiss) being particularly susceptible [7]. A 
member of the Rhabdoviridae family and Novirhab-
dovirus genus, VHSV possesses a negative-strand RNA 
genome approximately 12 kbp in length. This genome 
encodes five structural proteins: nucleoprotein (N), phos-
phoprotein (P), matrix protein (M), glycoprotein (G), 
and RNA polymerase (L) as well as a nonstructural pro-
tein (NV) [8, 9]. Numerous studies have investigated the 
molecular mechanisms and key genes associated with 
VHSV infection and resistance [5, 7, 10–14]. Research 
on rainbow trout (Oncorhynchus mykiss) has examined 
both resistant and susceptible lines, resulting in the iden-
tification and precise mapping of quantitative trait loci 
(QTL). These studies highlight the critical role of inter-
feron and interferon-stimulated genes in enhancing the 
innate immunity of rainbow trout, thereby strengthen-
ing their defenses against VHSV. In particular, cell lines 
A22 and B57 infected with inactivated VHSV exhibited 
heightened resistance responses. Additionally, the identi-
fication of genes associated with innate immunity located 
near QTLs in the rainbow trout (Oncorhynchus mykiss) 
genome provides further evidence supporting these find-
ings [5].

Wild strains of viral hemorrhagic septicemia virus 
(VHSV) are associated with higher mortality rates in 
farmed salmon (Salmo salar), whereas strains isolated 
from marine fish have shown reduced disease severity in 
rainbow trout (Oncorhynchus mykiss) [7]. Comprehen-
sive genomic analyses of various marine and freshwater 
species suggest that a small number of amino acids may 
significantly influence the severity of VHSV infections in 
rainbow trout (Oncorhynchus mykiss) [7]. Recent studies 
have identified specific genetic markers within the NV 

and N proteins that are associated with virulence. These 
findings underscore the genetic diversity of VHSV and 
its potential impact on disease severity and outcomes in 
aquaculture species [1].

The advent of RNA-seq technology has significantly 
advanced transcriptional studies in various fish species, 
including zebrafish (Danio rerio), channel catfish (Icta-
lurus punctatus), European bass (Dicentrarchus labrax), 
and rainbow trout (Oncorhynchus mykiss) [13–15]. By 
analyzing fish transcripts before and after exposure to 
challenges, researchers can identify genes and pathways 
associated with immune responses. Furthermore, RNA-
seq facilitates the identification and selection of dis-
ease-resistant fish and enables the examination of gene 
expression in different tissues under varying conditions 
[14].

The relationship between hosts and parasites or viruses 
is complex and warrants further investigation. Studying 
specific genes and mechanisms involved in disease resist-
ance provides valuable insights for developing enhanced 
strategies to combat infections [16].

Fish resistance to pathogens, including viruses and 
bacteria, is influenced by genetic factors [17]. Analyzing 
the expression of immunity-related genes in response 
to pathogens provides valuable insights into identifying 
genes that confer resistance to aquatic diseases. Addi-
tionally, exploring immune genes within the context of 
vaccine development holds significant potential [18]. 
Immunological studies on rainbow trout (Oncorhynchus 
mykiss) are particularly important due to their critical 
role in food production and their direct contributions to 
agriculture and industry [19].

Evaluating biometric parameters in rainbow trout 
(Oncorhynchus mykiss) during VHSV infection pro-
vides critical insights into the impact of viral pathogens 
on fish physiology and health [20]. Biometric data, such 
as body weight, total length, fork length, and standard 
length, are essential in fisheries science as indicators of 
physiological status, health, immune responses, and dis-
ease resistance [21]. Body condition, a key marker of fish 
health, reflects energy allocation and overall physiologi-
cal status [22, 23]. While morphometric indices are com-
monly used to assess body condition in relation to energy 
reserves, they also correlate with chronic stress, parasite 
load, and oxidative stress [24–26]. Monitoring these bio-
metric metrics allows researchers to evaluate the sever-
ity of infections like VHSV and their effects on critical 
traits associated with immunity and disease resistance, 
thereby deepening the understanding of fish health [20]. 
Combining biometric evaluations with transcriptomic 
analyses provides a comprehensive perspective on VHSV, 
enabling more precise interventions and the discovery of 
novel genetic markers for selective breeding programs. 
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This integrated approach contributes to the development 
of disease-resistant trout strains, enhancing the sustain-
ability and economic viability of aquaculture [20].

This study investigated the effects of VHSV on rainbow 
trout (Oncorhynchus mykiss), focusing on its economic 
impact and the critical role of genetic mechanisms in 
disease resistance. The primary objective was to evaluate 
fish biometric traits, including growth, standard length, 
fork length, and total length, during VHSV infection. 
Genome-wide expression profiling using high-through-
put sequencing was conducted to track gene expression 
changes, coupled with pathway enrichment analysis to 
identify virus-affected pathways. The study aimed to pin-
point specific genes and signaling pathways altered by 
VHSV, providing potential targets for breeding programs 
to enhance disease resistance. By identifying interven-
tions to mitigate the effects of VHSV on rainbow trout 
(Oncorhynchus mykiss) populations, this research sup-
ports the development of selective breeding strategies to 
improve disease resistance and ensure the sustainability 
of aquaculture practices.

Methods
Location and experimental design
This study was conducted at the Aquaculture Laboratory 
Technology Incubator Center, Islamic Azad University, 
Roudehen Branch, located in Roudehen county, Tehran 
Province, Iran. A total of 310 fish, each weighing between 
86 and 97  g, were obtained from a VHSV-free indus-
trial fish farm in Alashtar County, Lorestan Province, 
Iran, and subsequently transported to Roudehen, Tehran 
Province.

The fish were housed in 18 open rectangular fiberglass 
tanks, each with dimensions of 0.92 m in width, 0.96 m in 
length, and 1.2 m in depth, providing a volume of 1.058 
 m3 per tank. The stocking density was maintained at 
1.7 kg /m3, with 17 fish held in 1,058 L of water, corre-
sponding to a cultivation density of 1.5 kg/m3 [20].

Fish maintenance
A total of 310 fish were housed in tanks and fed a com-
mercial diet three times daily (Simia, Iran). The required 
amount of food was calculated based on the live weight 
of the fish, using the feeding guidelines provided on the 
food packaging. Meals were administered in the morn-
ing, noon, and evening. Tank cleaning and siphon-
ing were performed twice daily. Before the start of the 
experiments, the fish underwent a two-week acclimation 
period [20]. The experiment utilized a closed water sys-
tem with automatic flow every 3 h. The total duration of 
the study, including the acclimation period and the com-
pletion of tissue sampling, was one month [19, 20].

Physical and chemical quality of water conditions
The water used in this investigation was sourced from a 
pit and stored in a 5,000-L fiberglass tank for 8 h prior 
to use. During the farming period, key water qual-
ity parameters, including temperature, pH, salinity, 
dissolved oxygen, and ammonium levels, were meas-
ured weekly using the KARIZAB Kit (Karizab, Iran; 
http:// www. kariz ab. com). The water conditions were 
maintained at consistent levels throughout the study: 
temperature at 10  °C, pH at 7.5, salinity at 3 ppt, and 
dissolved oxygen at 10.2 mg/L [20].

Virus preparation
The VHSV strain used in this study belongs to genotype 
Ia. It was cultured at the National Reference Laboratory 
for Applied Studies and Diagnosis, affiliated with the 
Veterinary Organization of Alborz Province in Karaj, 
Iran. The virus was prepared for the study following the 
methods described in references [27, 28].

Viral challenge
After transferring 310 fish to the research center and 
completing the acclimation period, 29 fish died, leav-
ing 281 fish available for experimental treatments. The 
study included five randomly treatment groups, labeled 
A, B, C, D, and E, which were randomly assigned. 
Groups A and B were injected with 0.03 ml and 0.06 ml 
of VHSV, respectively, while groups C and D received 
0.03  ml and 0.06  ml of physiological saline (PHSA). 
Group E, the control group, did not receive any injec-
tions. Each group consisted of 60 fish, except for group 
E, which included 41 fish [20].

Biometric traits analysis
Biometric measurements, including body weight and 
lengths (standard length, fork length, and final length), 
were recorded on days 28 and 35 of the rearing period. 
A one-way analysis of variance (ANOVA) was con-
ducted to evaluate all biometric data. Tukey’s Honestly 
Significant Difference (HSD) test was used to compare 
the means among the different experimental groups. 
All statistical analyses were performed using R software 
(version 1.6.3; https:// www.r- proje ct. org/).

Identification of VHSV and RNA preparation
To identify VHSV in the fish groups, spleen samples 
were collected and analyzed using RT-PCR [29]. Tissue 
samples were preserved with RNAlater® RNA Stabiliza-
tion Reagent (Qiagen, Hilden, Germany). Subsequently, 
spleen tissues from two groups  (one infected with 
0.06  mL VHSV and the other administered 0.06  mL 
physiological saline) were selected for RNA extraction. 

http://www.karizab.com
https://www.r-project.org/
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Total RNA was isolated using the TRIzol RNA isolation 
protocol (Invitrogen, Carlsbad, CA). The quality and 
integrity of the extracted RNA were assessed using a 
Nanodrop 2000 and an Agilent 2100 bioanalyzer before 
library construction. The primer sequences used for 
RT-PCR were as follows: VN For (5’ ATG GAA GGA 
GGA ATT CGT GAA GCG 3’) and VN Rev (5’ GCG 
GTG AAG TGC TGC AGT TCC C 3’), which amplified 
a 505 bp fragment of the VHSV N-gene [29].

