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ABSTRACT
Koi herpesvirus disease (KHVD), caused by Cyprinid herpesvirus-3 (CyHV-3), poses a significant threat to global aquaculture 
due to its high mortality rates and economic impact. Current diagnostic methods, such as PCR, are limited by equipment depend-
ency and procedural complexity, hindering point-of-care (POC) applications. To address this, we developed an integrated assay 
combining recombinase-aided amplification (RAA) with CRISPR-Cas13a-mediated SHERLOCK technology and lateral flow 
detection (LFD) for rapid and visual detection of CyHV-3 in clinical samples. The KHV-SHERLOCK assay targets a conserved 
region of the CyHV-3 thymidine kinase (TK) gene, demonstrating exceptional specificity with no cross-reactivity to related 
pathogens or host DNA. Sensitivity evaluations revealed a detection limit of 100 ag/μL for CyHV-3 plasmid DNA, tenfold more 
sensitive than the conventional PCR (1 fg/μL) assay, even in the presence of 100 ng of carp genomic DNA as background interfer-
ence. Clinical validation using 50 archived samples showed 100% concordance with reference PCR results, confirming diagnos-
tic reliability. The assay's isothermal RAA step (37°C, 40 min) and CRISPR-Cas13a detection (37°C, 1 h) enable equipment-free 
operation, while LFD provides unambiguous visual results within minutes. This platform merges high sensitivity with POC 
practicality, offering a transformative tool for field-based KHVD surveillance.

1   |   Introduction

Koi herpesvirus disease (KHVD), caused by Cyprinid herpes-
virus 3 (CyHV-3; initially classified by Waltzek et  al. (2005) 
and reclassified as Cyvirus cyprinidallo 3 in the ICTV  2022 
taxonomy release), is a highly contagious viral infection af-
fecting both common carp (Cyprinus carpio carpio) and or-
namental koi (Cyprinus carpio koi) (Hedrick et  al.  2000; Aoki 
et al. 2007). The disease has caused significant economic losses 
in global aquaculture due to its high virulence and capacity to 
induce latent infections (Ronen et al. 2003; Haenen et al. 2004; 

Gotesman et al. 2013). Clinical manifestations of KHVD include 
severe gill necrosis and systemic pathology, with mortality rates 
reaching 70%–100% within the permissive temperature range 
of 18°C–28°C (Hedrick et al. 2000; Gilad et al. 2003; Perelberg 
et al. 2003).

Although virus isolation is considered the gold standard 
for viral infections diagnostics, its application for KHVD 
is limited by the restricted availability of permissive cell 
lines and lower sensitivity compared to molecular meth-
ods (Haenen et  al.  2004; World Organization for Animal 
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Health [WOAH]  (2022)). Consequently, PCR-based tech-
niques, including real-time PCR (Gilad et al. 2004) and con-
ventional PCR (Bercovier et al. 2005), are the recommended 
approaches for presumptive diagnosis in clinically affected 
fish. Additional PCR assays (Yuasa et  al.  2005; El-Matbouli 
et al. 2007; Bergmann et al. 2010; Engelsma et al. 2013), iso-
thermal nucleic acid amplification methods (Gunimaladevi 
et al. 2004; Yoshino et al. 2009; Soliman and El-Matbouli 2005, 
2010, 2018; Prescott et al. 2016; Li, Zhang, et al. 2024; Li, Li, 
et  al.  2024) and gold nanoprobe-based assays (Saleh and El-
Matbouli 2015; Bavarsad et al. 2025), offer comparable or su-
perior sensitivity for CyHV-3 detection.

Recombinase aided amplification (RAA), an advanced deriva-
tive of recombinase polymerase amplification (RPA), has been 
widely adopted for sensitive detection of bacterial, viral and 
parasitic pathogens (Wang et al. 2022; Zhao et al. 2023; Yan 
et  al.  2023). Compared to conventional PCR, RAA demon-
strates significant practical advantages, such as reduced reli-
ance on expensive thermal cycling equipment and specialised 
consumables (Li et  al.  2023). This isothermal amplification 
method offers broader application potential while maintain-
ing high detection accuracy (Bei et  al.  2010). RAA systems 
exhibit superior energy efficiency and operational simplic-
ity, making them particularly suitable for field applications 
(Wang et al. 2022). Recent advances have established RAA as 
an emerging nucleic acid amplification platform for various 
aquatic pathogen detections with validated applications (Gui 
et al. 2022).

