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ABSTRACT

Getah virus (GETV), a mosquito-borne alphavirus classified as a zoonotic disease,
primarily infects livestock, particularly pigs and horses. In recent years, it has re-
emerged in multiple Asian countries, posing a potential threat to animal husbandry and
public health. In this study, we developed a rapid and sensitive GETV detection method
based on reverse transcription-recombinase polymerase amplification (RT-RPA) and
the clustered regularly interspaced short palindromic repeats (CRISPR)/Cas12a system
combined with a lateral flow dipstick (LFD) for visual readout. By leveraging sequence
conservation in the GETV E2 envelope protein-coding regions, we engineered matched
crRNA guides and amplification primers to develop a rapid CRISPR-Cas12a diagnostic
workflow. The optimized platform combines RT-RPA (42 °C/20 min) with Casl2a’s
trans-nuclease activity, permitting multiplex detection via real-time fluorescence
quantification or immunochromatographic strip visualization. Analytical evaluation
demonstrated a detection capability of 10 copies/pL and exclusive specificity against
four pathogen controls, including Japanese encephalitis virus and pseudorabies virus.
Validation performed using simulated clinical samples revealed 100% concordance
between the results of RT-RPA—CRISPR/Cas12a-LFD and quantitative polymerase
chain reaction (PCR), while reducing the total detection time to 50 minutes. This
approach eliminated the need for advanced instrumentation owing to its simplified
operational design, enabling field-deployable rapid detection capabilities that establish
essential technical infrastructure for initiating timely GETV containment measures.
This approach has broad application potential in the fields of food safety, clinical
diagnostics, and environmental science.
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INTRODUCTION

Getah virus (GETV), a mosquito-borne alphavirus belonging to the family Togaviridae, was
first identified in Culex gelidus mosquitoes in Malaysia in 1955 (Nemoto et al., 2015). GETV
primarily infects livestock, particularly pigs and horses, causing reproductive disorders in
swine, high mortality in newborn piglets, and fever and hindlimb edema in horses (Lu et al.,
2019; Yang et al., 2018). In recent years, GETV has re-emerged in multiple Asian countries,
with frequent outbreaks reported in Chinese swine populations. The transmission of GETV
is closely linked to mosquito activity, particularly during warm seasons when mosquito
breeding and activity intensify, facilitating viral spread (Sam er al., 2022). Furthermore,
GETV infections have been detected in cattle, blue foxes, red pandas, and other animals
(Shietal., 2019; Liu et al., 2019; Zhao et al., 2022), and GETV-specific antibodies have been
identified in human sera, suggesting a potential public health threat (Li, Wang ¢ Liang,
2022).

The GETV genome is a single-stranded positive-sense RNA of approximately 11.5 kb
length. It encodes nine viral proteins, including four nonstructural proteins (nsP1-4) and
five structural proteins (E1, E2, E3, 6K, and C). Among these, Sun et al. (2022) developed
an enzyme-linked immunosorbent assay (ELISA) targeting the E2 protein of GETV,
demonstrating its utility as a diagnostic antigen for the specific and sensitive detection
of GETV antibodies in serological samples. Therefore, the E2 protein serves as a valuable
diagnostic antigen for developing specific and sensitive detection assays.

Recombinase polymerase amplification (RPA), which does not require a complex
thermal cycler but can be performed at a constant temperature using a simple water
bath or heating block, has been shown to be a rapid, specific, sensitive and cost-effective
technique for pathogen detection. The entire reaction can be completed in a short period
of time (20 min) at a constant temperature (preferably 37 °C—42 °C), which makes RPA
a promising field detection method (7an et al., 2022). Also, RPA has been used to detect a
wide range of pathogens such as bacteria, parasites and viruses (Zhang et al., 2024; Bian et
al., 2022; Mei et al., 2023).

Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-
associated (Cas) systems, which were first identified in the 1980s as a prokaryotic adaptive
immune mechanism (Cong et al., 2013), have evolved into revolutionary tools for gene
editing and molecular diagnostics (Doudna ¢» Charpentier, 2014; Samanta et al., 2022).
CRISPR-based immunity utilizes programmable RNA components cursor CRISPR RNA
(crRNA) that spatially orient Cas nucleases for site-specific cleavage of exogenous nucleic
acid targets, particularly those derived from viral pathogens or bacteriophage infections.
These systems can be classified into two categories: Class 1 systems require multisubunit
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Cas complexes, whereas Class 2 systems (e.g., Cas12, Cas13, and Cas14) utilize a single
effector protein for target recognition and cleavage (Jinek et al., 2012; Makarova et al.,
2015). Notably, Cas12a (Cpfl), upon crRNA-guided recognition of a protospacer adjacent
motif in double-stranded DNA (dsDNA), exhibits both cis-cleavage of the target dsDNA
and trans-cleavage activity to nonspecifically degrade single-stranded DNA (ssDNA)
(Collias & Beisel, 2021; Chen et al., 2018). Similarly, Cas13a—an RNA-targeting RNase—
triggers the trans-cleavage of ssSRNA upon binding to its target RNA (Gootenberg et al.,
2017). Leveraging these properties, the CRISPR/Cas systems have been widely applied
for pathogen detection. For instance, the Specific High-sensitivity Enzymatic Reporter
unLOCKing (SHERLOCK) platform employs Cas13a to detect HBV, ZIKV, and SARS-
CoV-2 (Myhrvold et al., 2018; Joung et al., 2020), whereas the Casl12a-based systems are
preferred for DNA virus detection owing to their direct targeting of DNA without requiring
any transcription. A recent study integrated Casl3a with lateral flow dipsticks (LFDs) to
establish rapid, highly sensitive, and user-friendly diagnostic methods for the H5-subtype
highly pathogenic avian influenza virus (HPAIV) (Li et al., 2023). This approach combines
CRISPR/Casl3a-mediated RNA recognition and signal amplification with LFD-based
visual readouts.

