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Infectious hematopoietic necrosis virus (IHNV) is widely prevalent in the world, causing a large number of deaths
in wild and farmed salmonids. Therefore, the establishment of an effective and accurate detection method is
extremely important. In this study, the conservation of the N gene of IHNV was analyzed, followed by the design
of dual priming oligonucleotide (DPO) for developing the real-time RT-PCR assay. The specificity and sensitivity
of the method were analyzed and the results showed that only IHNV was positive and had high specificity in the
detection of 8 aquatic animal viruses. The minimum detection limit was 3.62 x 10! copies/ pL. Meanwhile, in the
repeatability analysis, all CVs (coefficient of variation) were less than 1 %, indicating good repeatability.
Notably, the presence of three or more base mismatches in the template significantly reduced amplification
efficiency or even terminated the reaction completely. Furthermore, DPO primers allow a wider annealing
temperature range, and the target gene can be successfully amplified in the annealing temperature range of 45 °C
to 65 °C. Finally, the DPO-based real-time RT-PCR method could be used to detect the clinical samples with
higher IHNV prevalence rate compared with the traditional RT-PCR. The IHNV detection approach utilizing DPO
primers, as established in this study, showed excellent specificity and sensitivity, thus providing technical sup-
port for rapid and accurate identification of IHNV and facilitating the further multiplex real-time PCR

establishment.

1. Introduction

Infectious hematopoietic necrosis (IHN) is a viral infection caused by
infectious hematopoietic necrosis virus (IHNV), which predominantly
infects salmonids (Kurath et al., 2016). IHNV is a single-stranded
negative-sense RNA virus of the Novirhabdovirus genus within the
Rhabdoviridae family (Walker et al., 2022). IHNV was first discovered in
the United States in the 1950s (Rucker et al., 1953) and subsequently
spread to Europe and Asia through horizontal and vertical transmission.
At present, IHNV is globally distributed across multiple countries
(Abbadi et al., 2021; Mulei et al., 2019). The mortality rate of fish
infected with IHNV can reach up to 90 % (Williams et al., 1999). Due to
the limits of clinical vaccines and effective therapeutic drugs, IHN has
caused substantial economic losses to the global salmonid aquaculture
industry and has become a major factor hindering the sustainable
development of salmonid farming (Garver et al., 2013; Pan et al., 2024).

The diagnostic techniques for IHNV as recommended by the World
Organisation for Animal Health (WOAH) include traditional virus
detection methods like virus isolation and neutralization tests, which are
time-consuming and laborious. Immunological detection methods such
as enzyme-linked immunosorbent assay (ELISA) (Medina et al., 1992)
and indirect immunofluorescence assay (IFA) (Arnzen et al., 1991;
Lapatra et al., 1989) have the advantages of being fast and high-
throughput, but require specific antibodies, and there is difficulty in
serum sampling from juvenile fish. At present, RT-PCR is a commonly
used molecular biology method for detecting IHNV (Dhar et al., 2008).
However, its application has high requirements for primers and often
suffers from the problem of insufficient sensitivity.