Recently, CRISPR-Cas systems have emerged as a transfor-
mative tool for nucleic acid detection, offering rapid, highly 
specific and efficient diagnostic capabilities, thereby rev-
olutionising the field of molecular diagnostics (Hatoum-
Aslan 2018; Yin et al. 2021). Several CRISPR-Cas nucleases, 
such as Cas12a, Cas12b and Cas13a, possess dual function-
ality: they cleave target-specific nucleic acids and exhibit col-
lateral cleavage activity, resulting in nonspecific degradation 
of nearby single-stranded DNA or RNA upon target recogni-
tion (Abudayyeh et al. 2016; Chen et al. 2018; Li et al. 2018, 
2019). This property has been exploited to develop highly 
sensitive and specific diagnostic platforms for viral detection 
(Gootenberg et al. 2017; Chen et al. 2018). A prominent example 
is SHERLOCK (Specific High-Sensitivity Enzymatic Reporter 
UnLOCKing), which combines Cas13a's collateral cleavage 
activity with isothermal amplification for robust nucleic acid 
detection (Gootenberg et al. 2017; Kellner et al. 2019).

The SHERLOCK platform serves primarily as a qualitative 
diagnostic system, providing a binary readout of target nu-
cleic acid presence or absence (Gootenberg et al. 2017). While 
demonstrating exceptional sensitivity with detection lim-
its reaching attomolar concentrations (Chen et al. 2018), the 
platform lacks the quantitative capacity of real-time PCR for 
precise viral load determination (Kellner et al. 2019). Recent 
methodological advancements incorporating fluorescence or 
lateral flow detection (LFD) have enabled semi-quantitative 
analysis in optimised systems (Myhrvold et  al.  2018). The 
platform has demonstrated broad diagnostic utility, suc-
cessfully detecting diverse pathogens including White 
Spot Syndrome Virus, Dengue virus, Zika virus, Infectious 

Bursal Disease Virus, Yersinia ruckeri, Neisseria gonorrhoeae 
and Plasmodium species (Myhrvold et  al.  2018; Sullivan 
et al. 2019; Lee et al. 2020; Allan-Blitz et al. 2023; Calderón 
et  al.  2024; Ramadan et  al.  2025). SHERLOCK's modular 
crRNA design enables rapid system reconfiguration, offering 
particular advantages for emerging pathogen surveillance and 
strain-specific differentiation in outbreak settings (Ramadan 
et al. 2025).

In this study, we developed a field-deployable diagnostic assay 
by integrating RAA with the SHERLOCK platform and LFD for 
rapid, sensitive and specific visual detection of CyHV-3 DNA in 
fish tissues. We systematically evaluated the assay's specificity, 
sensitivity and clinical applicability, highlighting its potential 
for point-of-care (POC) diagnosis.

2   |   Materials and Methods

2.1   |   Nucleic Acid Templates

Genomic DNA was extracted from purified CyHV-3 using the 
QIAamp DNA Mini Kit (QIAGEN GmbH, Germany), according 
to the manufacturer's instructions. To evaluate the specificity 
of the assay, genomic DNA from specific pathogen-free (SPF) 
common carp (ZODIAC, Wageningen, the Netherlands) and 
non-infected common carp brain (CCB) cells was included as 
negative controls. Additionally, genomic DNA from Cyprinid 
herpesvirus-1 (CyHV-1) and from Cyprinid herpesvirus-2 
(CyHV-2), generously provided by Dr. Bergmann (Friedrich-
Loeffler-Institute, Greifswald-Insel Riems, Germany), was used 
to assess cross-reactivity. Further specificity testing was con-
ducted using cDNA from spring viraemia of carp virus (SVCV) 
and DNA from a confirmed carp edema virus (CEV)-positive 
sample to validate the discriminatory capacity of the newly de-
veloped KHV-SHERLOCK assay.

2.2   |   Cloning and Sequencing of a CyHV-3 
Thymidine Kinase (TK) Gene Fragment

A 409-bp fragment of the CyHV-3 thymidine kinase (TK) gene 
was amplified by PCR using 250 ng of genomic DNA and the 
primer pair KHV-TKf/KHV-TKr, as previously described by 
Bercovier et  al.  (2005). The resulting PCR products were li-
gated into the pCR4-TOPO vector (Thermo Fisher Scientific) 
and transformed into One Shot TOP10 chemically competent 
Escherichia coli using the TOPO TA Cloning Kit for sequencing 
(Thermo Fisher Scientific), in accordance with the manufactur-
er's protocol.