In this study, we developed a rapid, ultrasensitive GETV detection assay by integrating
reverse transcription-recombinase polymerase amplification (RT-RPA), CRISPR/Cas12a,
and LFD, targeting the conserved E2 gene. The employed method demonstrated
high specificity and sensitivity, which was validated using simulated clinical samples.

By eliminating the need for complex instrumentation, this approach significantly
reduces costs while enhancing detection efficiency through RT-RPA-CRISPR synergy.
The developed methodology establishes a rapid-response diagnostic framework for
GETYV surveillance, thereby delivering operational capabilities essential for coordinated
veterinary—epidemiological containment strategies during emerging outbreaks.

MATERIALS & METHODS

Viruses and clinical samples

Getah virus (GETV), Japanese encephalitis virus (JEV), pseudorabies virus (PRV), porcine
circovirus (PCV), and classical swine fever virus (CSFV) sera were provided by the Military
Veterinary Research Institute, Academy of Military Medical Sciences (Changchun, China).
For clinical validation, 30 porcine serum samples were collected from a swine farm affiliated
with the Jinzhou Medical University in Liaoning Province (Experimental Animal Ethics
Committee of Jinzhou Medical University Approval no. 2024176-5.

Design of primers, crRNAs, and ssDNA reporters

The E2 protein gene sequences of GETV (NCBI Gene IDs: EU015063, EF631998, EU015061,
EU015062, KY434327, KY450683, and MG869691) were aligned using MEGA 6.06,
selecting the conserved region of GETV (EU015063) E2 protein from 179 bp—479 bp

as the target gene to design two crRNAs, each paired with two primers. Two types of

Xia et al. (2025), PeerdJ, DOI 10.7717/peerj.20119 3/15


https://peerj.com
http://www.ncbi.nlm.nih.gov/nuccore/EU015063
http://www.ncbi.nlm.nih.gov/nuccore/EF631998
http://www.ncbi.nlm.nih.gov/nuccore/EU015061
http://www.ncbi.nlm.nih.gov/nuccore/EU015062
http://www.ncbi.nlm.nih.gov/nuccore/KY434327
http://www.ncbi.nlm.nih.gov/nuccore/KY450683
http://www.ncbi.nlm.nih.gov/nuccore/MG869691
http://www.ncbi.nlm.nih.gov/nuccore/EU015063
http://dx.doi.org/10.7717/peerj.20119

Peer

Table 1 The sequences of primers, probes and crRNA.

Name Sequence (5'-3")

GETV-PCR-F GAACACACGAACACAACAAAATCAGGTACAT

GETV-PCR-R GTAGTCAGCTGGTACGTTGTGCATGGCACTT

crRNA A UAAUUUCUACUAAGUGUAGAUUACUGCACUUU
GCAGGCCUGG

crRNA B UAAUUUCUACUAAGUGUAGAUUCUGCCUAC
UGGUGCCGGUGC

GETV-RPA-F1 TTCGATACCGAAGTGGGGCCTGACGGTGAA

GETV-RPA-F2 CATGGCACTTCGATACCGAAGTGGGGCCTG

GETV-RPA-R Al AACTAAAGGTCCAGTTCCAAGATGCAGAAT

GETV-RPA-R A2 GGGGACGAACTAAAGGTCCAGTTCCAAGAT

GETV-RPA-R Bl CACACCCAGGCCTGCAAAGTGCAGTACAAA

GETV-RPA-R B2 ATGCAGAATCGCACACCCAGGCCTGCAAAG

DWV-FBD-ssDNA reporter FAM-TTATT- BHQ

DWV-LED-ssDNA reporter FAM-TTTTTTATTTTTT-Biotin

GETV-RT-qPCR-F AGCATTTTCGCATCTGGCTAC

GETV-RT-qPCR-R TCTGGGTCTTCCGCACTTTT

ssDNA reporters were synthesized: a fluorescence reporter (5-FAM-TTATT-BHQI-

3’) for CRISPR-Casl2a-based fluorescence detection and an LFD reporter (5'-FAM-
TTTTTTATTTTTT-Biotin-3") for LFD-based visualization. The reverse transcription
qualitative polymerase chain reaction (RT-qPCR) primers used to simulate the clinical
assay were based on the GETV RT-qPCR assay established by Cao et al. (2022). All primers,
crRNAs, and ssDNA reporters (Table 1) were synthesized by Sangon Biotech (Shanghai,
China).