Library preparation and RNA‑sequencing
During the RNA sequencing procedure, samples with 
the highest RNA quality and an RNA Integrity Number 
(RIN > 7.0) were selected for each replicate. Each RNA 
sample was derived from pooled spleen tissue collected 
from ten fish. mRNA-seq libraries were generated using 
Poly-A RNA and the TruSeq™ RNA Sample Preparation 
Kit (Illumina), following the manufacturer’s protocols. 
A total of six libraries were prepared, comprising three 
samples each from the PHSA-treated and VHSV-treated 
groups. Paired-end sequencing with a read length of 
150  bp was performed on a HiSeq2500 platform (Illu-
mina) at Novogene Company, Beijing, China.

RNA sequencing data analysis
Before analysis, raw Illumina HiSeq-2500 data were sub-
jected to quality control using FastQC [30]. Quality met-
rics were assessed based on a nucleotide quality threshold 
of Q ≥ 30. Low-quality read pairs and residual adapters 
were removed using Trimmomatic [31]. ensuring that 
only high-quality reads were retained for downstream 
analysis. Cleaned reads from each RNA-seq sample were 
first aligned using the spliced read aligner TopHat v2.0.11 
[32] and Subsequently, Bowtie2 version 2.2.3 was used to 
further align the cleaned reads [33]. The alignment was 
performed against the rainbow trout (Oncorhynchus 
mykiss) reference genome (GenBank assembly accession 
number GCA_002163495.1) [34].

Differential gene expression analysis between samples 
treated with 0.06 mL VHSV and 0.06 mL PHSA was con-
ducted using Cufflinks v2.2.1 [35]. The assembled transcripts 
generated by Cufflinks were combined into a unified tran-
scriptome set using Cuffmerge v2.2.1 [35]. Differentially 
expressed transcripts were identified using the Cuffdiff utility 
v2.2.1 [35], applying a threshold of |Fold Change (FC)|> 1 to 
determine significant differences between the two groups.

To control the false discovery rate (FDR), multiple test 
corrections were applied using the Benjamini and Hoch-
berg method, with a significance level set at p < 0.05. The 
visualization of Cuffdiff RNA-seq results was performed 
using the cummerbund R package (version 2.32.0) [36].

Biological pathways analysis
To understand the biological processes underlying 
changes in gene expression and the interactions among 
these genes, the KEGG database (Kyoto Encyclopedia 
of Genes and Genomes) was utilized as a resource for 
gene and genome information, (https:// www. genome. 
jp/ kegg/) [37]. Additionally, the online Database for 
Annotation, Visualization, and Integrated Discovery 
(DAVID) was used for further analyses (https:// david. 
ncifc rf. gov/ home. jsp). The GeneMANIA prediction 
server was employed, leveraging zebrafish (Danio rerio) 
data, to predict gene–gene networks, particularly for 
significant genes [38, 39].

Validation of differentially expressed transcripts 
by quantitative real‑time PCR (qRT‑PCR)
To validate the accuracy of RNA-seq differential 
expression, RNA samples from spleen tissue used for 
sequencing were also analyzed using qRT-PCR. The 
expression levels of six randomly selected genes, three 
upregulated (ddx4, apoc2 and epcam) and three down-
regulated (tspan36, xdh, and tlr7) were measured using 
qRT-PCR with primers designed using Oligo v7 soft-
ware [40]. As described in [41], cDNA synthesis was 
performed by mixing 4 µL of RNA with reverse tran-
scriptase reagents and random hexamers (Promega) 
in a total volume of 25 µL. The qRT-PCR reactions, 
executed using a Bio-Rad thermocycler (Bio-Rad Lab-
oratories Inc., Hercules, CA, USA) and SYBR Green 
Master Mix (Thermo Fisher Scientific, USA), followed 
the manufacturer’s guidelines. The thermal cycling 
conditions consisted of: initial denaturation at 95  °C 
for 10 min, 40 cycles at 95  °C for 15  s, 60  °C for 30  s, 
72 °C for 30 s, and a final extension at 72 °C for 5 min. 
Relative gene expression was measured using the Pfaffl 
method [42] with normalization to β-actin gene. The 
fold expression values were calculated by dividing the 
normalized expression of the experimental samples by 
the control values. The reactions for each gene were 
repeated three times, and a no-template control was 
used for each gene.

Expression ratio =
Etarget

△CPtarget(control−treatment)

Eβ_actin
△CPβ_actin(control−treatment)

https://www.genome.jp/kegg/
https://www.genome.jp/kegg/
https://david.ncifcrf.gov/home.jsp
https://david.ncifcrf.gov/home.jsp
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primer efficiency for each gene was evaluated through 
a standard curve approach to ensure reliable quan-
tification, as recommended by following formula: 
E = 10−1/slope) [43]. Differential expression between sam-
ples was analyzed using a Student’s t-test, with a p-value 
of less than 0.05 considered statistically significant.

Results
Diagnosis of VHSV in the treated fish samples
To confirm VHSV infection in fish specimens, spleen 
tissue samples were analyzed. The RT-PCR protocol 
produced successful results consistent with established 
methodologies, and the amplified products were visual-
ized via electrophoresis on a 1% agarose gel (Fig. 1).

As shown in Fig. 1, the targeted fragment of the VHSV 
N gene was successfully amplified. To ensure robust 
data validation, PCR analysis included samples from the 
virus-injected, non-injected, and physiological saline-
injected groups. This comprehensive approach enabled 

a thorough assessment of potential contamination across 
all experimental groups.

The clear amplification of this gene fragment con-
firmed the unequivocal presence of the virus in the tested 
samples. Additionally, no viral gene amplification was 
observed in either the physiological saline-injected group 
or the control group.

RNA was extracted from six rainbow trout (Oncorhyn-
chus mykiss) spleen samples using TRIzol reagent (Invit-
rogen, Carlsbad, CA, USA). The quality of the extracted 
RNA was assessed using an Agilent Bioanalyzer 2100 sys-
tem. Only samples with an RNA Integrity Number (RIN) 
greater than 7 were selected for cDNA library construc-
tion [44].

The results of the RNA concentration determination 
and RIN assessment for the samples submitted to Nova-
gen, China, are summarized in Table 1. (Table 1; Supple-
mentary Tables section).

Fig. 1 A fragment of the N gene from VHSV with a length of 505 bp amplified by PCR. Lane 1: Control sample without injection, Lane 2: Sample 
with virus injection: 505 bp fragment associated with the N-gene region of the VHSV virus. Lane3: Sample with physiological saline injection, 
and Lane 4: 100 bp molecular weight marker (Tekaposist Company, Iran)

Table 1 RNA integrity (quality) index of sequenced samples

Sample Name RNA (ng/ul) Vol (ul) OD260:280 OD260:230 RIN Test Conclusion

PHSA_1 320 20 1.70 1.55 8.1 Pass

PHSA_2 240 20 2.35 0.81 8.3 Pass

PHSA_3 507 20 2.05 2.16 8.2 Pass

VHSV_1 610 20 1.94 2.24 7.8 Pass

VHSV_2 280 20 1.86 0.57 7.8 Pass

VHSV_3 334 20 2.01 1.59 7.5 Pass
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Statistical analysis of biometric data
Thirty fish were randomly assigned to each treat-
ment group. Analysis of weight data during the first 
week showed average weights of 105.75  g, 104.89  g, 
107.19  g, 107.08  g, and 108.47  g for groups A, B, C, D, 
and E, respectively. The weight ranges recorded at the 
end of the first week for each group were as follows: 
96.49–112.54  g (group A), 97.50–110.49  g (group B), 
98.74–112.89  g (group C), 99.97–112.61  g (group D), 
and 101.75–114.39 g (group E) (Table 2; Supplementary 
Tables section).

As shown in Table  2, during the second week of the 
challenge, group E exhibited the highest average weight 
gain (114.65 g), while group A recorded the lowest weight 
gain (109.81 g). In group E, the maximum and minimum 
weights at the end of the second week were 119.8 g and 
108.13  g, respectively. Similarly, in group A, the maxi-
mum and minimum weights were 115.24 g and 102.41 g, 
respectively.

Over the two-week challenge period, data on body 
weight characteristics (Table 2) revealed that the highest 
weight gain occurred in group E (control group), whereas 

the lowest weight gain was observed in groups B and A 
(virus-injected groups) (Table  2; Supplementary Tables 
section).

The total length (TL) of the fish is presented in 
Table  3 (Supplementary Tables section). During the 
first week of the challenge, the maximum total body 
length recorded was 20.46 cm (group E), while the min-
imum was 20.18  cm (group A). In group E, the maxi-
mum and minimum total body lengths recorded during 
the first week were 21.6  cm and 19.5  cm, respectively. 
Similarly, in group A, the maximum and minimum 
total body lengths were 21 cm and 19.4 cm, respectively 
(Table 3; Supplementary Tables section).