Recombinant plasmids were isolated using the QIAprep Spin 
Miniprep Kit (QIAGEN GmbH) following the manufactur-
er's instructions. The inserted TK gene fragments were subse-
quently sequenced (Eurofins Genomics, Germany), and the 
obtained sequences were aligned and compared with the ref-
erence sequence from Bercovier et al.  (2005) to confirm accu-
racy. For downstream applications, the plasmids were linearised 
with the NotI restriction enzyme (Thermo Fisher Scientific, 
Germany) and purified using the QIAquick PCR Purification 
Kit (QIAGEN GmbH).
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2.3   |   Design of KHV-RAA Primers, -crRNA 
Sequences and Reporter Probe

The nucleotide sequences of the CyHV-3-TK gene available 
in the GenBank were retrieved and aligned using ClustalW 
(Thompson et  al.  1994) to identify conserved regions. KHV-
RAA primers (Table  1) were designed to target a conserved 
139-nucleotide region of the CyHV-3-TK gene (GenBank acces-
sion: AJ535112), following the design criteria specified in the 
TwistAmp Assay Design Manual. Primer specificity was verified 
through in silico analysis using BLAST against the GenBank 
database. To facilitate downstream SHERLOCK detection, a T7 
promoter sequence was incorporated at the 5′ terminus of the 
forward KHV-RAA primer, enabling in  vitro transcription by 
T7 RNA polymerase.

The KHV-specific crRNA was designed to comprise two func-
tional elements: a 23-nucleotide spacer sequence targeting the 
amplified RAA product region between the primer binding 
sites and the Leptotrichia wadei Cas13a (LwaCas13a) direct re-
peat sequence. The spacer sequence was carefully selected to 
avoid complementarity with the KHV-RAA primer sequences, 
thereby minimising potential false-positive signals. Specificity 
of the spacer sequence for CyHV-3 was confirmed through com-
prehensive BLAST analysis. The final crRNA construct was 
generated by appending the LwaCas13a direct repeat sequence 
to the 5′ end of the reverse complement of the selected spacer 
sequence (Table 1).

For visual detection of the SCHERLOCK assay results, a 
14-nucleotide polyuridine (poly-U) single-stranded RNA LF-
reporter probe was employed. The probe was dually labelled 
with 6-carboxyfluorescein (FAM) at the 5′ end and biotin at the 
3′ end (Table 1), enabling LFD readout of the KHV-SHERLOCK 
assay results.

2.4   |   Establishment of KHV-RAA Assay

The KHV-RAA assay was conducted using the RAA Nucleic 
Acid Amplification Kit (Xpedite Diagnostics, Hallbergmoos, 

Germany) with minor modifications to the manufacturer's pro-
tocol. The reaction mixture was prepared on ice with the fol-
lowing composition: 25 μL of rehydration buffer, 2.5 μL of each 
forward and reverse KHV-RAA primer (10 μM each), and 13 μL 
of nuclease-free water. This mixture was then used to rehydrate 
the lyophilised RAA pellet. Subsequently, 2 μL of DNA template 
and 5 μL of magnesium acetate were added to the reaction mix-
ture, followed by gentle pipetting to ensure homogenisation. 
The reaction was initiated by incubation at 37°C for 4 min. After 
brief manual mixing by inversion and centrifugation, the tubes 
were returned to the thermal block for a 40-min amplification 
period. A no-template control (NTC) was included in each ex-
perimental run to monitor potential contamination. The result-
ing KHV-RAA amplicons were either immediately processed for 
LwaCas13a-based detection or stored at −20°C for subsequent 
analysis.