Construction of standard plasmid

First, extract RNA from the serum containing GETV using the TIANamp Virus DNA/RNA
Kit (Tiangen, Beijing, China), and reverse transcribe the RNA into cDNA to use the cDNA
of GETV as a template for PCR amplification. The polymerase chain reaction (PCR)
system was 50 wL (50 pL reaction mixture: 25 wL 2x Taq Mix (Seven Biotech), two pL
GETV-PCR upstream and downstream primers (10 uM) (Table 1), two nL template, 21
pnL ddH20) under the following conditions: 94 °C for 2 min; 35 cycles of 94 °C (45 s),
56 °C (45 s), 72 °C (45 s) and final extension at 72 °C for 10 min. The PCR products
were verified via 1.2% agarose gel electrophoresis, purified using the SanPrep DNA
Gel Extraction Kit (Sangon Biotech), and cloned into the pEASY-T1 vector (TransGen
Biotech, Beijing, China). Recombinant plasmids were transformed into DH5a.-competent
cells, single white colonies were screened after overnight incubation using solid medium
containing kanamycin sulphate, and the white colonies were selected and plasmids were
extracted using the Plasmid Extraction Kit (Tiangen Biochemical Technology Co., Ltd.).
The extracted standard plasmids were sequenced and verified by Sangon Biotech. The
plasmid concentration was measured by a micro UV-Vis spectrophotometer (Thermo
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Fisher Scientific, Waltham, MA, USA), and the copy number per unit volume of plasmid
was calculated by formula and stored at —20 °C:
Plasmid copy number (copies/pwL)=[plasmid concentation (g/nL)x10-9x6.02x1023]/
{[Vector length (bp) + fragment length (bp)]x660/gmol}.

Establishment of RT-RPA assay

RT-RPA reactions were performed using the commercially available RT-RPA Nucleic
Acid Amplification Kit (Gendx Biotech, Suzhou, China) according to the manufacturer’s
specifications. In brief, 50 wL of reaction mixture contained 20 wL of rehydration buffer,
2.5 nL of each primer (10 wM), three pL of template, 20 pL of ddH20O, and two pL of the
activator(magnesium acetate). A 48 pl premix of the reactants except activator was first
prepared, and then the premix was transferred to a tube containing lyophilised enzyme
RT-basic amplification reagent. After shaking and mixing, two pl of activator was added
to the cap of the reaction tube, and the activator was briefly centrifuged into the premix.
Finally, the reaction tube was incubated in a thermostat at 42 °C for 20 min. The amplified
product (20 pL) was mixed with 40 pL of phenol, centrifuged, and screened for the best
RT-RPA primers by 1.2% agarose gel electrophoresis.

Fluorescence-based RT-RPA-CRISPR/Cas12a detection (FBDA)

The CRISPR-Casl12a fluorescence assay (total 20 pL) included one pL of crRNA (10
pM), two uL of 10x HOLMES buffer (TOLOBIO, Shanghai, China), 0.5 pL of LbCas12a
nuclease (10 wM; TOLOBIO, Shanghai, China), one pL of ssDNA reporter (10 uM), 13 uL
of nuclease-free water, and 2.5 wL of RPA product. The reaction mixture was incubated with
QuantStudiol (ABI, Natick, MA, United States) at 37.5 °C for 20 min, and the fluorescence
(FAM) signal was detected every 20 s. The reaction tubes can be placed under an LED UV
transmission unit (Tanon, Shanghai, China) to observe the fluorescence intensity with the
naked eye after the test. Screening crRNA by FBDA

RT-RPA-CRISPR/Cas12a-LFD assay

For lateral flow detection, the CRISPR-Casl2a reaction mixture was diluted to 50-pL
volume with nuclease-free water and applied to an LED strip (Gendx Biotech, Suzhou,
China) (results appear in 3 min and are valid within 10 min). The results were interpreted
as follows: dual red bands (control line (C) and test line (T)) indicated positivity; a single
C band indicated negativity. Strips lacking a C band were deemed invalid and retested.

Sensitivity and specificity testing

The constructed plasmids were diluted to 10°~10°copies/L and then tested for sensitivity
using FBDA and RT-RPA-CRISPR/Cas12a-LFD assays, respectively, and the fluorescence
intensity could be observed visually by placing the reaction tubes under the LED UV
projection after the FBDA assay. The specific detection method was consistent with the
sensitivity detection method, but the samples selected for the specific detection were nucleic
acids extracted from viral serum (GETV, JEV, PRV, PCV and CSFV), and the DNA of PRV
and PCV, as well as the RNA of GETV, JEV and CSFV, were extracted using the TTANamp
Viral DNA/RNA Kit (Tiangen, Beijing, China), and the RNA was reverse transcribed into
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c¢DNA. Nucleic acid concentrations were measured by a micro-UV-Vis spectrophotometer
(Thermo Fisher Scientific) and the five nucleic acids were diluted to the same concentration
of 50 ng/pL. All of the above assays were repeated three times to ensure the feasibility and
reproducibility of the experiment.

