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Abstract
Cyprinid herpesvirus 2 (CyHV-2) is the etiological agent of herpesviral hematopoietic 
necrosis disease (HVHND), which causes severe mortality in ornamental goldfish (Caras-
sius auratus), crucian carp (Carassius auratus), and gibel/prussian carp (Carassius gibe-
lio). Quick and hassle-free point-of-care detection of CyHV-2 is vital for the maintenance 
of ornamental fish health. In this manuscript, we describe the development of a rapid and 
sensitive RPA (recombinase polymerase amplification) assay, coupled with lateral flow 
dipsticks (LFD), that can achieve sensitive diagnosis of CyHV-2 in goldfish within 20 min 
at 36 °C with the satisfactory detection limit of 102 gene copies per reaction. This is the 
first report wherein major capsid protein (MCP) of CyHV-2 was targeted for RPA-LFD 
assay development. The assay did not show any cross-reactivity with other viral patho-
gens like cyprinid herpesvirus 3 (CyHV-3), spring viremia of carp virus (SVCV), infec-
tious spleen and kidney necrosis virus (ISKNV), and viral nervous necrosis virus (VNNV). 
Furthermore, screening of CyHV-2 infection in CyHV-2-infected goldfish did not yield any 
false positive/negative results. In short, the RPA-LFD assay developed in this study pre-
sents a simple, rapid, and sensitive method for point-of-care diagnosis of CyHV-2, espe-
cially under resource-limited conditions.
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Introduction

Cyprinid herpesvirus 2 (CyHV-2), the etiological agent of herpesviral hematopoietic 
necrosis disease (HVHND), is an infectious pathogen of gold fish (Carassius aura-
tus), crucian carp (Carassius auratus), and various hybrids of carp and goldfish that 
causes devastating economic losses to the aquaculture industry (Fichi et  al. 2016; Li 
et al. 2019). This linear double-stranded DNA virus in the genus Cyprinivirus of family 
Alloherpesviridae causes very high mortality (50–100%) among the infected fish (Kong 
et al. 2017; Thangaraj et al. 2020). Owing to the lack of appropriate drugs/vaccines for 
CyHV-2, timely and accurate diagnosis of an infection is quintessential for the mainte-
nance of fish health in ornamental aquaculture.

A plethora of nucleic acid–based, cell culture, and immunological diagnostic meth-
ods have been developed for the diagnosis of CyHV-2 infections (Kong et  al. 2017). 
Nevertheless, PCR is the most recommended method on account of its diagnostic 
specificity and sensitivity. The requirement of specialized equipment like thermocy-
cler, gel imaging system, long reaction time, and trained personnel restricts its on-site 
application, particularly in resource-limited conditions. The isothermal recombinase 
polymerase amplification (RPA) developed by TwistDx in 2006 is a rapid, simple, and 
cost-effective alternative for the on-site identification of pathogens in a sample (Chen 
et al. 2020). The RPA permits amplification of target DNA at low reaction temperature 
(37–42 °C) within as short as 20 min (Chen et al. 2020). Furthermore, the strand dis-
placing polymerase used in RPA exhibits more tolerance to inhibitors in samples com-
pared to Taq polymerase used in conventional PCR (Moore et  al. 2017). Among the 
various visualization methods for RPA amplicons, lateral flow dipstick (LFD) assay is 
better suited for point-of-care (POC) testing as it facilitates analysis of results with the 
naked eye (Li et al. 2018). The present study was focused to develop RPA primers and 
probes targeting the highly conserved major capsid protein (MCP) gene (ORF 92) of 
CyHV-2 for rapid diagnosis of HVHND. Major capsid protein is one of the most widely 
used biomarkers of viral infection in fish and has often been used as a capture antigen 
in immunological studies and for vaccine development (Shen et al. 2018). To date, there 
are very few studies on the major capsid protein of CyHV-2, and therefore, this study 
is the first of its kind focusing the development of an easy and reliable RPA-LFD assay 
prototype for the POC detection of CyHV-2.

Materials and methods

Propagation and purification of CyHV‑2 from infected gold fish

Diseased gold fish exhibiting clinical signs of HVHND were collected from an ornamental 
fish farm. Gills, kidney, and spleen of the infected fish were excised aseptically and homog-
enized with sterile Dulbecco’s phosphate buffered saline (DPBS). The tissue homogenate 
was freeze-thawed thrice and was centrifuged at 3000 × g for 20 min at 4 °C. The super-
natant was collected and filtered through 0.22-µm filter (Millipore) and was subjected to 
CyHV-2 isolation using sucrose gradient centrifugation. The purified virus was stored 
at − 80 °C for further use. The filtrate was also inoculated on to the confluent monolayer of 
fantail goldfish fin (FtGF) cell line for the observation of cytopathic effects.
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Genomic DNA extraction and PCR amplification

The stored purified viral samples were subjected to DNA extraction using salting out 
method following Miller et al. (1988). Individual as well as pooled infected tissues such as 
gills, liver, and spleen were taken for DNA extraction. CyHV-2 infection was confirmed by 
PCR using the primers targeting DNA polymerase (Engelsma et al. 2013).