2.5   |   Establishment of the  
KHV-SCHERLOCK Assay

The 139 bp RAA-amplified fragment of the CyHV-3-TK gene 
was transcribed into RNA using T7 RNA polymerase, and the 
resulting target RNA was subsequently detected via LwaCas13a-
mediated collateral RNA cleavage, which induces the release of 
a fluorescent reporter signal. Detection was performed using 
an endpoint assay in which lateral flow strips were exposed to 
the reaction mixture following incubation. The Cas13a detec-
tion reaction was carried out on ice in a total volume of 20 μL, 
consisting of 11.12 μL of nuclease-free water (Thermo Fisher 
Scientific, Austria), 0.4 μL of HEPES (1 M, pH 6.8), 0.18 μL 
of MgCl₂ (1 M; Thermo Fisher Scientific, Austria), 2 μL of 
LwaCas13a nuclease (63.3 μg/mL; GenScript Biotech, Rijswijk, 
the Netherlands), 0.8 μL of rNTP mixture (25 mM; New England 
BioLabs, Germany), 1 μL of murine RNase inhibitor (40 U/μL; 
New England BioLabs, Germany), 0.5 μL of T7 RNA polymerase 
(20 U/μL; Promega Biotech, Denmark), 1 μL of KHV-crRNA 
(10 ng/μL), 2 μL of LF-RNA reporter probe (10 μM) and 1 μL of 
KHV-RAA amplicon. After thorough mixing, the reaction mix-
ture was incubated at 37°C for 1 h and then immediately placed 
on ice to terminate the reaction prior to signal readout.

TABLE 1    |    Oligonucleotide sequences used in this study, designed based on the CyHV-3 thymidine kinase (TK) gene sequence (GenBank 
accession no. AJ535112).

Sequence name Oligonucleotides sequences (5′→3′) References

KHV-RAA-fora 5′- GAAATTAATACGACTCACTATAGGG 
GGACTTTATGCAGCAGCCCTTCAAGCAGGTGACG-3′

This study

KHV-RAA-Rev 5′- GTCCGTGCCCTGAGAGATTCTGACGGTGAAG-3′ This study

KHV-crRNAb 5′-GAUUUAGACUACCCCAAAAACGAAGGGGACU
AAAAC AGCUUGUCCAGCUUGUCCGCCAU-3′

This study

LF-RNA-reporterc 5′- (6-FAM) – rUrUrUrUrUrUrUrUrUrUrUrUrUrU–BioTEG - 3′ Kellner et al. (2019)

KHV-TK-For 5′- GGGTTACCTGTACGAG -3′ Bercovier et al. (2005)

KHV-TK-Rev 5′- CACCCAGTAGAT TATGC -3′
aThe sequence in bold italics is the T7 RNA polymerase promotor sequence.
bThe sequence in bold italics is the LWaCas13a direct repeat sequence.
c6-FAM, 6-carboxyfluorescein; Bio TEG, biotin triethylene glycol spacer.
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2.6   |   Interpretation of KHV-SHERLOCK Assay 
Results

The KHV-SHERLOCK assay results were analysed using the 
HybriDetect 1–Universal Lateral Flow Assay Kit (Milenia Biotec 
GmbH, Germany). For detection, 20 μL of the KHV-SHERLOCK 
reaction products were mixed with 80 μL of HybriDetect assay 
buffer and applied to lateral flow strips. Results were visually 
assessed within 5 min of application.

In negative samples lacking the target gene, trans-cleavage ac-
tivity does not occur, leaving the LF-reporter intact. In this case, 
the biotinylated end of the reporter is captured by streptavidin 
at the control line, while anti-FAM antibody-conjugated gold 
nanoparticles bind to the intact FAM moiety, producing a dis-
tinct purple control band. The absence of a test line under these 
conditions confirms negative results, indicating unsuccessful 
target gene amplification.

Conversely, in positive samples containing the target CyHV-3-TK 
gene, Cas13a-mediated trans-cleavage of the LF-reporter oc-
curs. This cleavage results in reporter fragments where biotin, 
rather than FAM, becomes the predominant terminal moiety. 
Consequently, fewer intact FAM-labelled reporters reach the 
control line, while cleaved biotinylated fragments are captured 
at the test line by streptavidin. This produces two possible pos-
itive outcomes: a single, strong test line (indicating high target 
concentration) or both test and control lines (indicating moderate 
target concentration). The appearance of either pattern confirms 
the presence of the CyHV-3-TK target gene in the tested sample.