Validation with simulated clinical samples

No cases of infection by GETV have been reported in Liaoning province, China. Due

to the scarcity of true positive samples, this study used a simulated positive sample
strategy to comparatively analyse the accuracy between RT-RPA-CRISPR/Cas12a-LFD and
reverse transcription qualitative polymerase chain reaction (RT-qPCR). Six tubes of serum
containing GETV were randomly and blindly mixed into 30 clinical samples to form a
sample containing 36 cases. All samples were completed by independent operators with
unknown grouping information. All samples were subjected to RT-qPCR according to the
method of Cao et al. (2022) for comparison with the results of RT-RPA-CRISPR/Cas12a-
LFD assay.

RESULTS

Successful construction of an RT-RPA-CRISPR/Cas12a system for
GETYV detection (Fig. 1)

The CRISPR-Cas12a detection architecture integrates recombinant LbCas12a nuclease,
CRISPR array-optimized crRNA guides, fluorogenic ssDNA reporters, and RPA-amplified
dsDNA targets. Leveraging the programmability of CRISPR/Cas12a, crRNA was designed
to base-pair with the conserved E2 gene of GETV. The integration of RT-RPA with
CRISPR/Cas12a enhanced the detection sensitivity. In this system, preincubated Cas12a—
crRNA complexes specifically recognize and cleave target dsDNA amplified via RT-RPA,
activating the trans-cleavage activity of Cas12a to indiscriminately degrade ssDNA probes.
Fluorescently quenched ssDNA probes served as reporters, and target-induced cleavage
restored the fluorescence signals for quantitative detection. Additionally, an LFD assay was
developed using FAM- and biotin-modified single-stranded DNA (ssDNA) reporters. In
the negative samples, anti-FAM antibodies immobilized on the control (C) line captured
uncleaved FAM-biotin reporters bound to gold nanoparticle-conjugated streptavidin.
For the positive samples, the cleavage of reporters reduced the C-line intensity while
enabling the accumulation of gold—streptavidin complexes at the test (T) line. The entire
LFD readout was completed within 10 min, allowing for visual interpretation in field
applications.

Screening of the RT-RPA primers and crRNA

Optimal RT-RPA primers and crRNA were selected through agarose gel electrophoresis
and RT-RPA-CRISPR/Cas12a fluorescence assays. According to the brightness of the
target band and the amplification efficiency of the fluorescence amplification curve in
the agarose gel electrophoresis image, the brightest band of interest in the agarose gel
electrophoresis image (Fig. 2A) was selected as the best RT-RPA primer (GETV-RPA-F1
and GETV-RPA-R A1), and the group with the highest amplification efficiency of the
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fluorescence amplification curve (Fig. 2B) was selected as the best crRNA (crRNA A), that
is, crRNA A was selected and the first pair of primers (GETV-RPA-F1 and GETV-RPA-R
Al).

Sensitivity of the RT-RPA-CRISPR/Cas12a system

The sensitivity of the RT-RPA-CRISPR/Cas12a system was evaluated using serially diluted
GETV standard plasmids (10°~10° copies/pL) and nuclease-free water as a negative control.
Following RPA amplification, CRISPR/Cas12a-mediated fluorescence detection achieved a
limit of detection of 10! copies/iL across triplicate reactions (Fig. 3A). Parallel testing with
the LFD confirmed visible T-line signals at 10! copies/pL (Fig. 3B). Moreover, the detection
sensitivity was repeated three times by LFD method, which proved the reproducibility of
the experiment (Fig. 1S), validating the system’s high sensitivity.

Specificity of the RT-RPA-CRISPR/Cas12a system

The specificity of the assay was validated against four common swine pathogens: JEV, PRV,
PCV, and CSFV. Both the fluorescence-based and LFD assays showed no cross-reactivity
(Figs. 4A and 4B) (Fig. 25), confirming the method’s high specificity for GETV.
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Detection of simulated clinical samples

To assess clinical utility, 36 simulated samples were analyzed using the RT-RPA-
CRISPR/Cas12a-LFD assay and compared with RT-qPCR. Both methods identified six
positive samples with 100% concordance (Fig. 5, Table 2). The RT-RPA-CRISPR/Cas12a-
LED assay completed detection within 50 min.