Indeed, co-infections of IHNV with either IPNV or VHSV have been
reported in many regions worldwide (Kolodziejek et al., 2008; Vilas
et al., 1994). In China, co-infection of IHNV and IPNV was documented
for the first time in 2019 (Xu et al., 2019b). In instances of co-infection
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Table 1
Primer sequence information.
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Type of primers Primer ID Sequence(5' — 3" Product sizes(bp)
THNV-N-F* ATGACAAGCGCACTCAGAGAG 1176
THNV-N-R" TCAGTGGAATGAGTCGGAGTCT
IHNV-C-G1F" CCGATCTCCACATCCCGGAATAAATGACGTCTACGC 195
IHNV-C-G1R" CTTGGATACCTCGTCCACAGCGACCGTCATGCACATC
IHNV-C-G2F” CAACAGGGTTCTTCGGGGGTCAGACGATAGAGAAGG 136
Conventional primers IHNV-C-G2R" GTGTACCATTGGCATCGGGGAGCTGGGAAGTACAGAG
v P IHNV-C-L1F" CAGGCCGTGTTGATGGCAGTCATCCTCAGAGTGAC 100
IHNV-C-L1R" ATCACCAATGGCTCCCAGAGTTTCAGGAGGTCTATCGC
IHNV-C-N1F" ACTGATGAGGATCGTAGCAGAGGCCCCAGGGGTAGCAGC 273
IHNV-C-N1R" CCCTCTCCGGTTGAGCCATCGCCATCGTACTTGAG
THNV-C-N2F” AGCGGGCGGTGAGTCATGTCGGAGGAGAGGGAA 195
IHNV-C-N2R" GCTTGTTGTTGGGATCTGCGAAAGTGGCGTCCAGTG
DPO primers IHNV-DPO-NF¢ AGCGGGCGGTGAGTCATGTCIIIIAGAGGGAA 195
P IHNV-DPO-NR® GCTTGTTGTTGGGATCTGCGAAIIIICGTCCAGTG
IHNV-N-N3F¢ AGCGGGCGGTGAGTCATGTCGGAGGATAGAGCA 195
THNV-N-N3R¢ GCTTGTTGTTGGGATCTGCGAAAGTGGCGCCTGGTG
IHNV-N-SN3F! AGCGGGCGGTGCGTCAAGTAGGAGGAGAGGGAA 195
Point mutation primers THNV-N-SN3R GCTTGCTGTTAGGGTCTGCGAAAGTGGCGTCCAGTG
P THNV-N-N5F¢ AGCGGGCGGTGAGTCATGTCGGAGGCGGAGTCA 195
IHNV-N-N5R! GCTTGTTGTTGGGATCTGCGAAAGTGGAGCCTGGCG
THNV-N-SN5F! AGCGGGCTGTAAGCCAAGTAGGAGGAGAGGGAA 195
THNV-N-SN5R GCTTGGTATCGGAGTCTGCGAAAGTGGCGTCCAGTG

“I” means deoxyinosine.

@ Primers were used for full-length amplification of the target gene to prepare standard plasmid.

b Conventional primers for validity analysis.
¢ DPO primers for the establishment of detection methods.
4 Primers for point mutation.

involving IHNV and other viruses, the clinical symptoms shown by the
host may be caused by other viruses rather than the clinical character-
istics of atypical IHNV. More specifically, when co-infection of IHNV and
IPNV occurs, IHNV is able to promote IPNV proliferation (Shao et al.,
2022a), while IPNV inhibits IHNV proliferation (Shao et al., 2022b). Co-
infection of multiple viruses poses a serious challenge to the diagnosis
and prevention of diseases.

Current diagnostic methods for IHNV, such as RT-PCR and virus
isolation, are highly effective but may be hindered by the presence of
inhibitors in complex tissue samples or the potential for cross-reactivity
with other pathogens. This study aims to address these issues by
developing a DPO primer-based RT-PCR approach. Compared with
conventional primers, dual priming oligonucleotide (DPO) primers
possess the characteristics of strong specificity, unique structure, and
tolerance to a wide temperature range of annealing. The DPO primer
was first proposed in 2007, which contains two independent specific
regions (Chun et al., 2007). The 5'-segment can be stably paired with the
target gene, and the 3-segment is used to guide the specific extension of
the PCR reaction. The two independent specific regions are connected by
polydeoxyinosine (poly I) linker (Chamberlain et al., 1988). Any
mismatch of three or more bases in either the 5’ or 3' primer regions will
prevent the PCR reaction. Recently, DPO primer has been widely utilized
in multiplex PCR, real-time fluorescence PCR and other detection
techniques with high primer requirements due to its characteristics and
advantages (Carrara et al., 2013; Chung et al.,, 2014). Studies have
shown that DPO primer can also perform high-specific amplification
under non-optimal PCR conditions (Yeh et al., 2011). In addition, DPO
primer can reduce the competitive effects between different primers
during multiplex PCR, enabling simple and efficient detection with high
specificity (See et al., 2021).