2.7   |   Evaluation of the KHV-SCHERLOCK Assay 
Specificity

To evaluate the analytical specificity of the KHV-SCHERLOCK 
assay developed in this study, nucleic acids from CyHV-1, 
CyHV-2, SVCV and CEV were tested as templates under opti-
mised assay conditions. To control for non-specific amplifica-
tion, genomic DNA from SPF common carp and non-infected 
CCB cells was included, along with a NTC. All experiments 
were conducted in triplicate to ensure reproducibility and reli-
ability of the results.

2.8   |   Evaluation of the KHV-SCHERLOCK Assay 
Sensitivity

To evaluate the sensitivity of the KHV-SCHERLOCK assay, 
10-fold serial dilutions of a KHV-TK gene plasmid (1 ng/μL; 
2.1 × 108 copies/μL) were prepared and tested both in isolation 
and after pre-mixing with 100 ng of SPF common carp genomic 
DNA. Each reaction included a NTC to monitor potential con-
tamination or non-specific amplification. The resulting KHV-
SCHERLOCK amplicons were immediately assessed using 
lateral flow dipstick (LFD) analysis. The lower detection limit 
of the KHV-SCHERLOCK assay was compared against the 
conventional diagnostic PCR assay (Bercovier et al. 2005). All 
experimental procedures were conducted under previously es-
tablished optimal assay conditions. To confirm reproducibility, 
the entire assay was independently replicated three times.

2.9   |   Application of the KHV-SCHERLOCK Assay 
in Clinical Samples

To validate the diagnostic utility of the KHV-SCHERLOCK 
assay, the previously optimised protocol was applied to detect 
CyHV-3 in clinical specimens. A total of 50 archived fish DNA 
samples, previously characterised using conventional diagnos-
tic methods, were analysed using the KHV-SCHERLOCK assay. 
The resulting detection outcomes were systematically compared 
with those obtained from standard reference assays to assess 
concordance and diagnostic performance.

3   |   Results

3.1   |   Optimisation and Performance 
of the KHV-SHERLOCK Diagnostic Assay

The KHV-SHERLOCK assay was developed as a two-step di-
agnostic procedure, initiated by the RAA assay followed by 
CRISPR-Cas13a-mediated detection. The KHV-RAA step was 
optimised using primers specifically targeting the CyHV-3-TK 
gene to ensure high specificity. Standard KHV-RAA reactions 
were performed at 37°C for 40 min in a heating block, with suc-
cessful amplification of the target CyHV-3-DNA confirmed by 
agarose gel electrophoresis of purified amplicons. No amplifica-
tion was observed in the NTC, confirming the absence of non-
specific amplification (data not shown).

Following RAA, the SHERLOCK reaction mixture was ap-
plied to the amplification products, with optimal detection 
conditions determined to be 37°C for 1 h. The assay results 
were visualised using a LFD, where the positive control exhib-
ited a clear test line band, confirming target detection, while 
the NTC displayed only a control line band, demonstrating 
assay specificity (Figure 1).

3.2   |   Specificity of the Established 
KHV-SHERLOCK Assay

The analytical specificity of the KHV-SHERLOCK assay was 
rigorously assessed. The assay exhibited high specificity, as ev-
idenced by a distinct single band on the LFD test line exclusively 
in the CyHV-3-positive control sample (Figure 2), confirming 
a true-positive detection. In contrast, no cross-reactivity was 
observed with genomic DNA extracted from SPF common 
carp, non-infected CCB cells or NTCs. Furthermore, the assay 
demonstrated no amplification or detection of closely related 
viral pathogens, including CyHV-1, CyHV-2, SVCV or CEV, as 
indicated by the absence of test line bands and the presence 
of only the control line band in these samples. These findings 
confirm the specificity of the KHV-SHERLOCK assay, ensur-
ing accurate and exclusive identification of CyHV-3 without 
cross-detection of non-targeted pathogens.

3.3   |   Sensitivity of the KHV-SHERLOCK Assay

The analytical sensitivity of the KHV-SHERLOCK assay was 
systematically compared to conventional diagnostic PCR using 
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10-fold serial dilutions of a KHV-TK gene plasmid (initial con-
centration: 1 ng/μL; 2.1 × 108 copies). To evaluate clinical rele-
vance, all assays were performed both with and without 100 ng 
of SPF-common carp genomic DNA as a background matrix. 
Under optimised reaction conditions, the KHV-SHERLOCK 
assay demonstrated consistently detection down to 21 plasmid 
copies (100 ag/μL), regardless of background DNA presence. 
This represents a 10-fold improvement over conventional PCR, 
which exhibited a detection limit of 210 copies (1 fg/μL) under 
identical conditions (Figure 3).