DISCUSSION

As a mosquito-borne alphavirus, GETV is increasingly escalating economic losses in the
livestock industry across the Asia-Pacific region by infecting pigs and horses and posing
potential zoonotic risks to humans (Yang et al., 2018; Rattanatumbhi et al., 2022). To address
the limitations of the current detection methods, such as insufficient sensitivity, equipment
dependency, and field applicability, we successfully established a rapid GETV detection
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Figure 5 Randomized testing of 36 simulated clinical samples with the RT-RPA-CRISPR/Cas12a-LFD
system.
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platform (RT-RPA-CRISPR/Cas12a-LFD) by integrating RT-RPA with CRISPR/Cas12a.
This platform achieved a detection limit of 10! copies/j1L and completed the entire process
within 50 min, thus providing critical technical support for early outbreak containment.

The enhanced performance of this platform stems from the following three synergistic
innovations: (1) the crRNA (i.e., crRNA A) targeting the conserved E2 gene of GETV
demonstrated exceptional specificity by effectively distinguishing GETV from cocirculating
pathogens, such as JEV and PRV (Zhang et al., 2022); (2) The optimized RT-RPA system
enables nucleic acid amplification in less than 20 min at 37—42 °C using a simple heating
device; (3) the trans-cleavage activity of Cas12a, coupled with a dual-labeled (FAM/biotin)
ssDNA reporter system (Rananaware et al., 2023), allowed visual interpretation via LFDs
within 3 min. Clinical validation revealed 100% concordance with the RT-qPCR results.

Currently there are many methods regarding the detection of GETV such as RT-qPCR
(Cao et al., 2022), RT-RAA (Nie et al., 2021), RT-PCR and ELISA (You et al., 2024). PT-
qPCR, RT-PCR and RT-RAA require expensive instrumentation and these methods have
poor field applicability compared to existing GETV detection techniques, and for ELISA
assays, the sensitivity is only 10° copies/pL, which is insufficient to cover the need for
detection in the early stages of viraemia (24—48 h post-infection) (Shi et al., 2022). The
amount of GETV in the serum of infected animals is approximately 7.73x 10> copies/jLL
(Cao et al., 2022), and the RT-RPA-CRISPR/Cas12a-LFD constructed here is sufficient to
detect the Geta virus. In summary, the use of a combination of RT-RPA and LFD in our
established CRISPR-Cas12a fluorescence detection system enables rapid visual detection of
GETV. The method is simple to perform, does not require expensive equipment, provides
more intuitive reaction results, has strong specificity and high sensitivity, and can be
performed at a constant temperature or even at body temperature using a simple water
bath or heating block. The method provides early warning of GETV transmission. The
method can also be used for the detection of other pathogens. The method has promising
applications in food safety, clinical diagnostics and environmental science.
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Table 2 Detection of GETV in simulated clinical samples using the RPA-CRISPR-Cas12aLFD assay
and comparison with RT-qPCR performance.

Sample ID

Assay results

RT-qPCR

RPA-CRISPR-Cas12a-LFD

O 0 N U R WD

W W W W W W N NN DD DN DN DN DN DN DD~ = = = = = e e
U s WD = © 0 0 N O U i WD = O WV 0 N O U b W N~ O

36

+ +

Notes.

Ct, mean threshold cycle value of positive samples; +, positive detection; —, negative detection.
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Although the method shows promising applications, clinical sample pretreatment
still relies on column nucleic acid extraction, and extraction-free direct amplification
technology can be developed in the future to further simplify the process.

CONCLUSIONS

In conclusion, the integration of RT-RPA, CRISPR/Cas12a, and LFD into our system
enables rapid, special equipment-free, and visually interpretable GETV detection. With the
advantages of high specificity, sensitivity, and compatibility with simple heating devices
(e.g., water baths and heating blocks), this method can act as an early warning tool for
GETV transmission and hold broad potential for adaptation to other pathogens in fields
such as food safety, clinical diagnostics, and environmental monitoring.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the National Key R&D Program of China (2023YFD1800404),
the Science and Technology Program of Liaoning Province (2024-MS-238), the Project of
the Department of Education of Liaoning Province (LJ212410160093), and the Scientific
Research Fund of the First Affiliated Hospital of Jinzhou Medical University (Grant
KYTD-2022004). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

The National Key R&D Program of China: 2023YFD1800404.

The Science and Technology Program of Liaoning Province: 2024-MS-238.

The Project of the Department of Education of Liaoning Province: LJ212410160093.

The Scientific Research Fund of the First Affiliated Hospital of Jinzhou Medical University:
KYTD-2022004.

Competing Interests
Xiuwei Shu is employed by Liaoning Yikang Biological Co., Ltd.

Author Contributions

e Boyang Xia performed the experiments, analyzed the data, prepared figures and/or
tables, and approved the final draft.

e Ziyan Wang performed the experiments, prepared figures and/or tables, and approved
the final draft.

e Tiantian Fei analyzed the data, prepared figures and/or tables, and approved the final
draft.

e Yueyu Ma analyzed the data, prepared figures and/or tables, and approved the final
draft.

e Yaxi Guo analyzed the data, prepared figures and/or tables, and approved the final draft.