In this study, DPO primers were designed for the conserved region of
IHNV, and an IHNV detection method based on DPO primers was
established. It provided a simple, rapid and accurate detection method
of THNV, which laid a foundation for the subsequent generation of
multiplex PCR detection of complex co-infections containing IHNV.

2. Materials and methods
2.1. Cells, virus and clinical specimens

Epithelioma Papulosum Cyprini (EPC) cells were cultured in M199
medium containing 10 % fetal bovine serum (Wisent, Canada) and 1 %
penicillin-streptomycin solution (Biodragon, China) at 25 °C. IHNV
DN23 was a clinical isolate and propagated in EPC cells at 15 °C (Huang
et al., 2024). Clinical specimens including the liver, kidney and spleen
tissues of rainbow trout were collected from several trout farms in
China.

2.2. DPO design and validation

The genomic sequences of various IHNV strains were obtained from
the NCBI database (https://www.ncbi.nlm.nih.gov/). The conservative
analysis was carried out using the MegAlign (v7.1.0) in DNASTAR
software. Finally, primers targeting the nucleoprotein (N), glycoprotein
(G), and RNA-dependent RNA polymerase (L) genes were designed for
further verification. Primer pairs were ordered from Comate Bioscience
Co., Ltd., China. The details of primers are shown in Table 1.

Approximately 8 bases with GC contents greater than 40 % were
selected as the 3-segment, five deoxyinosines were used as poly (I)
linker, and then approximately 20 bases were extended to the 5'-
segment to ensure that the melting temperature (Ty) was greater than
65 °C. Conventional primers contain the same sequence as DPO primers,
except for the poly (I) linker.

To obtain the cDNA of IHNV, EPC cells infected with IHNV were
harvested for extraction of total RNAs using Trizol reagent (ABclonal
Biotechnology Co., Ltd., China). Then, the cDNA was reverse transcribed
based on the extracted RNAs by Maxima H Minus Reverse Transcriptase
(Thermo Fisher Scientific, USA).

2.3. Plasmid standard
The full-length N gene of IHNV was amplified using primers IHNV-N-

F/R with the prepared IHNV cDNA as the template in a laboratory
thermal cycler (SensoQuest, Germany). The PCR system with a total
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Fig. 1. Homology analysis of IHNV N gene nucleotide sequences and evaluation of primer effectiveness. A. Homology analysis of IHNV N gene nucleotide sequences.
B. Schematic diagram of the binding regions of conventional primers and DPO primers across different IHNV strains. C. The experimental results of primer effec-
tiveness. M, DL2000 DNA Marker; Lane 1, 3, 5, 8 and 10 were the amplification products using the paired primers of IHNV-C-N1F/R, IHNV-C-L1F/R, IHNV-C-G1F/R,
IHNV-C-N2F/R and IHNV-C-G2F/R, respectively. Lane 2, 4, 6, 7 and 9 were the corresponding negative controls.

volume of 50 pL was configured as follows: TransStart Fast Pfu PCR
Super Mix (TransGen Biotech, Beijing, China) 25 pL, cDNA 5 pL, primer
IHNV-N-F/R (10 pM) 1 pL, and ddH20 18 pL. The reaction conditions
were as follows: 95 °C for 2 min, followed by 30 cycles at 95 °C for 20 s,
52 °C for 20 s, 72 °C for 25 s, and finally at 72 °C for 5 min. The PCR
product was ligated to the plasmid pEASY-Blunt (TransGen Biotech,
Beijing, China) to obtain the recombinant plasmid pEASY-IHNV-N.