3.4   |   Evaluation of the KHV-SHERLOCK Assay 
Using Clinical Specimens

To validate the diagnostic utility of the KHV-SHERLOCK 
assay for CyHV-3 detection in clinical settings, a panel of 50 
archived fish DNA samples, previously characterised using 
standard reference PCR methods, was analysed. The assay 
demonstrated complete concordance with the established 
diagnostic results, correctly identifying all CyHV-3-positive 
samples without any false-positive or false-negative detec-
tions. These findings confirm that the KHV-SHERLOCK 
assay exhibits high diagnostic accuracy and reliability when 
applied to clinical specimens.

4   |   Discussion

So far, no effective therapeutic agents have been developed to 
treat CyHV-3 infections in fish; accuracy and rapid detection 
of CyHV-3-DNA in host tissues are essential for disease control 
and prevention. The ability to detect CyHV-3 with high sensi-
tivity and specificity is particularly critical in the carp and koi 

FIGURE 1    |    Visual detection of the KHV-SHERLOCK assay using 
lateral flow dipsticks. The lateral flow dipstick (LFD) displays distinct 
colorimetric signals corresponding to the assay results. C-line = The 
control line—the appearance of a dark purple band indicates a neg-
ative result for the target sequence. T-line = The test line—exhibits a 
dark purple signal only in the presence of the target CyHV-3- DNA, 
denoting a positive result. NTC = no-template control. +VECO = pos-
itive control.

FIGURE 2    |    Specificity assessment of the KHV-SHERLOCK assay. 
The KHV-SHERLOCK assay specifically detects KHV-DNA, as indicat-
ed by a dark purple test line on lateral flow dipsticks. A control line 
signal indicates a negative result (no CyHV-3-DNA). No cross-reactivity 
was observed with Cyprinid Herpesvirus-1 (CyHV-1), Cyprinid herpes-
virus-2 (CyHV-2), Cyprinid herpesvirus-3 (CyHV-3), Carp edema virus 
(CEV) or Spring viraemia of carp virus (SVCV). Genomic DNA from 
specific pathogen-free common carp (Carp DNA) and non-infected 
common carp brain cells (CCB DNA) yielded negative results. No-
template controls (NTC) confirmed absence of contamination.
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aquaculture industries, where early diagnosis can mitigate 
large-scale outbreaks and minimise economic losses.

Currently, several nucleic acid-based detection techniques have 
been established for CyHV-3 identification, including conven-
tional PCR and real-time PCR (Gilad et  al.  2004; Bercovier 
et al. 2005). Although these techniques exhibit high analytical 
sensitivity, these methods are time-consuming, require expen-
sive equipment, and are therefore unsuitable for small-scale clin-
ical settings or narrow-range disease surveillance programmes. 
Their procedural complexity limits their practicality for POC 
applications, where rapid, user-friendly and cost-effective diag-
nostics are essential.

To overcome these limitations, we employed SHERLOCK, a next-
generation nucleic acid detection technology, to develop an ultra-
sensitive, field-deployable assay for CyHV-3 DNA detection in fish 
tissue. This approach combines high diagnostic sensitivity with the 
simplicity required for POC testing (Kellner et al. 2019), offering a 
promising solution for rapid and accessible KHV surveillance.

The KHV-SHERLOCK assay employs an isothermal preamplifi-
cation step for CyHV-3-DNA using the RAA assay, followed by 
transcription of the amplified products via T7 RNA polymerase 
and subsequent detection using LwaCas13a with a lateral flow 
colorimetric readout. RAA was selected for preamplification 
due to its high sensitivity, specificity, ability to function at a con-
stant low temperature, and rapid detection of low nucleic acid 
concentrations (Wang et al. 2019). Unlike conventional amplifi-
cation methods, the RAA assay operates isothermally, complet-
ing amplification within 10–40 min without requiring stringent 
laboratory conditions, specialised expertise or costly instrumen-
tation (Fan et al. 2019). Furthermore, its compatibility with por-
table devices, owing to the absence of thermal cycling, enhances 
its applicability in field settings (Yan et al. 2023).