Xia et al. (2025), PeerdJ, DOI 10.7717/peerj.20119 11/15


https://peerj.com
http://dx.doi.org/10.7717/peerj.20119

Peer

e Dongliang Fei conceived and designed the experiments, authored or reviewed drafts of
the article, and approved the final draft.

e Xiuwei Shu conceived and designed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

e Gang Zhao conceived and designed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

e Mingxiao Ma conceived and designed the experiments, authored or reviewed drafts of
the article, and approved the final draft.

e Hongxia Yuan conceived and designed the experiments, authored or reviewed drafts of
the article, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

All animal experiments described in this study were conducted in strict accordance with
the guidelines and regulations for the care and use of laboratory animals. The experimental
protocols were reviewed and approved by the Experimental Animal Ethics Committee of
Jinzhou Medical University (Approval No. 2024176-5).

Data Availability
The following information was supplied regarding data availability:

Data is available at NCBI: EU015063, EF631998, EU015061, EU015062, KY434327,
KY450683, and MG869691.

Raw data are available as Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.20119#supplemental-information.

REFERENCES

Bian Z, Liu W, Jin J, Hao Y, Jiang L, Xie Y, Zhang H. 2022. Development of a recom-
binase polymerase amplification assay with lateral flow dipstick (RPA-LFD) for
rapid detection of Shigella spp. and enteroinvasive Escherichia coli. PLOS ONE
17(12):e0278869 DOI 10.1371/journal.pone.0278869.

Cao X, Qiu X, Shi N, Ha Z, Zhang H, Xie Y, Wang P, Zhu X, Zhao W, Zhao G, Jin
N, Lu H. 2022. Establishment of a reverse transcription real-time quantitative
PCR method for Getah virus detection and its application for epidemiological
investigation in Shandong, China. Frontiers in Microbiology 13:1009610
DOI 10.3389/fmicb.2022.1009610.

Chen JS, Ma E, Harrington LB, Da Costa M, Tian X, Palefsky JM, Doudna JA. 2018.
CRISPR-Cas12a target binding unleashes indiscriminate single-stranded DNase
activity. Science 360(6387):436—439 DOI 10.1126/science.aar6245.

Xia et al. (2025), PeerdJ, DOI 10.7717/peerj.20119 12/15


https://peerj.com
https://www.ncbi.nlm.nih.gov/nuccore/EU015063
https://www.ncbi.nlm.nih.gov/nuccore/EF631998
https://www.ncbi.nlm.nih.gov/nuccore/EU015061
https://www.ncbi.nlm.nih.gov/nuccore/EU015062
https://www.ncbi.nlm.nih.gov/nuccore/KY434327
https://www.ncbi.nlm.nih.gov/nuccore/KY450683
https://www.ncbi.nlm.nih.gov/nuccore/MG869691
http://dx.doi.org/10.7717/peerj.20119#supplemental-information
http://dx.doi.org/10.7717/peerj.20119#supplemental-information
http://dx.doi.org/10.7717/peerj.20119#supplemental-information
http://dx.doi.org/10.1371/journal.pone.0278869
http://dx.doi.org/10.3389/fmicb.2022.1009610
http://dx.doi.org/10.1126/science.aar6245
http://dx.doi.org/10.7717/peerj.20119

Peer

Collias D, Beisel CL. 2021. CRISPR technologies and the search for the PAM-free
nuclease. Nature Communications 12(1):555 DOI 10.1038/s41467-020-20633-y.

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, Hsu PD, Wu X, Jiang W, Marraf-
fini LA, Zhang F. 2013. Multiplex genome engineering using CRISPR/Cas system:s.
Science 339(6121):819-823 DOI 10.1126/science.1231143,

Doudna JA, Charpentier E. 2014. The new frontier of genome engineering with CRISPR-
Cas9. Science 346(6213):1258096 DOI 10.1126/science.1258096.

GootenbergJS, Abudayyeh OO, Lee JW, Essletzbichler P, Dy AJ, Joung J, Verdine
V, Donghia N, Daringer NM, Freije CA, Myhrvold C, Bhattacharyya RP, Livny
J, Regev A, Koonin EV, Hung DT, Sabeti PC, Collins JJ, Zhang F. 2017. Nucleic
acid detection with CRISPR-Cas13a/C2c2. Science 356(6336):438—442
DOI 10.1126/science.aam9321.

Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. 2012. A pro-
grammable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity.
Science 337(6096):816—-821 DOI 10.1126/science.1225829.

JoungJ, Ladha A, Saito M, Kim NG, Woolley AE, Segel M, Barretto RPJ, Ranu A,
Macrae RK, Faure G, Ioannidi FI, Krajeski RN, Bruneau R, Huang MW, Yu XG,
LiJZ, Walker BD, Hung DT, Greninger AL, Jerome KR, Gootenberg JS, Abudayyeh
00, Zhang F. 2020. Detection of SARS-CoV-2 with SHERLOCK one-pot testing.
New England Journal of Medicine 383(15):1492-1494 DOI 10.1056/NEJMc2026172.