2.4. Evaluation of the specificity of DPO primers

As shown in Fig. 3, point mutations were introduced at the 3"- and 5-
binding sites of DPO primers using site-directed mutagenesis. Mutations
at these positions were evaluated for their impact on primer-template
binding efficiency and PCR amplification. The 5’ or 3'-segments of the
DPO primer binding sequence to the target gene had three site mutations
(three site mutations occurred at the binding site of the 3'-segment of the
reverse primer of DPO to the target gene, named FN3; three site muta-
tions occurred at the binding site of the 3-segment of the forward and
reverse primers of DPO to the target gene, named N3; three site muta-
tions occurred at the binding site of the 5'-segment of the forward and
reverse primers of DPO to the target gene, named SN3) or five site
mutations (five site mutations occurred at the binding site of the 3-
segment of the forward and reverse primers of DPO to the target gene,
named N5; five site mutations occurred at the binding site of the 5-
segment of the forward and reverse primers of DPO to the target gene,
named SN5). PCR was carried out using plasmid standard as a template,
and the PCR system with a total volume of 50 pL was as follows:
TransStart Fast Pfu PCR Super Mix 25 pL, plasmid pEASY-IHNV-N 1 pL,
primers (IHNV-C-N2F/IHNV-N-N3R, IHNV-N-N3F/R, IHNV-N-SN3F/R,
IHNV-N-N5F/R, IHNV-N-SN5F/R) (10 pM) 1 pL, and ddH30 22 pL. PCR
amplification conditions were as follows: 95 °C for 2 min, followed by
30 cycles at 95 °C for 20's, 52 °C for 20 s, 72 °C for 10 s, and 72 °C final
extension of 5 min. Subsequently, the PCR product was ligated to the
plasmid pEASY-Blunt to obtain the recombinant plasmids pEASY-N-
FN3, pEASY-N-N3, pEASY-N-SN3, pEASY-N-N5, pEASY-N-SN5, respec-
tively. Traditional PCR and real-time PCR were carried out with DPO
primers IHNV-DPO-NF/R and conventional primers IHNV-C-N2F/R to

analyze the specificity of DPO primers.

2.5. Evaluation of the annealing temperature sensitivity of DPO primers

Traditional PCR was conducted using both DPO and conventional
primers for comparison. The PCR annealing temperature was set within
the range of 45 °C-65 °C to analyze the annealing temperature sensi-
tivity of DPO primers.

2.6. Establishment of the standard curve

A standard curve was generated using SYBR Green qPCR Master Mix
(ABP Biosciences) with five different concentrations of the standard
plasmid, ranging from 3.62 x 108 to 3.62 x 10* copies/jiL. Meanwhile, a
negative control was established, and each dilution was tested in trip-
licate. The real-time PCR system with a total volume of 10 pL was
configured as follows: SYBR Green qPCR Master Mix 5 pL, gradient
diluted plasmid standards 1 pL, primers IHNV-DPO-NF/R (10 pM) 0.2
pL, and ddH50 3.6 pL. Real-time PCR was performed using the Light-
Cycler 480 Il instrument (Roche, Basel, Switzerland) under the following
thermal cycling conditions: initial denaturation at 95 °C for 3 min; 40
cycles of 95 °C for 5 s, 60 °C for 30 s with fluorescence acquisition, and
95 °Cfor 5, 65 °C for 1 min; followed by a melting curve analysis with a
ramp rate of 0.1 °C/s and continuous fluorescence acquisition up to
97 °C.

2.7. Specificity evaluation

The established detection method was used to assess specificity
against IHNV, Snakehead vesiculovirus (SHVV) (Bei et al., 2023), Grass
carp reovirus (GCRV) (Pei et al., 2014), Siniperca huatsi ranavirus
(SCRaV) (Yu et al., 2023), Siniperca chuatsi rhabdovirus (SCRV), Car-
assius auratus herpesvirus (CaHV) (Ke et al., 2022), Andrias davidianus
ranavirus (ADRV) and Rana grylio virus (RGV) (Ke et al., 2018). The total
RNAs of IHNV, SHVV, GCRV and SCRV were extracted using Trizol, and
were reverse transcribed into cDNA using Maxima H Minus Reverse
Transcriptase. Meanwhile, the genomic DNA of ADRV, SCRaV, CaHV
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Fig. 2. PCR results based on the standard plasmid. M: DL2000 DNA Marker; 1:
Standard plasmid; 2: Plasmid standard amplification product; 3: Nega-
tive control.