The total body length of the fish during the second 
week of the challenge was measured, recorded, and 
analyzed. As shown in Table  3, the highest average 
total body length (20.95 cm) was observed in group E, 
while the lowest average value (20.26 cm) was recorded 
in group A. For group E, the maximum and minimum 
total body lengths recorded during the second week 
were 22.2  cm and 19.6  cm, respectively. Similarly, 
in group A, the maximum and minimum total body 

Table 2 Summary of biometric results for fish body weight during the first and second weeks of the virus challenge

Parameter (g) Mean ± Standard deviation Minimum values Maximum values Coefficient of Variation (%CV)

Weight of the first week of group A 105.75 ± 3.75 96.49 112.54 3.54

Weight of the first week of group B 104.89 ± 3.06 97.50 110.49 2.91

Weight of the first week of group C 107.19 ± 2.92 98.74 112.89 2.85

Weight of the first week of group D 107.08 ± 2.92 99.97 112.61 2.72

Weight of the first week of group E 108.47 ± 2.29 101.75 114.39 2.75

Weight of the second week of group A 109.81 ± 2.90 102.41 115.24 2.64

Weight of the second week of group B 109.92 ± 3.00 101.79 115.42 2.79

Weight of the second week of group C 113.21 ± 3.18 106.95 118.98 2.80

Weight of the second week of group D 113.57 ± 3.75 106.70 118.70 2.84

Weight of the second week of group E 114.65 ± 3.09 108.13 119.80 2.69

Table 3 Summary of biometric results of total fish length in the first and the second week of injection challenge

Parameter (cm) Mean ± Standard deviation Minimum values Maximum values Coefficient of variation (%CV)

TL in the first week in group E 20.46 ± 0.57 19.5 21.6 2.78

TL in the first week in group D 20.36 ± 0.8 19.4 21.2 3.92

TL in the first week in group C 20.39 ± 0.49 19.5 21.3 2.40

TL in the first week of group B 20.24 ± 0.55 19.3 21.1 2.71

TL in the first week in group A 20.18 ± 0.48 19.4 21 2.37

TL in the second week in group E 20.95 ± 0.77 19.6 22.2 3.67

TL in the second week in group D 20.79 ± 0.79 19.4 22 3.79

TL in the second week in group C 20.76 ± 0.80 19.5 22 3.85

TL in the second week in group B 20.34 ± 0.74 18.4 21.4 3.63

TL in the second week in group A 20.26 ± 0.64 19 21.5 3.15
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lengths recorded were 21.5 cm and 19 cm, respectively 
(Table 3; Supplementary Tables section).

As shown in Table  3 (Supplementary Tables section), 
the recorded total body length values indicate that the 
fish in the non-injected group E had the highest total 
body length, while the fish in the virus-injected treatment 
group A exhibited the lowest total body length.

Biometric analysis of fish body weight at the end of the 
first week of the challenge revealed a statistically signifi-
cant difference between groups E and A. Additionally, 
significant differences in body weight were observed 
between groups E and B (P < 0.05). However, when com-
paring the average measurements across the five treat-
ment groups, no significant differences were found in 
the biometric traits of standard length, fork length, or 
total body length during the first week of the challenge 
(Table 3; Supplementary Tables section).

At the end of the second week, analysis of average body 
weight indicated a highly significant difference (P < 0.001) 
between groups E and A, as well as between groups D and A, 
C and A, and C and B, as shown in Table 4. Furthermore, dur-
ing the second week of the challenge, a highly significant dif-
ference (P < 0.001) in standard and fork length was observed 
between group E and all other treatment groups (A, D, C, and 
B). Analysis of total body length revealed a statistically signifi-
cant difference (P < 0.05) by the end of week two, with group E 
differing significantly from groups A and B only.

In summary, comparisons among the viral, control, 
and physiological saline groups revealed a significant dif-
ference in body weight only at the end of the first week. 
Analysis of body dimensions showed no significant effect 
on body length; however, body weight differences were 
significant during the second week. These findings sug-
gest that the disease has a substantial impact on regulat-
ing body weight and longitudinal growth in fish.

RNA sequencing analysis
To elucidate the molecular mechanisms underlying 
the response to virus injection, cDNA libraries were 
generated from six spleen tissue samples of rainbow 
trout  (Oncorhynchus mykiss), with three replicates from 
each treatment group: virus-injected (0.06  mL VHSV) 
and physiological saline-injected (0.06 mL PHSA).

A total of 68.5 million and 69.3 million raw paired-end 
reads were obtained from the PHSA and VHSV groups, 
respectively. After processing with Bowtie2 v2.2.3, an 
average of 80% of the clean reads uniquely aligned to the 
fish genome [34]. Comprehensive details of the raw and 
clean reads, along with the mapping results, are provided 
in Table 5.

Identification of differentially expressed genes
In this study, the Cummerbund package, integrated 
within the R software environment, was used to visual-
ize gene expression results generated by the Cuffdiff 

Table 4 Investigating biometric indicators of rainbow trout injected with VHSV and physiological saline (Mean ± Standard deviation)

Statistically similar results (p ≥ 0.05) are indicated by groups sharing the same letters

Parameter Group E (n = 30) Group D (n = 30)  Group C (n = 30)  Group B (n = 30)  Group A (n = 30)

The first week 
of the chal‑
lenge

Final weight (g) 108.47 ± 2.99a 107.08 ± 2.92abc 107.19 ± 3.06ab 104.89 ± 3.06c 105.75 ± 3.75bc

Standard length (cm) 18.35 ± 0.35a 18.34 ± 0.25a 18.38 ± 0.27a 18.28 ± 0.27a 18.27 ± 0.31a

Fork length (cm) 19.05 ± 0.38a 18.93 ± 0.38a 18.97 ± 0.32a 18.90 ± 0.32a 18.92 ± 0.32a

Final length (cm) 20.46 ± 0.57a 20.36 ± 0.8a 20.39 ± 0.49a 20.24 ± 0.55a 20.18 ± 0.48a

The second 
week of the 
challenge

Final weight (g) 114.65 ± 3.09a 113.57 ± 3.23a 113.21 ± 3.18a 109.92 ± 3.00b 109.81 ± 2.90b

Standard length (cm) 19.07 ± 0.49a 18.90 ± 0.51a 18.83 ± 0.54a 18.29 ± 0.45b 18.28 ± 0.43b

Fork length (cm) 19.68 ± 0.60a 19.54 ± 0.61a 19.49 ± 0.65a 18.73 ± 0.45b 18.94 ± 0.51b

Final length (cm) 20.95 ± 0.77a 20.79 ± 0.79ab 20.76 ± 0.80ab 20.34 ± 0.74b 20.26 ± 0.64b

Table 5 Summary of reads statistics for RNA-seq data

Sample name Raw reads Trimmed reads Concordantly 
mapped reads

Discordantly 
mapped reads

Uniquely mapped 
reads (%)

Total mapping

PHSA_1 20,169,854 20,169,565 16,058,247 1,965,346 16,446,095(0.82) 18,050,593 (0.90)

PHSA_2 21,187,201 21,187,114 16,814,236 2,155,228 17,602,113(0.79) 18,969,464 (0.90)

PHSA_3 27,228,143 27,228,008 21,212,395 2,989,032 21,726,281(0.79) 24,201,427 (0.88)

VHSV_1 22,067,762 22,067,569 17,458,809 2,371,420 17,602,113(0.79) 19,830,229 (0.89)

VHSV_2 24,499,364 24,499,180 19,085,082 3,273,667 20,147,444(0.82) 22,358,749 (0.91)

VHSV_3 22,751,014 22,750,494 17,790,213 2,938,462 18,68,586(0.82) 20,728,675 (0.91)
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package. This package enables the creation of high-qual-
ity graphics in various formats [36]. The Cuffdiff analysis 
included three biological replicates from the two treat-
ment groups, VHSV and PHSA. A total of 52,824 genes 
were identified across both experimental groups, of 
which 1,726 were differentially expressed. Furthermore, 
the analysis revealed 93,133 gene isoforms, highlighting 
transcriptional diversity. Additionally, 60,885 transcrip-
tion start sites (TSS) were identified, providing insights 
into transcription initiation. The study also identified 
63,264 coding sequences (CDS), representing protein-
coding regions.

This analysis also identified 52,824 promoter regions, 
shedding light on the critical regulatory elements 
involved in gene transcription. Additionally, 60,885 splic-
ing events were documented, highlighting the wide-
spread occurrence of alternative splicing mechanisms 
that contribute to mRNA diversity. Lastly, 42,353 regula-
tory genes, referred to as “relCDS” genes, were identified. 
These genes play pivotal roles in regulating gene expres-
sion and, consequently, various cellular processes.

These comprehensive findings provide a multifac-
eted view of the genomic landscape under the experi-
mental conditions, paving the way for further in-depth 

exploration and interpretation of the molecular mecha-
nisms underlying the observed differences in gene 
expression.