In this study, the CyHV-3-TK gene was selected as the target for 
designing KHV-RAA primers and crRNA due to its critical role 
in CyHV-3 virulence, a feature conserved among herpesviruses 
(Boivin et al. 2002; Bercovier et al. 2005). Additionally, this gene 
is routinely targeted in established KHV-diagnostic PCR assays, 
allowing for direct sensitivity comparisons between conven-
tional PCR and the SHERLOCK assay.

The RAA primers were designed to target a conserved region of 
the CyHV-3-TK gene, ensuring broad detection capability across 
all known CyHV-3 isolates. To maximise amplification efficiency, 
the primers were constructed with the minimal length required 
for recombinase-mediated integration into duplex DNA, facilitat-
ing rapid and robust amplification of short CyHV-3-TK amplicons. 
This strategic design not only enhances assay sensitivity but also 
accelerates reaction kinetics, as shorter amplicons enable faster 
and more efficient amplification (Daher et al. 2016). Moreover, the 
specificity of the crRNA is a critical determinant of target recogni-
tion kinetics. In this study, the CyHV-3-specific crRNA sequence 
was designed based on a conserved region of the CyHV-3-TK gene 
within the RAA-amplified product. Sequence overlap with RAA 
primers was avoided to minimise the risk of false-positive signals 
(Kellner et al. 2019). The SHERLOCK assay leverages LwaCas13a's 
RNA-guided RNA-targeting capability, wherein the enzyme, upon 
activation by target recognition, indiscriminately cleaves nearby 
RNA molecules, enabling signal amplification through reporter 
degradation (East-Seletsky et  al.  2016). Particularly, LwaCas13a 
does not exhibit stringent sequence constraints at the target site, 
allowing for greater flexibility in target selection and expanding 
the range of detectable sequences (Gootenberg et al. 2018).

The results of this study demonstrated that the KHV-
SHERLOCK assay exhibits significantly higher sensitivity 
than conventional PCR targeting the same CyHV-3-TK gene. 
Specifically, the KHV-SHERLOCK assay detected as little as 
21 CyHV-3-TK plasmid copies, whereas conventional PCR re-
quired 210 copies. This enhanced sensitivity can be attributed 
to the integration of RAA, which exponentially amplifies trace 
amounts of target DNA, thereby increasing the substrate avail-
ability for LwaCas13a-mediated detection. The findings are con-
sistent with previous studies reporting the ultra-sensitivity (2 aM 
to 8 zM) of SHERLOCK-based assays (Gootenberg et  al.  2018; 
Kellner et al. 2019; Zhao et al. 2022; Li, Zhang, et al. 2024; Li, 
Li, et al. 2024; Wang et al. 2025). The combination of isother-
mal RAA preamplification and CRISPR-Cas13a collateral cleav-
age activity ensures robust detection of low-abundance targets, 

FIGURE 3    |    Sensitivity of the KHV-SHERLOCK assay. The assay 
demonstrates superior detection sensitivity compared to conventional 
diagnostic PCR. A 10-fold serial dilution series (lanes 1–9) of CyHV-
3-plasmid DNA (initial concentration: 1 ng; 2.1 × 108 copies) was ana-
lysed. The KHV-SHERLOCK assay achieved a detection limit of 21 
CyHV-3-plasmid copies (100 ag/μL), visualised by distinct purple bands 
at both the test (T-line) and control (C-line) positions on lateral flow dip-
sticks. In contrast, the diagnostic PCR assay detected only 210 CyHV-3-
plasmid copies (1 fg/μL). Negative results were confirmed by a solitary 
control line signal. No-template controls (NTC) verified assay specifici-
ty, and a 100-bp DNA ladder (M) was included for reference.
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establishing SHERLOCK as a powerful diagnostic tool for 
CyHV-3 surveillance.

The KHV-SHERLOCK assay exhibited complete concordance 
with conventional PCR-positive samples, confirming its high di-
agnostic sensitivity and supporting its utility in clinical settings 
for reliable detection of CyHV-3.

In conclusion, the integrated assay combining RAA with a 
CRISPR-Cas13a system and LFD detection enables rapid, visual 
identification of CyHV-3, offering significant advantages over 
conventional molecular diagnostic methods for POC applica-
tions. This protocol demonstrates operational simplicity, clear 
visual interpretation of results, and high specificity and sensi-
tivity, making it a promising tool for on-site diagnosis of CyHV-3 
infections in clinical settings.
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