Design of RPA primers and probes

Nucleotide sequence data for MCP gene of CyHV-2 was retrieved from GenBank (Acces-
sion KU527546), and the conserved regions were identified after multiple sequence align-
ment using BioEdit. Different combinations of primers and probes targeting the conserved 
region of MCP were designed according to the guidelines in the TwistAmp Assay Design 
manual (TwistAmp Basic kit, TwistDX, Cambridge, UK). The TwistAmp kit formula-
tions allow rapid and sensitive amplification of short target sequences (80–500 bp) within 
the DNA. As per the kit guidelines, the recommended amplicon length should not exceed 
500 bp for an ultra-rapid assay. As Jaroenram and Owens (2014) suggested, around 35 bp 
could only be possible for primer construction, and as the primer length decreases, the 
amplification efficiency increases as well. However, the length of TwistAmp primers 
should be longer than the normal PCR primers according to the instructions of TwistAmp 
manual. In the case of LFD RPA primers, biotin labels were added at 5′-end to detect the 
cellular nucleotide. The probes designed for LFD assay were based on the nucleotides of 
RPA primers and which mainly comprise fluorophores (FAM) at 5′-end and a polymerase 
extension blocking group, C3-spacer at 3′-end. A tetrahydrofuran residue (Z) was added as 
an internal basic nucleotide analogue. This is the site where enzyme nfo cleaves and gener-
ates a new 3′-OH group, thereby promoting polymerase extension and further modifying 
probe in to primer. The RPA primers including LFD primers and probes were selected by 
testing the combination that yielded the highest sensitivity. Table 1 lists the RPA and LFD 
primers and probes (Sigma Aldrich, USA) used in the current study.

Recombinase polymerase amplification (RPA) and Lateral flow dipstick (LFD) assay

Normal PCR was carried out using RPA 1F/1R and RPA 4F/4R primers specific for MCP 
gene of CyHV-2 with product sizes of 335 bp and 230 bp, respectively. The reaction condi-
tions consisted of an initial denaturation at 95 °C/2 min, followed by 28 cycles of denatura-
tion at 95 °C/1 min, annealing at 55 °C/1 min, extension at 72 °C/1 min with a final exten-
sion of 72 °C/10 min. The RPA reaction was performed after confirmation of the positive 
amplification of MCP gene. The RPA reaction mixture for 335 bp amplicon comprised of 
forward primer (LFD-RPA 1F, 10 µM) (4 µl), LFD probe 335 (10 µM), 1X rehydration 
buffer, DNase-free water, and template DNA in a total volume of 47.5 µL. The amplifica-
tion of 230 bp product was performed by the addition of reverse primer (LFD-RPA 4F) 
(10 µM) and the corresponding LFD probe 230 (10 µM). Furthermore, the total volume 
of reaction mixture was transferred into the lyophilized TwistAmp reaction pellets con-
taining the enzyme nfo (Endonuclease 1  V) (TwistAmp nfo new formulation, TwistDX, 
Cambridge, UK) and 2.5 µl of magnesium acetate (280 mM) was placed on the cap of the 
reaction tube to commence the reaction. Triplicates were kept for all reactions along with 
positive (provided in the kit) and negative (without template) controls. After proper mixing 
by centrifugation, the reaction tubes were immediately incubated at temperatures ranging 
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from 30 to 40 °C for 40 min. Optimal reaction time was also determined by performing 
RPA reaction at intervals ranging from 5 to 40  min at the optimal temperature. For the 
detection of products using LFD assay, the RPA product (10µL) was mixed with HybriDe-
tect Assay Buffer (90µL) and the LFD strip (Milenia HybiDetect1, Milenia Biotec, Gies-
sen, Germany) was incubated in the solution at room temperature and the observations 
were recorded immediately after 5 min.

Diagnostic sensitivity of RPA‑LFD assay

To test the sensitivity of RPA assay, the MCP amplicons were cloned into pGEM®-T Easy 
Vector (Promega, Madison, WI, USA) and different copies of the recombinant plasmid 
were used as templates for the RPA reaction. Based on the size of plasmid (3015 bp) and 
the insert (335 bp), the copy number was calculated following Whelan et al. (2003) and 
was subjected to tenfold dilutions from 1 X 109 to 1 X 101 copies µL−1 to determine the 
exact sensitivity of the RPA-LFD assay.