and RGV were extracted using TIANamp Virus DNA/RNA Kit, respec-
tively (Tiangen Biotech, Beijing, China). Finally, the cDNAs and
extracted genomic DNAs were used as templates for fluorescence
quantitative PCR detection, with three replicates for each sample.

2.8. Evaluation of sensitivity and replicate consistency

The standard plasmid with a concentration of 3.62 x 10'° copies/pL
was diluted in a 10-fold gradient to a concentration ranging from 3.62 x
108 copies/pL to 3.62 x 10! copies/jL. The sensitivity of the method
was analyzed by detecting plasmid DNA at different dilutions. In order
to evaluate the repeatability of the method, we used a standard plasmid
with concentrations of 3.62 x 10° copies/jL, 3.62 x 10° copies/jL, and
3.62 x 10° copies/pL as templates. The average Ct value, standard de-
viation (SD) and coefficient of variation (CV) were calculated by using
the established real-time PCR detection method for three intra-batch and
inter-batch tests. Finally, the repeatability and stability of the method
were analyzed according to the results of the CV calculation.

Aquaculture 603 (2025) 742433
2.9. Sample testing

Finally, we collected 109 samples from several trout farms in China,
consisting of Salmo trutta, Oncorhynchus mykiss, Oncorhynchus masou,
Brachymystax lenok, and Hucho taimen. Total RNAs were extracted from
a mixture of liver, spleen, and kidney tissues using Trizol, and then
reverse transcription was carried out. Finally, these samples were
detected using the method established in this study.

3. Results
3.1. Effectiveness analysis of primers

Nucleotide sequence comparison of the N gene of different strains of
IHNV and effectiveness analysis of primers are shown in Fig. 1. The
amplification efficiency of the IHNV-C-N2F/R primers was significantly
higher than that of other primers. Therefore, we further optimized the
IHNV-C-N2F/R primers by replacing specific nucleotide sequences
(21-25 GGAGG in IHNV-C-N2F and 23-27 AGTGG in IHNV-C-N2R) with
deoxyinosine to obtain IHNV-DPO-NF/R for the subsequent
experiments.

3.2. Generation of the plasmid standard

The concentration of the recombinant plasmid was determined to be
200 ng/pL by micro-spectrophotometer Nano-300 (ALLSHENG, China),
and the copy number of the IHNV standard plasmid was calculated to be
3.62 x 10'° copies/pL using the following formula: Copy number
(copies/pL) = (concentration(ng/pL) X 1072 x 6.022 x 1023) /DNA
lengthx660. As shown in Fig. 2, a single-band product could be
observed after the PCR amplification based on the plasmid standard.

3.3. DPO primer specificity analysis

As shown in Fig. 3, we used three or five base mutations designed
within the 5 or 3'-segment of the N gene binding sequence of the DPO
primers to evaluate the DPO primers’ specificity using IHNV as a model.
Traditional PCR (Fig. 4) and fluorescence quantitative PCR (Fig. 5) were
carried out using DPO primers and conventional primers, respectively.
The results showed that DPO primers had higher specificity than con-
ventional primers. Notably, when there were more than three bases’
mismatches between the template and the DPO primer, the PCR

Design of point mutation

——le—
AGCGGGCGGTGAGTCATGTCGGAGGAGAGGGAA
AGCGGGCGGTGAGTCATGTC I11AGAGGGAA

GAA sesecescccns

AGCGGGCGGTGAGTCATGTCGGAGGAGAGG
Ngene pyg 000l

AGCGGGCGGTGAGTCATGTCGGAGGATAGAGCA

N3
o3 AGCGGGCGGTGCGTCAAGTAGGAGGAGAGGGAA »++ssvvvvssns
DL L L
AGCGGGCGGTGAGTCATGTCGGAGGCGGAGTCA  cereescecces
N5 AN |