Figure  2 presents a key aspect of the analysis, the 
“count vs. dispersion” plot. This visual tool is essential for 
evaluating the relationship between count data and dis-
persion across genes under different experimental condi-
tions, specifically the VHSV-injected and PHSA-injected 
groups. The plot illustrates the variability (dispersion) 
of data points relative to their mean count values across 
these conditions. Its primary purpose is to identify genes 
with pronounced dispersion, highlighting potential can-
didates for detailed examination in subsequent phases of 
analysis (Fig. 2).

Figure  3 (Left) illustrates the distribution of expres-
sion values for a specific gene under two experimental 
conditions: VHSV and PHSA injections. Figure 3 (Right) 
presents the same comparison, incorporating data from 
all replicates in both groups. The X-axis represents gene 
expression levels measured as fragments per kilobase of 
transcript per million mapped reads (FPKM), while the 
Y-axis indicates the density or frequency of observations 
across different gene expression levels.

Fig. 2 The counts vs. dispersion plot in each VHSV and PHSA experimental groups
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In the volcano plot representing gene expression in the 
two experimental groups (VHSV and PHSA), red points 
indicate genes with differential expression, while black 
points represent genes with similar expression levels in 
both groups. In this visualization, genes farther from the 
center of the plot exhibit greater variability in expression 

(Fig.  4). A significant difference in gene expression is 
observed when the -log10(p-value) exceeds 2, indicating 
that genes with p-values below 0.01 are statistically sig-
nificant. These genes appear above the threshold of 2 on 
the y-axis in the volcano plot. On the right side of the 
plot, the red area highlights genes with high regulatory 

Fig. 3 (Left): Density plot of the individual VHSV vs. PHSA. (Right): Density plot comparing gene expression across biological replicates 
within the VHSV- and PHSA-treated groups

Fig. 4 Volcanic diagram of the expressed genes in the VHSV and PHSA experimental groups
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limits, while on the left side, the red area identifies genes 
with low regulatory limits (Fig. 4).

The heatmap representation shows the VHSV group 
in purple and the PHSA group in orange, each consist-
ing of three biological replicates, highlighting the differ-
ential gene expression observed in this study. The blue 
coloration indicates that all genes in the heatmap exhibit 
differential expression. A total of 1,726 differentially 
expressed genes were identified, of which 20 were ran-
domly selected, normalized using the Z-score index, and 
clustered for further analysis. Genes displayed in green, 
with a positive Z-score, represent higher expression 

levels compared to the average, indicating elevated gene 
activity in those samples. Conversely, genes shown in 
red, with a negative Z-score, represent lower expression 
levels, reflecting reduced gene activity. This distribution 
underscores the intricate balance of gene expression lev-
els within the samples (Fig. 5).

Principal Component Analysis (PCA) of RNA-seq 
data successfully revealed gene expression patterns 
associated with the VHSV and PHSA groups, includ-
ing their biological replicates. These findings contribute 
to a better understanding of rainbow trout (Oncorhyn-
chus mykiss) biology and provide valuable insights for 

Fig. 5 Heatmap of differential gene expression between VHSV and PHSA conditions
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future research and conservation programs. In Fig.  6, 
the treatment groups are clearly separated, with dis-
tinct gene expression patterns indicating complete dif-
ferentiation within the treatment subgroups (including 
replicates). The primary objective of this analysis was 
to assess the similarity or difference between the gene 
expression profiles of the two experimental groups and 
to determine whether samples from the same treatment 
clustered together. The results demonstrated that all 
samples grouped into six distinct clusters correspond-
ing to their treatments, based on the first two principal 
components. These transcriptomic changes may help 
identify candidate genes responsible for the observed 
differences between treatments (Fig. 6).

Functional enrichment analysis
The genes exhibiting differential expression in the VHSV 
and PHSA groups were further analyzed as upregulated 
and downregulated genes to investigate their functional 
roles in the viral response. This analysis identified 620 
upregulated genes significantly associated with 12 KEGG 
pathways and 37 biological processes. In contrast, 1,045 
downregulated genes were identified, revealing a sig-
nificant association with 28 KEGG pathways and 193 
biological processes (Supplementary File). Figure 7 high-
lights the key enriched biological process (BP) terms and 
KEGG pathways identified through this analysis.

The comparison between the virus-injected and physi-
ological serum-injected groups identified several signifi-
cant biological processes, as illustrated in Fig.  7. These 

Fig. 6 PCA plots gene expression in two VHSV and PHSA groups

Fig. 7 Comparison analysis of up-and downregulated DEGs in the VHSV and PHSA experimental groups using GO and KEGG pathways
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processes include the nitrogen cycle metabolic process, 
extracellular matrix organization, regulation of lipid cata-
bolic process, cell killing, apoptotic signaling pathway, 
response to lipopolysaccharide, neutrophil migration, 
positive regulation of phagocytosis, negative regulation 
of the ERK1 and ERK2 cascade, leukocyte chemotaxis, 
inflammatory response, positive regulation of locomotion, 
Toll-like receptor signaling pathway, pattern recognition 
receptor signaling pathway, innate immune response-acti-
vating signal transduction, activation of innate immune 
response, positive regulation of defense response, 
immune response-activating signal transduction, positive 
regulation of innate immune response, cytolysis, immune 
response-regulating signaling pathway, negative regula-
tion of protein modification process, regulation of innate 
immune response, alpha-amino acid biosynthetic process, 
regulation of defense response, cellular amino acid bio-
synthetic process, negative regulation of protein meta-
bolic processes, cell activation, ATP generation from ADP, 
positive regulation of immune response, cellular compo-
nent disassembly, regulation of cellular component move-
ment, defense response, protein import, innate immune 
response, negative regulation of cellular metabolic pro-
cesses, ATP metabolic process, and programmed cell 
death. Additionally, several significantly enriched path-
ways were identified, including amino acid biosynthesis; 
glycine, serine, and threonine metabolism; the p53 sign-
aling pathway; glycolysis/gluconeogenesis; arachidonic 
acid metabolism; PPAR signaling pathway; cell cycle; argi-
nine and proline metabolism; lysosome; steroid biosyn-
thesis; metabolic pathways; phagosome; biosynthesis of 

cofactors; riboflavin metabolism; glutathione metabolism; 
and the Toll-like receptor signaling pathway (Fig. 7).

Validation of genes using q‑RT‑PCR
To validate the RNA-seq results, six genes with differ-
ential expression patterns were randomly selected for 
examination: ddx4, apoc2, and epcam (upregulated) and 
tspan36, xdh, and tlr7 (downregulated). The expression 
patterns of all genes were consistent between RNA-seq 
and RT-PCR results, except for xdh (Fig.  8). The fold 
change represents the ratio of average expression in the 
PHSA samples compared to the VHSV samples.

In this study, the alignment of gene expression results 
between RNA-seq and qRT-PCR demonstrated a strong 
positive correlation  (R2 = 0.8622, p < 0.007). This correla-
tion indicates that RNA-seq accounted for 86.22% of the 
variation observed in the qRT-PCR measurements, con-
firming the consistency and reliability of both techniques. 
As illustrated in Fig.  9, these findings validate RNA-seq 
as a robust and comparable method to qRT-PCR for gene 
expression analysis, providing strong evidence for the 
successful validation of RNA-seq data in this study.

Gene network prediction
An integrated gene–gene network prediction was con-
ducted using the GeneMANIA prediction server with the 
database for zebrafish (Danio rerio) information (https:// 
genem ania. org/) [41]. The input list of significantly differ-
entially expressed genes related to VHS included TLR7, 
TLR8b, TLR2, TLR22, IRF8, IRF7, IRF10, IRF5, IRF6, IL12B, 
IL11a, IL7R, IL1b, HSP90B1, ENO1, TNFa, TRF3, SPRY1, 

Fig. 8 Validation of the six genes randomly chosen through RT-PCR, as identified in the RNA-seq analysis of the VHSV and PHSA groups

https://genemania.org/
https://genemania.org/
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CASP3, FN1, and GAPDH. The predicted composite net-
work consisted of 20 hub genes and 21 helper genes, con-
nected by 229 links. The genes were associated with three 
types of networks: 80.59% shared protein domains, 18.99% 
co-expression, and 0.41% physical interaction (Fig. 10).

Discussion
Biometric traits
Examining growth and size-related parameters in fish, 
such as periodic weight gain and changes in body length, 
provides valuable insights for breeders and the aqua-
culture industry. In recent years, the import of hatched 
eggs into Iran has facilitated the spread of the highly con-
tagious viral hemorrhagic septicemia (VHS) disease in 
rainbow trout (Oncorhynchus mykiss) farms, resulting in 
significant economic losses to the country’s fisheries sec-
tor [45–48]

The effects of viral injection on fish body weight and 
length had not been thoroughly investigated prior to 
conducting this study. The data obtained in this study 
(Table  2; Supplementary Tables section) demonstrate 
the significant impact of this disease on fish body weight, 
indicating a marked effect on their growth and overall 
weight gain. Although the standard length of the fish did 
not show significant changes during the first week of the 
disease challenge, a substantial disparity became evident 
in the second week. This decline in growth was more 
pronounced during the second week, suggesting that 
the virus may impede fish development. Similarly, the 
disease had a comparable effect on the standard length 
and fork length of the fish, with infected groups show-
ing a significant reduction in both parameters. While the 

overall length of the fish remained relatively stable during 
the first week, a distinct decrease was observed in subse-
quent weeks, particularly in the virus-infected groups. In 
conclusion, fish affected by the virus consistently exhib-
ited reduced growth in both weight and length, high-
lighting the significant economic implications of viral 
infections for the aquaculture industry.