Diagnostic specificity and applicability of RPA‑LFD assay

Specificity of the newly designed RPA primers and probes was determined by performing 
RPA-LFD assay with the positive DNA of other fish viruses such as, cyprinid herpesvirus 
3 (CyHV-3), spring viremia of carp virus (SVCV), infectious spleen and kidney necrosis 
virus (ISKNV), and viral nervous necrosis virus (VNNV) under the specified conditions.

Table 1   RPA primers and probes targeting MCP gene designed for CyHV-2 detection

Sl. no Primer name Sequences (5′-3′) Primer 
length 
(bp)

Amplicon 
length 
(bp)

1 RPA 4F 230 TAC​TTT​AGA​CCG​GAC​GCC​TAT​CAC​GTG​CAA​AA 32 230
2 RPA 4R 230 TTC​TCC​ATA​CGA​CCG​GTG​ACG​CTG​GTG​TTG​

TCTG​
34

3 RPA1F 335 GCT​CAA​CTT​TGA​TAA​GCA​GTA​TTA​CTC​TGG​ 30 335
4 RPA1R 335 CGA​CTT​GTG​GTC​ATA​GTT​GTT​CAT​AGA​GTA​ 30
5 LFD Primer RPA1F 5′Biotin-GCT​CAA​CTT​TGA​TAA​GCA​GTA​TTA​CTC​

TGG​
(5′ labelled with biotin)

30 335

6 LFD Primer RPA4R 5′Biotin-TTC​TCC​ATA​CGA​CCG​GTG​ACG​CTG​GTG​
TTG​TCTG​

(5’ labelled with biotin)

34 230

7 Probe LFD 335 5′FAM-CAG​GGA​CAC​CTG​TTG​GTC​GTC​GGC​AAC​
AGC​AAZTTC​GAC​CTG​GCG​CAG -(C3spacer) 3′

(5′ modification-FAM), (3′modification- C3 spacer) 
and Z-THF (Tetrahydrofuran residue)

48 335

8 Probe LFD 230 5′FAM-GAG​TGC​TGA​CAC​AGA​TGG​GCG​
ACC​CCA​ACG​CTZACA​TGT​TTG​GAG​CCG 
-(C3spacer) 3′

(5′ modification-FAM), (3′modification- C3 spacer) 
and Z-THF (Tetrahydrofuran residue)

48 230
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The applicability of this assay was validated by performing the RPA-LFD assay for 
gold fish (n = 14) collected from Ernakulam fish farm, with or without CyHV-2 and 
comparison of the results with routine PCR assays.

Results

Isolation and identification of CyHV‑2

The virus was successfully purified and genomic DNA (> 10  Kb) was extracted from 
the isolated virus. Besides, DNA was also extracted from the pooled organs as such of 
the infected fish. This obviates the need for virus isolation using sophisticated protocols, 
thereby simplifying the process and can be taken as a major advantage in field diagno-
sis. PCR amplification of the DNA polymerase gene generated amplicons of 362  bp, 
confirming the CyHV-2 infection in the tested gold fish samples. CyHV-2 infection was 
also confirmed by typical cytopathic effects in FtGF cell lines, such as cytoplasmic vac-
uolization, followed by the detachment of cell monolayer.

In the screening of CyHV-2 RPA primers, the amplification efficiency was found to 
be highest for the primer sets RPA 1F/1R and RPA 4F/4R with product sizes of 335 bp 
and 230 bp, respectively (Fig. 1). However, the primer set LFD- RPA 1F yielded better 
results on RPA-LFD assay when compared to the LFD-RPA 4R primer set. Hence, the 
former set was used for subsequent studies. The MCP gene sequence (335 bp) obtained 
in this study was submitted to GenBank (MZ399719), and it showed 100% similarity to 
CyHV-2 major capsid protein gene (KU527546, MT643194) on BLAST analysis.

Diagnostic sensitivity of RPA and LFD assay

Upon optimization of RPA reaction, significant amplification was observed in the tem-
perature range of 35–38  °C and hence, 36  °C was selected as the standard tempera-
ture for the assay. The assay successfully detected the positive samples after 15 min of 
RPA reaction, and hence, 20 min was determined as the optimal reaction time for RPA 
assay, by considering the incubation of 5 min for the LFD assay. After RPA reaction, the 
positive and negative amplifications of different copies of recombinant plasmids (109 
to 101) were confirmed by observing the amplified products in 1% agarose gel (Fig. 2). 
Thereafter, on LFD assay two bands were formed in LFD strips for CyHV-2 positive 
samples, one in the control line and another in the test line, unlike the negative control 
and CyHV-2 negative samples wherein, only a single band appeared in the control line. 
A flow-control signal is only produced in the negative control in contrast to positive 
signals in test samples. The positive and negative signals in the LFD strips upon test-
ing different copies (109 to 101) of the recombinant plasmids are shown in Fig. 3. On 
performing the RPA-LFD assay with different dilution series of pGEM®-T Easy Vec-
tor, harboring the MCP gene, the detection limit was found to be 102 gene copies per 
reaction.
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Fig. 1   Gel picture showing the 
positive amplification of RPA-
MCP gene of CyHV-2 using two 
different RPA primersets; 1F/1R 
and 4F/4R with 100bp Ladder
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Fig. 2   Gel picture showing the recombinase polymerase amplification of different copies (109 to 101) of 
pGEM-TMCPwith controls (P: positive control, N: negative control)