LiY, Shang], Luo J, Zhang F, Meng G, Feng Y, Jiang W, Yu X, Deng C, Liu G, Liu
H. 2023. Rapid detection of H5 subtype avian influenza virus using CRISPR
Casl3a based-lateral flow dipstick. Frontiers in Microbiology 14:1283210
DOI 10.3389/fmicb.2023.1283210.

Li B, Wang H, Liang G. 2022. Getah virus (Alphavirus): an emerging, spreading zoonotic
virus. Pathogens 11(8):945 DOI 10.3390/pathogens11080945.

Liu H, Zhang X, Li LX, Shi N, Sun XT, Liu Q, Jin NY, Si XK. 2019. First isolation and
characterization of Getah virus from cattle in northeastern China. BMC Veterinary
Research 15(1):320 DOI 10.1186/s12917-019-2061-z.

LuG,0u},JiJ, Ren Z, Hu X, Wang C, Li S. 2019. Emergence of Getah virus in-
fection in horse with fever in China, 2018. Frontiers in Microbiology 10:1416
DOI 10.3389/fmicb.2019.01416.

Makarova KS, Wolf YI, Alkhnbashi OS, Costa F, Shah SA, Saunders SJ, Barrangou
R, Brouns SJ, Charpentier E, Haft DH, Horvath P, Moineau S, Mojica FJ, Terns
RM, Terns MP, White MF, Yakunin AF, Garrett RA, Vander Oost J, Backofen R,
Koonin EV. 2015. An updated evolutionary classification of CRISPR-Cas systems.
Nature Reviews. Microbiology 13(11):722-736 DOI 10.1038/nrmicro3569.

Mei X, Su C, Zhang S, Jia L, Yang Z, Tian X, Zhang Z, Wang S. 2023. Development and
application of recombinase polymerase amplification assay for rapid detection of
Blastocystis sp. Parasitology 150(13):1221-1225 DOI 10.1017/50031182023000975.

Myhrvold C, Freije CA, Gootenberg JS, Abudayyeh OO, Metsky HC, Durbin AF, Kell-
ner MJ, Tan AL, Paul LM, Parham LA, Garcia KF, Barnes KG, Chak B, Mondini A,
Nogueira ML, Isern S, Michael SF, Lorenzana I, Yozwiak NL, MacInnis BL, Bosch

Xia et al. (2025), PeerdJ, DOI 10.7717/peerj.20119 13/15


https://peerj.com
http://dx.doi.org/10.1038/s41467-020-20633-y
http://dx.doi.org/10.1126/science.1231143
http://dx.doi.org/10.1126/science.1258096
http://dx.doi.org/10.1126/science.aam9321
http://dx.doi.org/10.1126/science.1225829
http://dx.doi.org/10.1056/NEJMc2026172
http://dx.doi.org/10.3389/fmicb.2023.1283210
http://dx.doi.org/10.3390/pathogens11080945
http://dx.doi.org/10.1186/s12917-019-2061-z
http://dx.doi.org/10.3389/fmicb.2019.01416
http://dx.doi.org/10.1038/nrmicro3569
http://dx.doi.org/10.1017/S0031182023000975
http://dx.doi.org/10.7717/peerj.20119

Peer

I, Gehrke L, Zhang F, Sabeti PC. 2018. Field-deployable viral diagnostics using
CRISPR-Cas13. Science 360(6387):444-448 DOI 10.1126/science.aas8836.

Nemoto M, Bannai H, Tsujimura K, Kobayashi M, Kikuchi T, Yamanaka T, Kondo
T. 2015. Getah virus infection among Racehorses, Japan, 2014. Emerging Infectious
Diseases 21(5):883-885 DOI 10.3201/eid2105.141975.

Nie M, Deng H, Zhou Y, Sun X, Huang Y, Zhu L, Xu Z. 2021. Development of a reverse
transcription recombinase-aided amplification assay for detection of Getah virus.
Scientific Reports 11(1):20060 DOT 10.1038/s41598-021-99734-7.

Rananaware SR, Vesco EK, Shoemaker GM, Anekar SS, Sandoval LSW, Meister KS,
Macaluso NC, Nguyen LT, Jain PK. 2023. Programmable RNA detection with
CRISPR-Casl12a. Nature Communications 14(1):5409
DOI 10.1038/s41467-023-41006-1.

Rattanatumbhi K, Prasertsincharoen N, Naimon N, Kuwata R, Shimoda H, Ishijima
K, Yonemitsu K, Minami S, Supriyono , Tran NTB, Kuroda Y, Tatemoto K,
Virhuez Mendoza M, Hondo E, Rerkamnuaychoke W, Maeda K, Phichitraslip
T. 2022. A serological survey and characterization of Getah virus in domestic pigs
in Thailand, 2017-2018. Transboundary and Emerging Diseases 69(2):913-918
DOI10.1111/tbed.14042.

Sam SS, Mohamed-Romai-Noor NA, Teoh BT, Hamim ZR, Ng HY, Abd-Jamil
J, Khor CS, Hassan SS, Ahmad H, AbuBakar S. 2022. Group IV getah virus
in culex mosquitoes, Malaysia. Emerging Infectious Diseases 28(2):475-477
DOI 10.3201/eid2802.204887.