In Iran, the first reported case of this disease occurred 
in the northern region of Rudsar, Guilan Province, in 
2005. Researchers conducted a comprehensive molecu-
lar investigation of Viral Hemorrhagic Septicemia Virus 
(VHSV) in Iranian rainbow trout (Oncorhynchus mykiss) 
across 100 breeding farms in 10 provinces to identify 
and diagnose the disease. Tissue samples, including the 
liver, spleen, kidney, heart, intestine, and pancreas, were 
collected from VHSV-infected fish for laboratory test-
ing, pathological examination, and molecular analysis. 
Among the 100 breeding farms surveyed, 15 exhibited 
positive pathological symptoms, and nested PCR tests 
confirmed the presence of VHSV in 10 of these farms 
[45]. The spleen was particularly utilized for diagnosing 
the disease, yielding positive test results [45].

In another study, samples from VHS-infected fish were 
collected from six provinces in Iran, regions where rain-
bow trout is predominantly produced and where the 
disease exhibits the highest mortality rates. The mass mor-
tality rate in fish farms showing symptoms of the disease 
ranged from approximately 30% to 70%. The diagnosis of 
VHS complications was confirmed using RT-PCR. Based 
on the findings of this study, as well as evidence from pre-
vious research on the disease, its origin is believed to lie in 
European countries [45–48]. Consequently, implementing 

Fig. 9 Correlation between gene expression results in q-RT-PCR and RNA-seq
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stringent controls and thorough monitoring of imported 
fish eggs can significantly reduce the impact of the disease 
and prevent its spread within the country, thereby benefit-
ing fish farms nationwide.

In another study, Viral Hemorrhagic Septicemia (VHS) 
was investigated in 140 rainbow trout (Oncorhynchus 
mykiss) specimens housed in two separate tanks, des-
ignated as the control and treatment groups. Organs, 

including the kidneys, spleen, heart, skin, liver, pyloric 
appendages, and brain, were isolated from fish infected 
with the disease and exhibiting symptoms 12, 13, and 
14 days after the experiment began. The findings revealed 
significant variation in viral load across different organs 
[47]. In the present study, as in the prior investigation by 
Fattahi et al. (2019), tissues affected by the disease were 
isolated within the first week following the challenge.

Fig. 10 Predicted gene–gene network of significant DEGs related to VHSV. Striated circles are entry genes and simple circles are helper genes. 
The size of the genes in the network represents their importance. Yellow connections = shared protein domains; pink connections = physical 
interactions; purple connections = co-expression
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To assess the level of resistance in rainbow trout (Onco-
rhynchus mykiss) and the expression of the Mx gene, vari-
ous doses of a DNA vaccine (ranging from 10 ng to 10 μg) 
were administered via intramuscular and intraperitoneal 
injections to fish weighing 10–100 g. Comparative analy-
sis of these two delivery methods revealed that intraperi-
toneal vaccination resulted in lower resistance compared 
to intramuscular injections [49]. In this study, the dis-
ease challenge was induced via intraperitoneal injection, 
which successfully caused the disease in experimental 
groups A and B. The presence and progression of the dis-
ease were confirmed using RT-PCR testing, ensuring the 
reliability of the research process (see Fig. 1).

The results from the initial and subsequent weeks 
demonstrated a significant impact of the virus on weight 
loss in infected fish compared to the control group and 
those injected with physiological saline. Furthermore, the 
effect of the virus on body length traits became evident 
from the eighth day post-injection, with the virus carrier 
groups exhibiting the lowest growth in length by the end 
of this period. The findings of this study clearly indicate 
that the presence of VHSV in rainbow trout (Oncorhyn-
chus mykiss) farms adversely affects economic factors 
such as fish weight and growth, leading to substantial 
financial losses for breeders. Therefore, by replicating 
and validating these findings and promoting their out-
comes, it is possible to raise awareness among industry 
stakeholders about the importance of adhering to health 
protocols and implementing preventive measures in 
breeding farms. Such actions could significantly mitigate 
the economic consequences of the disease. Additionally, 
systematic and rigorous monitoring of the importation 
of hatched eggs from international sources could play a 
pivotal role in improving the health standards of rainbow 
trout breeding operations.

Based on the observed changes in fish weight and 
length following infection, this study suggests that VHSV 
not only directly impacts immunity but also indirectly 
affects fish growth and development. Furthermore, 
these findings underscore the significance of biological 
pathways and highlight the critical need to incorporate 
genetic resistance into breeding programs. By identify-
ing key genes and regulatory mechanisms associated with 
VHSV resistance, this study provides a foundation for the 
development of molecular tools aimed at enhancing dis-
ease resistance in rainbow trout (Oncorhynchus mykiss).

Bioinformatic analysis
Analysis of the sequencing results identified 1,726 genes 
with significant differential expression between the 
physiological saline and virus-injected groups. Among 
these, the differential expression of genes such as cyr61, 
hsp90aa1.2, hsp90b1, irf10, and cdk1 aligns with the 

findings of Verrier et  al. (2018) [5]. Deciphering anti-
viral response mechanisms is essential for mitigating 
the effects of VHSV in fish as it uncovers host–patho-
gen dynamics and identifies immune markers and gene 
expression profiles vital for resistance breeding and sus-
tainable aquaculture [50]. The immune response of fish 
to viral infections begins with innate immune activation, 
progressing to antibody production and cytotoxic T-cell 
activity [50–53].

This section explores key genes, including TLR2, TLR7, 
TLR8, TLR22, IRF5, IRF6, IRF7, IRF8, IRF10, IL11a, 
IL12B, IL1b, IL7R, ILR1 II, HSP90B1, HSP47, TNF-α, 
TRF3, SPRY1, CASP3, FN1, GAPDH, and IgGFc-binding 
proteins, focusing on their functions and significance. 
Their roles in cellular processes, immune responses, and 
molecular mechanisms related to VHSV are analyzed. 
The TLR (Toll-like receptor) gene family, particularly 
TLR7, plays a crucial role in immune responses to viral 
infections such as VHSV in fish. TLR7 recognizes viral 
ribonucleic acids, triggering the secretion of type I inter-
ferons to initiate antiviral defense mechanisms. It regu-
lates immune gene activity, predominantly in dendritic 
and B cells, which are essential for VHSV recognition. 
TLR7 expression varies across cellular phenotypes, with 
elevated levels observed in immune cell populations. 
Understanding the activation of TLR7 during VHSV 
infection in fish provides valuable insights into enhancing 
immune resilience and viral resistance [54]. A detected 
reduction in TLR7 expression (log2 fold change = −1.02) 
suggests a potential alteration of the innate immune 
response during VHSV infection. This reduction may 
represent a viral strategy to evade host defenses by sup-
pressing antiviral mechanisms. Confirmed through qPCR 
(log2 fold change = −0.78), this observation underscores 
the critical role of TLR7-mediated pathways in immune 
function and highlights TLR7 as a promising molecular 
target for improving resistance to viral infections in rain-
bow trout.

TLR7 and TLR8 are critical for the detection of viral 
RNA and the activation of immune defenses. TLR7’s 
capacity to recognize single-stranded RNA (ssRNA) 
from RNA viruses underscores its pivotal role in com-
bating VHSV. Upon recognizing viral RNA, TLR7 
initiates signaling pathways that stimulate the pro-
duction of interferons, particularly type I interferons 
(IFNs), which are essential antiviral mediators in fish 
[55]. TLR8, sharing structural and functional similari-
ties with TLR7, also interacts with ssRNA and plays a 
complementary role in amplifying the antiviral immune 
response. In rainbow trout (Oncorhynchus mykiss), 
these receptors contribute to the upregulation of antivi-
ral genes and proteins, thereby strengthening the host’s 
defenses against VHSV infection [56].
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The release of type I interferons, which are key anti-
viral defenses of the body, is significantly stimulated by 
TLR7. Expression levels of TLR7 vary across different 
cell types. In both humans (Homo sapiens) and mice 
(Mus musculus), dendritic cells and B cells demon-
strate predominant expression of the TLR7 gene [43]. 
Furthermore, TLR7 and TLR8, previously associated 
with disease resistance, exhibited significant differen-
tial expression. Additionally, novel genes such as ifn1-
202 (interferon α3-like), ifnphi3 (interferon β-like), and 
irf8 (interferon regulatory factor 8) were identified as 
critical components of the type I IFN pathway, as high-
lighted in prior research [5].