SN5 AGCGGGCTGTAAGCCAAGTAGGAGGAGAGGGAA s eceeevccccs

Conventional primer

B0 prime GTGACCTGC 11111 AAGC(

Conventional primer

DPO primne:

| |
~~~~~~~~~~~~~~~ GTGACCTGCGGTGAAAGCGTCTAGGGTTGTTGTTCG

| [N TILTTETITnd
............... GTGGTCCGCGGTGAAAGCGTCTAGGGTTGTTGTTCG

""""""""" R R R N A

--------------- GTGACCTGCGGTGAAAGCGTCTGGGATTGTCGTTCG

[
--------------- GCGGTCCGAGGTGAAAGCGTCTAGGGTTGTTGTTCG

GTGACCTGCGGTGAAAGCGTCTGAGGCTATGGTTCG

GTGACCTGCGGTGAAAGCGTCTAGGGTTGTTGTTCG
GTCTAGGGTTGTTGTTCG
R |

Fig. 3. Point mutation diagram.
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Fig. 4. Agarose gel electrophoresis results of traditional PCR amplification products based on conventional primers and DPO primers. M: DL2000 DNA Marker; 1:
FN3 + conventional primers; 2: FN3 + DPO primers; 3: N3 + conventional primers; 4: N3 4+ DPO primers; 5: SN3 + conventional primers; 6: SN3 4+ DPO primers; 7:
N5 + conventional primers; 8: N5 + DPO primers; 9: SN5 + conventional primers; 10: SN5 + DPO primers; 11: N gene + conventional primers; 12: Negative control
for conventional primers; 13: N gene + DPO primers; 14: Negative control for DPO primers.
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Fig. 5. SYBR Green fluorescence detection results based on conventional primers and DPO primers. A ~ E. Amplification curves. The templates were FN3, N3, SN3,
N5 and SN5, respectively. a ~ e. The corresponding melting peaks. 1: Conventional primers + FN3/N3/SN3/N5/SN5, respectively. 2: DPO primers + FN3/N3/SN3/
N5/SN5, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Comparison of annealing temperature sensitivity between DPO primers and conventional primers. M: DL2000 DNA Marker. A. DPO primer amplification
results. B. Conventional primer amplification results. 1: Negative control for DPO primers (Left), Negative control for conventional primers (Right). 2-9: Annealing
temperature at 45 °C, 46.6 °C, 48.9 °C, 52.9 °C, 57.3 °C, 61.1 °C, 63.4 °C, 65 °C, respectively.
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amplification would be severely inhibited or even terminated, while the
amplification efficiency of the conventional primer was almost

unaffected.
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primers, IHNV cDNA was used as a template for traditional PCR
(Fig. 6A). The annealing temperature ranged from 45 °C to 65 °C, and
conventional primers were used as controls (Fig. 6B). DPO primers
exhibited effective amplification over a wide range of annealing tem-
peratures, with minimal impact on efficiency, while conventional
primers can only be effectively amplified at several limited annealing
temperatures.
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Fig. 10. Sensitivity analysis of agarose gel results by DPO primers and conventional primers. M: DL2000 DNA Marker. 1-8: Copy number of templates were 3.62 x
108 copies/pL ~ 3.62 x 101copies/pL, respectively. 9 and 18: Negative controls. 1-9: DPO primers; 10-18: Conventional primers.

3.5. Standard curve establishment

Real-time PCR was carried out using DPO primers with 10-fold
gradient dilutions of standard plasmid at concentrations ranging from

Table 2
Reproducibility of real-time fluorescence quantitative PCR method based on
DPO primers.

Plasmid Amount  Intra-assay Inter-assay

concentration

(copies-pL’l) Mean cv Mean Ccv

% %

3.62 x 108 3 9.05 £ 0.12 0.80 9.05 + 0.10 0.89

3.62 x 10° 3 16.68 + 0.62 16.68 + 0.45
0.15 0.14

3.62 x 10° 3 20.16 + 0.37 20.16 + 0.90

0.11 0.29

3.62 x 108 t0 3.62 x 10* copies/pL as templates. The standard curve was
established based on the amplification results. Linear relationships were
established with lg starting quantity and Ct as the X-axis and Y-axis,
respectively (Fig. 7). Finally, the standard curve equation was YNy =
—3.954x + 40.53, R* = 0.99.

3.6. Specificity of the DPO-based real-time PCR assay