Samanta D, Ebrahimi SB, Ramani N, Mirkin CA. 2022. Enhancing CRISPR-Cas-
mediated detection of nucleic acid and non-nucleic acid targets using enzyme-
labeled reporters. Journal of the American Chemical Society 144(36):16310-16315
DOI10.1021/jacs.2c07625.

Shi N, Li LX, Lu RG, Yan XJ, Liu H. 2019. Highly pathogenic swine getah virus in
blue foxes, Eastern China, 2017. Emerging Infectious Diseases 25(6):1252—1254
DOI 10.3201/eid2506.181983.

Shi N, Zhu X, Qiu X, Cao X, Jiang Z, Lu H, Jin N. 2022. Origin, genetic diversity,
adaptive evolution and transmission dynamics of Getah virus. Transboundary and
Emerging Diseases 69(4):e1037—-e1050 DOT 10.1111/tbed.14395.

Sun Q, Xie Y, Guan Z, Zhang Y, Li Y, Yang Y, ZhangJ, Li Z, Qiu Y, Li B, Liu K, Shao
D, Wang J, Ma Z, Wei J, Li P. 2022. Seroprevalence of Getah virus in pigs in eastern
China determined with a recombinant E2 protein-based indirect ELISA. Viruses
14(10):2173 DOI 10.3390/v14102173.

Tan M, Liao C, Liang L, Yi X, Zhou Z, Wei G. 2022. Recent advances in recombinase
polymerase amplification: Principle, advantages, disadvantages and applications.
Frontiers in Cellular and Infection Microbiology 12:1019071
DOI 10.3389/fcimb.2022.1019071.

Yang T, LiR, Hu Y, Yang L, Zhao D, Du L, LiJ, Ge M, Yu X. 2018. An outbreak of Getah
virus infection among pigs in China, 2017. Transboundary and Emerging Diseases
65(3):632—637 DOIT 10.1111/tbed.12867.

Xia et al. (2025), PeerdJ, DOI 10.7717/peerj.20119 14/15


https://peerj.com
http://dx.doi.org/10.1126/science.aas8836
http://dx.doi.org/10.3201/eid2105.141975
http://dx.doi.org/10.1038/s41598-021-99734-7
http://dx.doi.org/10.1038/s41467-023-41006-1
http://dx.doi.org/10.1111/tbed.14042
http://dx.doi.org/10.3201/eid2802.204887
http://dx.doi.org/10.1021/jacs.2c07625
http://dx.doi.org/10.3201/eid2506.181983
http://dx.doi.org/10.1111/tbed.14395
http://dx.doi.org/10.3390/v14102173
http://dx.doi.org/10.3389/fcimb.2022.1019071
http://dx.doi.org/10.1111/tbed.12867
http://dx.doi.org/10.7717/peerj.20119

Peer

You D, Wang YL, Ge LP, Zhou YC, Sun J, Lang LQ, Lai SY, Ai YR, Zhu L, Xu ZW. 2024.
Establishment and application of an indirect ELISA for Getah virus E2 antibody
detection. Journal of Virological Methods 325:114885
DOI10.1016/j.jviromet.2024.114885.

Zhang Y, LiY, Guan Z, Yang Y, Zhang ], Sun Q, Li B, Qiu Y, Liu K, Shao D, Ma Z, Wei
J, Li P. 2022. Rapid differential detection of Japanese Encephalitis Virus and getah
virus in pigs or mosquitos by a duplex TagMan Real-Time RT-PCR assay. Frontiers
in Veterinary Science 9:839443 DOI 10.3389/fvets.2022.839443.

Zhang S, Wang C, Meng K, Liu J. 2024. Recombinase polymerase amplification-lateral
flow dipstick (RPA-LFD) designed for rapid detection of canine distemper virus.
Journal of Veterinary Medical Science 86(5):584-591 DOI 10.1292/jvms.23-0389.

Zhao M, Yue C, Yang Z,Li Y, Zhang D, Zhang ], Yang S, Shen Q, Su X, Qi D, MaR,
Xiao Y, HouR, Yan X, LiL, Zhou Y, Liu J, Wang X, Wu W, Zhang W, Shan T, Liu
S. 2022. Viral metagenomics unveiled extensive communications of viruses within
giant pandas and their associated organisms in the same ecosystem. Science of the
Total Environment 820:153317 DOI 10.1016/j.scitotenv.2022.153317.

Xia et al. (2025), PeerdJ, DOI 10.7717/peerj.20119 15/15


https://peerj.com
http://dx.doi.org/10.1016/j.jviromet.2024.114885
http://dx.doi.org/10.3389/fvets.2022.839443
http://dx.doi.org/10.1292/jvms.23-0389
http://dx.doi.org/10.1016/j.scitotenv.2022.153317
http://dx.doi.org/10.7717/peerj.20119