Toll-like receptor (TLR) genes play a critical role in 
VHSV infection in rainbow trout (Oncorhynchus mykiss), 
facilitating pathogen recognition and initiating immune 
responses in rainbow trout and other fish species. These 
receptors are integral components of the innate immune 
system, responsible for activating inflammatory and 
adaptive immune responses by recognizing conserved 
pathogen-associated molecular patterns. Upon detect-
ing pathogens, TLRs activate signaling cascades that 
trigger inflammation and subsequently stimulate adap-
tive immunity [57–59]. TLR2 specifically recognizes a 
broad range of microbial ligands, including components 
from bacteria, fungi, and viruses. During VHSV infection 
in rainbow trout, TLR2 is essential for early viral detec-
tion. It binds to viral components on immune cells, ini-
tiating an inflammatory response. This response involves 
the activation of key cytokines such as IL-1 and TNF-α, 
which act as primary mediators in controlling the infec-
tion and recruiting immune cells to the site of infection 
[58]. The role of TLR2 in detecting pathogen-associated 
molecular patterns, particularly from VHSV, has been 
well-documented in scientific research [60].

TLR22 detects RNA viruses such as VHSV in fish and 
activates immune signaling pathways involving NF-κB and 
AP-1. This activation promotes the production of cytokines 
and antiviral genes, enabling the host to combat the infec-
tion [55]. In rainbow trout (Oncorhynchus mykiss), TLR22 
plays a pivotal role in initiating the immune response to 
VHSV by activating innate pathways and inducing the 
secretion of cytokines and interferons [56].

Transcriptomic data from rainbow trout infected with 
VHSV provide valuable insights into how TLRs regulate 
immune responses. Analysis of gene roles and expression 
changes associated with TLR signaling pathways revealed 
that TLR2, TLR7, TLR8, and TLR22 modulate immune 
activity at the transcriptional level. The activation of 
these TLRs enhances immune gene expression, thereby 
promoting an effective defense against the virus.

The expression of immune-associated genes in 
response to viral pathogens such as VHSV has been 

extensively characterized in fish models. Several key 
interferon regulatory factors (IRFs) play a pivotal role 
in orchestrating immune responses during viral infec-
tions. For instance, in zebrafish (Danio rerio), the activa-
tion of IRF5 and IRF7 is linked to the regulation of innate 
immune functions during Mycobacterium marinum 
infections [61].

IRF5 is specifically induced in macrophages upon 
infection, underscoring its critical role in the early stages 
of immune defense. IRF7 and IRF8 are key regulators of 
type I interferon synthesis, which is essential for control-
ling viral replication and initiating immune responses. 
During infection with various pathogens, including 
VHSV, the upregulation of these genes highlights their 
involvement in regulating immune responses during viral 
infections [62].

Further studies indicate that IRF5 and IRF7 are upregu-
lated during viral stress in fish, demonstrating their criti-
cal role in type I interferon production. This activation is 
essential for the host’s defense mechanisms against viral 
infections such as VHSV. Although a connection between 
IRF6 and immune responses has been observed, its spe-
cific role in viral infections remains poorly understood. 
IRF6 is thought to regulate cellular stress responses and 
may contribute to early immune defense during infec-
tions like VHSV by maintaining epithelial tissue integrity 
[63].

Additional transcriptomic studies have shown that 
IRF7 and IRF8 are significantly upregulated in zebrafish 
(Danio rerio) following infections with Salmonella and 
Mycobacterium [64]. IRF8, in particular, plays a key role 
in activating genes involved in pathogen recognition and 
inflammatory responses, mirroring its function in mam-
mals. These findings emphasize the critical role of IRF 
family members in modulating innate immune responses 
during infection. Although IRF10 has been less exten-
sively studied in fish models, it is believed to contribute 
to antiviral responses, underscoring the need for further 
research to clarify its role in regulating immune defenses 
during VHSV infection [65].

The upregulation of IRF5, IRF7, and IRF8 during VHSV 
infection in rainbow trout (Oncorhynchus mykiss) under-
scores their critical roles in regulating immune pathways 
for viral defense. These genes are involved in the activa-
tion of interferon-mediated immune responses, which are 
essential for controlling viral replication. The increased 
expression of IRF8 following infection suggests its sig-
nificant contribution to the innate immune response to 
pathogen-associated molecular patterns (PAMPs) from 
VHSV [66]. Although IRF10 has not been directly identi-
fied in rainbow trout during VHSV infection, its role in 
immune responses in other vertebrates suggests it may 
contribute to broader immune regulation during viral 
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infections [67]. Collectively, IRF family members includ-
ing IRF5, IRF7, IRF8, and potentially IRF10 play essen-
tial roles in managing immune responses during VHSV 
infection in rainbow trout. These genes are crucial for the 
production of type I interferons and pro-inflammatory 
cytokines, which regulate viral replication and initiate 
immune defense mechanisms. Further research is needed 
to elucidate the specific roles of these IRF genes in fish 
immune responses, particularly their interactions with 
other immune components, to ensure effective defenses 
against viral pathogens such as VHSV [68, 69].

The roles of immune-related genes, such as IL11a, 
IL12B, IL1b, IL7R, and ILR1 II, in VHSV-infected rain-
bow trout (Oncorhynchus mykiss) are critical for modu-
lating immune responses. Among these, IL11a plays a 
particularly significant role in inflammation and immune 
regulation. In various fish species, IL11a has been shown 
to trigger the production of inflammatory cytokines, con-
tributing to the acute-phase response during infection. 
Its expression typically increases during viral infection, 
indicating its involvement in the host’s defense against 
viral pathogens such as VHSV. Within signaling path-
ways, IL11a recruits immune cells, including neutrophils 
and macrophages, which are essential for combating 
viral infections. Understanding the function of IL11a in 
the context of VHSV infection could provide valuable 
insights into how fish initiate immune responses to limit 
viral replication and spread. Such findings align with 
ongoing efforts to link gene expression data to the mech-
anisms underlying VHSV infection. [70–72].

IL12B, a cytokine involved in immune regulation, plays 
a crucial role in inducing T-helper 1 (Th1) responses. 
During VHSV infection, IL12B activates natural killer 
(NK) cells and T cells, both of which are essential for an 
effective immune response. Its increased expression in 
infected fish highlights its role in enhancing host anti-
viral defenses. IL12B promotes the secretion of inter-
feron-gamma (IFN-γ), a potent antiviral cytokine that 
stimulates immune cell activity and facilitates pathogen 
clearance. Furthermore, the upregulation of IL12B may 
drive immunity toward Th1-mediated responses, which 
are critical for controlling VHSV and other viral infec-
tions. These findings support the hypothesis that tran-
scriptome data can provide valuable insights into the 
mechanisms underlying infection and immune responses 
[70–72].

The gene IL1b plays a pivotal role in the inflammatory 
response during VHSV infection. By activating immune 
cells and promoting the production of other cytokines, 
IL1b amplifies the immune response. In rainbow trout 
(Oncorhynchus mykiss), IL1b expression is typically ele-
vated in response to various pathogens, including VHSV. 
Its role in inducing fever and stimulating the production 

of acute-phase proteins highlights its significance in the 
systemic immune response. Additionally, IL1b helps bal-
ance pro-inflammatory and anti-inflammatory signals 
through interactions with other cytokines, ensuring a 
well-regulated immune response. The upregulation of 
IL1b during VHSV infection may provide insights into 
the activation of inflammatory pathways essential for 
pathogen control and clearance. The involvement of this 
gene underscores the critical role of immune regulation 
in viral infections [73].

IL7R and ILR1 II play crucial roles in regulating lym-
phocyte differentiation and activation, which are essen-
tial components of the adaptive immune response in fish. 
IL7R supports T-cell survival and proliferation, both crit-
ical for effective adaptive immunity. During VHSV infec-
tion, IL7R expression is upregulated, likely enhancing 
T-cell-mediated responses to combat the virus. Similarly, 
ILR1 II, a cytokine receptor, facilitates immune activa-
tion by mediating signaling pathways involving various 
cytokines critical for antiviral defense. The increased 
expression of these genes in response to VHSV infec-
tion may reflect the host’s effort to strengthen immune 
memory and improve long-term resistance. Linking 
these gene expression changes with transcriptomic data 
provides valuable insights into the complex interplay 
between gene regulation and immune responses during 
VHSV infection [74–77].

This study examined the roles of key immune-related 
genes, including HSP90B1, HSP47, and TNF-α, in the 
response of rainbow trout (Oncorhynchus mykiss) to 
VHSV infection. Given the impact of VHSV infection 
on immune pathways, understanding the functions of 
these proteins provides valuable insights into the defense 
mechanisms of fish.

HSP90, particularly its isoform HSP90B1, plays a criti-
cal role in maintaining cellular homeostasis and facilitat-
ing the cellular stress response during VHSV infection. 
Under normal conditions, 5–10% of HSP90 localizes to 
the cell nucleus, with this proportion increasing under 
heat stress [78, 79]. This suggests that during VHSV 
infection, the enhanced nuclear localization of HSP90B1 
may support crucial immune-related processes such as 
transcriptional regulation and cell cycle progression. 
HSP90B1 binds to DNA, RNA, and histones, thereby 
modulating DNA structure and contributing to RNA syn-
thesis and processing-functions essential for maintaining 
cellular integrity under stress [80]. These mechanisms are 
particularly critical during infection, enabling the expres-
sion of immune-related genes and ensuring the proper 
function of immune cells. Additionally, HSP90B1 associ-
ates with nucleoli and perichromatin ribonucleoprotein 
fibrils [81, 82], underscoring its role in regulating RNA 
synthesis and its potential influence on the expression of 
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immune response genes that are upregulated during viral 
infections.