Fig. 3   LFD signals shown by different copies (109 to 101) of pGEM-T-MCP with controls (P: positive con-
trol, N:negative control)
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Diagnostic specificity and applicability of RPA and LFD assay

The analysis of diagnostic specificity by investigation of the cross-reactivity of RPA 
assay against other viral pathogens revealed strong specificity of the RPA primers 
for CyHV-2 and hardly exhibited positive results for other tested viruses. During the 
RPA-LFD analysis of 14 gold fish samples for CyHV-2, 5 tested positive in concord-
ance with the PCR test results of the same samples. This suggests that the primers and 
probes developed in our study are accurate, efficient, and reliable for on-site detection 
of CyHV-2.

Discussion

Development of a rapid detection tool for subduing the disease outbreaks is the need 
of the hour in aquaculture. RPA-LFD is a simple, rapid, and cost-effective isothermal 
amplification method for the on-site detection of major viral pathogens in aquaculture 
such as hemocyte iridescent virus, carp edema virus, cyprinid herpes virus, and nodavi-
rus (Jamalpure et al. 2021; Chen et al. 2020; Soliman et al. 2018; Prescott et al. 2016). 
Amongst these, cyprinid herpes virus 2 is a significant viral pathogen affecting orna-
mental fish aquaculture (Li et  al. 2019). Therefore, the current study was designed to 
develop an RPA-LFD assay for point-of-care diagnosis of CyHV-2 infections. As major 
capsid protein, pORF92 is the most abundant protein in CyHV-2 virions that plays a 
vital role during CyHV-2 infection process (Gao et al. 2020); ORF92 was employed as 
a marker gene for the development of RPA-LFA. Previously, an MCP-based RPA assay 
was developed for CyHV-3 in latently infected koi carp (Prescott et al. 2016). Despite 
the highly conserved nature of MCP, no study has reported the development of MCP-
based RPA assay for CyHV-2 infections.

The RPA-LFD assay demonstrated excellent sensitivity by facilitating the detection 
of low copy numbers of the MCP-harboring plasmids, corresponding to a low viral load 
in fish samples. Our RPA-LFD assay showed a comparable limit of detection (below 
100 copies), exhibited by most of the RPA assays developed for fish viruses (Chen et al. 
2020; Mai et  al. 2021). Previously, Wang et  al. (2018) developed an RPA-LFA assay 
targeting ORF72, encoding the capsid triplex subunit 2 for rapid detection for CyHV-2. 
However, the entire assay took 30 min for completion, and furthermore, the specificity 
of the assay was expressed in terms of DNA concentration, which is not an accurate 
representation of sensitivity of the reaction, while the assay developed in our study per-
mitted successful detection of exact copy number of CyHV-2 in as little as 20 min. The 
absence of cross-reactivity of our RPA primers with other viruses confirmed superior 
performance of this method over other conventional diagnostic techniques that gener-
ate several false positive/negative results. This highlighted the specificity of designed 
primers and probes, which is in close agreement with the specificity shown by the RPA 
primers developed in recent studies for the detection of CyHV-2, CyHV-3 and other 
fish pathogens (Chen et al. 2020; Mai et al. 2021; Wang et al. 2018). The RPA-based 
assay developed in this study permitted successful identification of 5 positive cases of 
CyHV-2, without giving any false positives/negatives for the remaining samples, veri-
fied using PCR. Due to the high sensitivity, specificity, rapidity, reproducibility, and 
applicability, the developed assay is a quantum leap in comparison to conventional PCR 
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and other gold standard diagnostic techniques like real-time PCR. This RPA-LFD assay 
is therefore, a promising alternative for POC diagnosis of CyHV-2, in the event of lim-
ited access to expensive equipment or trained personnel to perform complicated assays.

Conclusion

A simple and reliable RPA-LFD assay targeting the MCP gene of CyHV-2 was developed 
for the first time which could accomplish successful detection of 100 copies of the viral 
gene within 20 min at 36 °C. This presents a rapid and sensitive point-of-care diagnosis of 
CyHV-2 under resource- limited conditions.
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