Several aquatic animal viruses including SHVV, GCRV, SCRV, ADRV,
SCRaV, CaHV and RGV were used to assess the specificity of the
developed fluorescent quantitative assay developed in this study. The
results showed that the amplification could only be carried out in the
IHNV group, but not in any other virus groups, demonstrating excellent
specificity for IHNV detection (Fig. 8).
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Table 3
Clinical sample test results.

Aquaculture 603 (2025) 742433

Year n DPO-based Prevalence rate IHNV Conventional Prevalence rate IHNV
real-time RT-PCR RT-PCR
positive negative positive negative

2021 31 30 1 96.77 % 30 1 96.77 %

2022 30 26 4 86.67 % 26 4 86.67 %

2023 25 5 20 20.00 % 3 22 12.00 %

2024 23 8 15 34.78 % 7 16 30.43 %

Total 109 69 40 63.30 % 66 43 60.55 %

3.7. Sensitivity and repeatability of DPO-based real-time RT-PCR assay

The sensitivity of the method was evaluated by DPO-based real-time
PCR using 10-fold diluted plasmid standard as a template. The results
showed that the minimum detection limit of IHNV was 36.2 copies/pL
(Fig. 9). Meanwhile, traditional PCR was carried out using conventional
primers and DPO primers. The results showed that the minimum
detection limits of DPO primers and conventional primers were 3.62 x
102 copies/pL and 3.62 x 10> copies/pL, respectively (Fig. 10). When
the template concentration was 3.62 x 10° copies/jL, the amplification
efficiency of conventional primers was still low. In general, DPO primers
had higher sensitivity than conventional primers.

The repeatability results of three intra-batch and inter-batch exper-
iments with different concentrations of plasmids were shown in Table 2.
In general, the CV of IHNV was between 0.37 % and 0.90 %. All CVs
were below 1 %, indicating that the DPO-based real-time PCR method
established in this study had good repeatability. The coefficient of
variation was calculated according to the following formula: Coefficient
of Variation (CV) = (Standard Deviation (SD)/Mean) x 100 %.

3.8. Sample testing

A total of 109 clinical samples from several trout farms were detected
using the DPO-based real-time RT-PCR established in this study. The
accuracy and practical applicability of the developed method were
compared with those of traditional RT-PCR. As shown in Table 3, 69
IHNV positive samples were detected by fluorescence quantitative PCR
based on DPO primers, with a positive rate of 63.3 %. Compared with
the positive rate of 60.6 % detected by traditional RT-PCR, the DPO-
based real-time RT-PCR had a higher detection rate.

4. Discussion

As living standards continue to improve, the demand for salmon and
trout with high nutritional value and superior quality is increasing
steadily. The aquaculture production of salmon and trout in China has
been increasing. Correspondingly, effective detection and treatment of
susceptible diseases (such as IHNV, IPNV, etc.) have become increas-
ingly crucial for ensuring the health and sustainable development of
salmon and trout farming.

Currently, several molecular biological detection methods for IHNV
have been reported. These methods include RT-LAMP (Gunimaladevi
et al., 2005), recombinase polymerase amplification (Rong et al., 2024),
and RT-qPCR (Overturf and Powell, 2001; Purcell et al., 2013). These
methods place high demands on primers, and the experimental condi-
tions need to be optimized to achieve the best detection effect. Mean-
while, competitive inhibition may occur during multiplex PCR
detection, resulting in a decrease of sensitivity. Based on the detection
method recommended by the World Organisation for Animal Health
(WOAH), nucleotide substitution in the probe region has been investi-
gated (Hoferer et al., 2019), but the sensitivity to genotype E isolates had
decreased. The study found that RT-PCR not only can be successfully