HSP47, a key protein in collagen biosynthesis, plays a 
critical role in managing stress responses during inflam-
mation and tissue damage caused by viral infections such 
as VHSV. HSP47 regulates collagen folding and secre-
tion, ensuring the proper conformation of newly synthe-
sized collagen [83]. Its involvement in collagen synthesis 
is closely tied to the tissue remodeling processes that 
occur during infection and inflammation. Dysregula-
tion of HSP47 can lead to fibrosis or excessive collagen 
deposition, conditions often observed in chronic viral 
infections. Additionally, HSP47 protects collagen from 
misfolding and aggregation, particularly under the oxi-
dative stress experienced by fibroblasts during infection 
[83]. These mechanisms are particularly relevant during 
VHSV infection, as the virus induces inflammation and 
cellular stress, compromising connective tissue integrity 
and driving pathological changes.

TNF-α plays a critical role in the immune response to 
VHSV infection, regulating inflammation and cell sur-
vival. As a central mediator of inflammation, its expres-
sion is tightly controlled in immune cells and tissues 
[78]. In response to infection, TNF-α activates multiple 
pathways, including NF-κB, to modulate immune gene 
expression related to inflammation, apoptosis, and cell 
survival. These pathways are essential for mounting a 
robust immune response against viral infections. TNF-α 
stimulates transcription factors such as NF-κB and AP-1, 
which are crucial for initiating inflammatory gene expres-
sion and ensuring cellular survival under stress condi-
tions [84]. During VHSV infection, increased TNF-α 
expression may enhance the inflammatory response and 
promote viral clearance. However, excessive or unregu-
lated TNF-α activity can also contribute to tissue damage 
and apoptosis. Additionally, TNF-α influences apoptotic 
pathways by activating caspases and other downstream 
effectors [84], affecting the fate of infected cells and 
facilitating viral clearance. This dual role underscores the 
importance of TNF-α in both defending the host through 
immune responses and potentially contributing to tissue 
pathology if its expression is not properly regulated dur-
ing prolonged viral infection.

In summary, the expression profiles of HSP90B1, 
HSP47, and TNF-α are critical to the response of rainbow 
trout (Oncorhynchus mykiss) to VHSV infection. These 
proteins regulate immune responses and influence stress 
and tissue repair mechanisms, both of which are pivotal 
during viral infections. The upregulation of these genes 
during infection highlights a complex interplay between 
cellular stress responses and immune activation, contrib-
uting to both viral clearance and the pathophysiological 
changes observed in infected fish.

The TRF3 gene encodes a transcription factor similar to 
TBP (TATA-binding protein), which is critical for form-
ing the preinitiation complex required for RNA polymer-
ase II transcription in eukaryotic organisms. Genomic 
analyses have identified the TRF3 sequence on human 
chromosome 14, revealing high similarity to the con-
served C-terminal region of TBP, suggesting functional 
parallels with other TBP-related factors (TRFs) such as 
TRF1 and TRF2. While TRF2 interacts with general tran-
scription factors TFIIA and TFIIB, it does not bind the 
TATA box due to differences in its DNA-binding domain. 
Similarly, TRF3 is thought to contribute to transcription 
regulation and the diversity of the general transcription 
machinery. However, its specific roles in transcription 
initiation and potential tissue-specific expression, simi-
lar to the function of TRF1 in Drosophila melanogaster, 
remain to be elucidated and warrant further investigation 
[85].

CASP3 (Caspase-3) plays a critical role in both apop-
totic and non-apoptotic functions within the immune 
response, particularly during viral infections such as 
VHSV. Caspases are highly conserved cysteine-depend-
ent proteases that are essential for mediating apopto-
sis and inflammatory responses [86]. As an executioner 
caspase, CASP3 is well-known for its involvement in 
programmed cell death, but its functions extend beyond 
apoptosis. Caspases, including CASP3, are now recog-
nized as key players in non-apoptotic signaling pathways, 
regulating various cellular and physiological processes 
[87–89]. Recent studies have shown that CASP3 influ-
ences several physiological responses, including immune 
system regulation and tissue repair, by modulating cel-
lular differentiation, migration, and survival [87–91]. 
During VHSV infection in rainbow trout (Oncorhynchus 
mykiss), CASP3 may regulate immune cell apoptosis and 
inflammation while supporting the repair of damaged 
tissues through its non-apoptotic roles [92]. This dual 
functionality is particularly relevant during viral infec-
tions, where the immune response triggered by the virus 
likely activates CASP3, affecting both cellular defense 
mechanisms and recovery processes [93]. Separately, the 
TRF3 gene encodes a transcription factor similar to TBP 
(TATA-binding protein), which is critical for assembling 
the preinitiation complex required for RNA polymerase 
II transcription in eukaryotic cells [94].

Sequencing data revealed distinct immune responses 
in rainbow trout (Oncorhynchus mykiss) during VHSV 
infection. In a study by Verrier et al. (2018) [5], the type 
I interferon (IFN) pathway was strongly associated with 
resistance in the B57 line, highlighting its critical role 
in antiviral defense. Similarly, key pathways such as Jak-
STAT  signaling, MAPK signaling, and cytokine-cytokine 
interactions were identified in both the present study 
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and that of Verrier et al. (2018), underscoring their cen-
tral roles in coordinating immune responses. The resist-
ant B57 line exhibited enhanced activation of metabolic 
and immune pathways, consistent with the robust glycer-
ophospholipid metabolism and cytokine-cytokine inter-
action pathways discussed by Verrier et  al. (2018) [5]. 
In contrast, the A22 cell line showed upregulated apop-
tosis and cell cycle pathways, suggesting increased cel-
lular stress and viral manipulation. These findings align 
with the apoptosis and p53 signaling pathways identi-
fied in Verrier et al. (2018) [5]. Both studies highlighted 
rsad2, vig1, and mxa as key differentially expressed 
genes, emphasizing their pivotal roles in antiviral immu-
nity. Thus, while the present results confirm the immune 
regulatory mechanisms observed by Verrier et al. (2018) 
[5], they also underscore the distinct host responses that 
determine resistance or susceptibility to VHSV.

Transcriptome analysis of fish lines that are either 
susceptible or resistant to disease has provided valu-
able insights into the immune response to viral infec-
tions, particularly VHSV in rainbow trout (Oncorhynchus 
mykiss). A study focusing on two key tissues, the spleen 
and anal fin, revealed distinct gene expression profiles 
between disease-susceptible and disease-resistant fish 
lines. The disease-sensitive group exhibited a greater 
number of differentially expressed genes compared to 
the resistant group, suggesting a heightened immune 
response or possible dysregulation during infection [95]. 
Variations in gene expression, especially in immune-
related genes, underscore the role of innate immunity in 
determining host susceptibility to VHSV, as supported by 
previous research on fish immune systems [95]. The pre-
sent study identified the activation of pathways such as 
Toll-like receptor signaling and p53 signaling, suggesting 
their potential involvement in viral resistance.

Additionally, a correlation was observed between the 
presence of neurorhabdoviruses in anal fin tissue and 
survival rates during initial viral replication, further 
emphasizing the importance of tissue-specific immune 
responses during infection [95]. This study identified 
1,726 differentially expressed genes, which contrasts with 
findings from a previous study [95] that reported 19,324 
differentially expressed genes in spleen tissue from the 
disease-sensitive group (compared to the control group) 
and 593 differentially expressed genes in the spleen tis-
sue from the resistant group (compared to the control 
group). The differences in gene expression observed in 
this study may stem from variations in fish breeds, breed-
ing and maintenance conditions (including differences in 
water quality and feeding practices), the absence of differ-
entiation or detection of resistance and sensitivity in the 
two research groups, the type of experimental challenge 
(e.g., peritoneal injection with a vaccine), differences in 

sampling times, tissue selection, and biological factors 
affecting the body and tissues in each study. Additionally, 
differences in sequencing platforms and methodologies 
may have contributed to the observed discrepancies.

The findings of this study align with the idea that VHSV 
infection triggers a complex immune response in rain-
bow trout, involving the regulation of multiple immune 
pathways to combat viral threats. It is crucial to recognize 
that the sensitivity of fish to VHSV infection may depend 
on the efficient regulation of these pathways, providing 
valuable insights for future aquaculture breeding strate-
gies aimed at enhancing disease resistance. These results 
offer a detailed understanding of the molecular mecha-
nisms underlying the immune response to VHSV infec-
tion in rainbow trout, highlighting the need for further 
research into immune pathway regulation to mitigate the 
impact of the virus in aquaculture.