applied to field investigations, but may also be slightly more sensitive
than virus isolation, as a positive sample detected by RT-PCR showed a

negative result in virus isolation (Knusel et al., 2007). Moreover, RT-
gPCR using N gene as the target gene can specifically distinguish
North American U and M genotype IHNV isolates (Batts et al., 2022), but
it is less sensitive to a particular M genotype isolate.

In recent years, the emergence of DPO primers has promoted the
further development of PCR (Xu et al., 2017b; Xu et al., 2015). The DPO
primers used in this study were used in conventional PCR detection. The
PCR amplification was efficiently achieved when the annealing tem-
perature was in the range of 45 °C to 65 °C, which is consistent with the
results in previous studies (Li et al., 2020; Xu et al., 2017a). The non-
specific amplification can be inhibited and the detection limit can be
improved. Indeed, the minimum detection limit of DPO-based real-time
PCR for IHNV detection established in this study can reach 36.2 copies/
pL, which only produces specific amplification of IHNV and has no cross-
reaction with other viruses. Also, since the N gene is the first gene to be
transcribed in the IHNV genome and can reach high levels of tran-
scription in the early stages of infection (Banerjee, 1987; Kurath et al.,
1985; Rose and Schubert, 1987), the detection of N gene targets can
theoretically reach a lower detection limit.

At present, IHNV is mainly divided into five genotypes: U, M, L, E and
J genotypes (Jia et al., 2017; Nishizawa et al., 2006). Genotype J was
considered as the main epidemic strain in China (Xu et al., 2019a), but
the M (Jia et al., 2018) and U (Huo et al., 2022) genotypes were also
detected in some areas. The fluorescence quantitative PCR detection
method based on DPO primers can quickly detect IHNV qualitatively
and quantitatively. However, amplification reactions will not proceed
when the template has more than three site mutations. In this study, the
conservation analysis of multiple IHNV strains was carried out when
designing DPO primers. Referring to the previous method (Lee et al.,
2008), the bases targeting the variable nucleotide sites in viral genomes
were replaced with deoxyinosine in the central region of the DPO
primers. This makes it theoretically possible to achieve better detection
efficiency when detecting IHNV strains of different genotypes. More-
over, this also gives us some inspiration. If the 3-segment of the DPO
primer targets the highly mutable site in the viral genome, the ampli-
fication efficiency may vary among strains during detection, which may
enable accurate strain typing.

Besides IHNV, IPNV is also an important pathogen in salmonid-
susceptible diseases, and they are often co-infected (Vilas et al., 1994).
The method established in this study has great advantages for the ac-
curate detection of IHNV in co-infected samples or complex samples.
Additionally, it may also lay a foundation for the further establishment
of multiplex RT-qPCR detection methods.

In conclusion, the DPO primer-based real-time fluorescent RT-PCR
method developed in this study provides rapid, accurate detection of
IHNV, demonstrating high specificity and sensitivity. Importantly, both
the 5'-segment and 3"-segment of the DPO primers used in this study are
located in the conserved regions of the N gene, and the non-conserved
region in the middle is linked by deoxyinosine. Therefore, this detec-
tion method can detect almost all IHNV isolates, which can be used for
epidemiological monitoring or as part of diagnostic methods. Further-
more, this study lays a foundation for the development of similar
detection methods for other aquatic animal viruses, offering a valuable
tool for both epidemiological monitoring and diagnostic purposes.
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