Through the examination and analysis of genetic and 
transcriptomic data on VHSV infection in two rainbow 
trout (Oncorhynchus mykiss) lines-one sensitive (A22) 
and one resistant (B57) researchers identified a QTL 
associated with resistance in the isogenic fish line B57 
and high sensitivity in line A22. This QTL was found to 
be effective not only during viral challenges adminis-
tered via immersion but also during injection challenges. 
Sequencing results revealed that cell lines derived from 
the B57 and A22 fish lines exhibited an enhanced reac-
tion to inactivated VHSV virus inoculation. Furthermore, 
by crossing the backcross hybrid of the isogenic lines 
with the parental line, the associated QTL was mapped to 
chromosome 3. Significant biological pathways identified 
in the resistant line B57, based on the KEGG database, 
included glycerophospholipid metabolism, cytokine-
cytokine interactions, Jak-STAT  signaling, fructose and 
mannose metabolism, endocytosis, MAPK signaling, 
and other metabolic pathways. These pathways are sig-
nificant as they collectively enhance antiviral defense, 
immune signaling, metabolic adaptation, and cellular 
stress responses, contributing to VHSV resistance in the 
B57 line. In contrast, the KEGG pathways in the sensi-
tive line A22 included fructose and mannose metabolism, 
biosynthesis of unsaturated fatty acids, oocyte matura-
tion, progesterone signaling, sphingolipid metabolism, 
fatty acid metabolism, glutathione metabolism, inositol 
phosphate metabolism, p53 signaling, cell cycle, apopto-
sis, and purine metabolism. The identification of the type 
I interferon (IFN) gene was highlighted as a critical factor 
in the differential response to VHSV between the resist-
ant and sensitive fish lines. Key differentially expressed 
genes identified in this study included rsad2, vig1, mxa, 
igs15, pcdh10, cyr61, hsp90, dhx58, irf1, cd9, ogfr, cyp1B1, 
and akr1b1. Among these, the type I IFN pathway was 
identified as one of the main pathways involved in the 
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immune response to VHSV. Additionally, the crfb1 gene 
was recognized as playing an important role within this 
pathway [5].

In one study, researchers investigated and character-
ized QTLs associated with resistance to VHS disease 
in rainbow trout (Oncorhynchus mykiss), a significant 
threat to the aquaculture industry in Europe [96]. Main-
taining animal health and controlling diseases are criti-
cal components of aquaculture, and understanding the 
genetic basis of disease resistance in species such as fish 
is essential. Identifying QTLs for specific traits enhances 
our understanding of the genetic architecture underlying 
important characteristics and provides valuable insights 
into the mechanisms of pathogen resistance. This study 
utilized the F2 generation of rainbow trout families to 
identify QTLs. Ultimately, the researchers identified 
seven QTLs associated with survival, with one QTL 
accounting for 65% of the survival variation across the 
genome [96].

The findings of this study highlight the critical role of 
innate immunity in viral resistance and present opportu-
nities to identify key genes associated with this process. 
The identification of genes with significant effects pro-
vides a valuable framework for selecting and breeding 
disease-resistant fish. Notably, one of the QTLs linked to 
disease resistance was located near the Mx gene, which 
belongs to the interferon-stimulated gene family and is 
known for its role in innate antiviral immune responses. 
Polymorphisms in Mx sequences have also been associ-
ated with resistance to other rhabdoviruses, including 
IHNV. Although the precise position of the fibronec-
tin gene remains unclear, the data suggest that it likely 
contributes to one of the most effective QTL regions for 
disease resistance. Genes involved in activating the IFN 
system were identified as crucial factors in developing 
resistance in this study. Additionally, the Toll-Like Recep-
tor (TLR) signaling pathway was recognized for its role 
in producing proteins essential for innate immunity. Spe-
cifically, TLR7 and TLR8 were identified as key candidate 
genes influencing QTL regions. Furthermore, SPRY was 
found to play a role in immune defense mechanisms, 
while the trim13 gene, which is associated with cellular 
stress in mammals, was shown to be closely related to 
spryd7 in fish and other vertebrate genomes [96].

In the current study, although no major genes or QTLs 
were specifically identified, the gene expression pro-
files of all genes were analyzed. Certain genes associ-
ated with or located near QTLs, such as TLR7 and TLR8, 
which were identified in a previous study [96], were also 
detected in this investigation and included among the 
notable genes exhibiting differential expression. Consist-
ent with prior research, findings from this transcriptome 

analysis revealed the presence of interferon genes (ifn1-
202, ifnphi3, irf7, and irf8) among the primary and signif-
icant genes. These genes were differentially expressed in 
both the physiological serum and viral groups. Addition-
ally, when examining the major biological and metabolic 
pathways identified in this study, the Toll-Like Receptor 
(TLR) signaling pathway was highlighted in the KEGG 
database. This pathway consisted of 12 genes and dem-
onstrated a significantly corrected P-value, underscoring 
its relevance in the context of immune responses during 
viral infections.

The rhabdovirus family comprises two primary groups, 
VHSV and IHNV, both of which cause high mortality 
rates and significant economic losses in the aquaculture 
industry. Studies examining these diseases in rainbow 
trout (Oncorhynchus mykiss) have established that there 
is no substantial correlation between them. Further-
more, it has been demonstrated that body weight plays 
a crucial role in IHNV susceptibility and disease sever-
ity. Statistical analyses revealed that juvenile fish with 
lower body weights were more susceptible to infection 
than adult fish. Fish weighing less than one gram exhib-
ited notably higher susceptibility to viral infections, with 
individuals averaging 0.43–0.44  g being 87 times more 
susceptible to the disease than those averaging 2.5  g. 
Similarly, a review of various studies indicated a very lim-
ited correlation between these two viral diseases. Inves-
tigations into the quantity and levels of glycoproteins 
in salmon)Oncorhynchus( revealed that these proteins 
significantly influence the relative resistance of fish to 
rhabdoviruses. Specifically, fibronectin, an extracellu-
lar glycoprotein, facilitates the entry of VHSV and other 
rhabdoviruses, such as IHNV, into fish cells. Fibronectin 
is also a target of protective neutralizing antibodies [97]. 
In this study, fish weights across different groups were 
standardized, and only variations in body weight and 
length were analyzed. By the first week after viral chal-
lenge (day 28), fish challenged with the virus exhibited 
significant weight changes compared with the control 
group (p < 0.01). Additionally, fish injected with the virus 
displayed weight differences compared with those receiv-
ing saline injections (p < 0.05). By the second week after 
the challenge (day 35), a significant difference in body 
weight was observed between the septicemia injection 
groups and the other experimental groups, including 
the control and saline injection groups (p < 0.001). Sig-
nificant differences in fish length traits (standard length, 
fork length, and total length) were also noted among the 
experimental groups during the second week post-chal-
lenge (p < 0.05). These findings suggest that VHS disease 
can significantly impair fish growth, leading to economic 
losses. Furthermore, consistent with the findings of 



Page 21 of 24Ghaderzadeh et al. BMC Genomics          (2025) 26:204  

[97], transcriptome analysis in this study identified the 
fibronectin 1 gene as exhibiting significant differential 
expression, further validating prior research.

Validation of RNA‑seq analysis
qRT-PCR is widely used as a validation tool to confirm 
gene expression results obtained from next-generation 
sequencing (NGS). In this study, relative quantifica-
tion of gene expression of six immunomodulatory genes 
(ddx4, apoc2, epcam, tspan36, xdh, and tlr7) was assessed 
through transcriptome analysis to elucidate the gene 
expression profile of the immune response. Among these 
genes, ddx4, apoc2, and epcam were upregulated, while 
tspan36, xdh, and tlr7 were downregulated. The qRT-
PCR results were consistent with the sequencing data for 
all tested genes, except for xdh, which showed an inverse 
correlation. In a previous study [5], the relative expres-
sion of six genes (cd9, fosl, ifi44, irfb1, irf7, and rsad2) was 
validated at three and six days post-challenge compared 
to the control group. Although gene expression efficiency 
in the qRT-PCR analysis was estimated at approximately 
86%, no direct comparison of expression levels between 
sequencing and qRT-PCR methodologies was conducted, 
which could provide additional insights into potential 
discrepancies.

Conclusions
This study investigated the effects of viral infection on 
various biometric parameters in rainbow trout (Onco-
rhynchus mykiss) across five treatment groups. Body 
weight analysis during the first week of the viral chal-
lenge revealed significant differences between the virus-
injected groups and both the control and physiological 
saline-injected groups. By the second week, the virus-
injected groups showed significant reductions in body 
weight compared to the other experimental groups. 
While no significant differences in standard length, fork 
length, and total length were observed during the first 
week, notable variations emerged in the second week 
across the experimental groups. These findings demon-
strate that VHSV impairs fish growth, posing substan-
tial economic risks to aquaculture. Given the lack of an 
effective cure for VHSV, strict adherence to health stand-
ards and preventive measures is critical. Future research 
should prioritize gene expression profiling and spleen 
tissue analysis in rainbow trout (Oncorhynchus mykiss). 
RNA sequencing identified 1,726 differentially expressed 
genes, including immune-related genes such as TLR7, 
TLR8, and various interleukins. Gene network analysis 
revealed complex interactions among genes, implicat-
ing significant metabolic pathways, including the P53 

signaling pathway, Toll-like receptor signaling pathway, 
and apoptosis pathway. QTLs associated with VHSV 
resistance were linked to TLR7 and TLR8. Real-time 
PCR validation of RNA-seq results for six selected genes 
confirmed the reliability of most findings. Bioinformatic 
analysis further identified key biomarker genes, offering 
significant potential for inclusion in breeding programs 
aimed at enhancing the resistance of rainbow trout 
(Oncorhynchus mykiss) to VHSV.
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