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Porcine epidemic diarrhea virus (PEDV) is an enteric coronavirus that causes
acute watery diarrhea and vomiting in unweaned piglets. Infections result in
high mortality and serious economic losses to the swine industry. PEDV
attenuated vaccine does not completely protect against all mutant wild-type
strains, and PEDV infection can periodically occur. A sensitive, accurate, and
simple detection method for PEDV is nheeded to reduce the occurrence of the
disease. In this study, the CRISPR/Casl3a system was combined with
recombinase aided amplification to develop a rapid diagnostic method to
distinguish PEDV wild-type strains from attenuated vaccine strains. The
method is based on isothermal detection at 37°C. The results are used for
visual readout. The assay had high sensitivity and specificity, with a detection
limit of 10" copies/uL for the gene of interest, and no cross-reactivity with other
pathogens. The Casl3a detection worked well with clinical samples. This visual,
sensitive, and specific nucleic acid detection method based on CRISPR/Cas13a
should be a powerful tool for detecting PEDV.
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Introduction

Porcine epidemic diarrhea (PED) is an acute, highly
contagious enteric infectious disease caused by porcine
epidemic diarrhea virus (PEDV). Diarrhea, vomiting, and
dehydration are the main symptoms in piglets. PED was first
reported in the United Kingdom in 1971 and was significantly
more lethal in suckling pigs than other age groups (Song and
Park, 2012; Chen et al., 2014; Jung and Saif, 2015). In 2006, the
appearance of PEDV in immunized pigs was described,
indicating that the immunization effect of PEDV vaccine was
not ideal (Li et al,, 2012). After 2010, PEDV mutant strains
appeared in China and spread rapidly across the country (Sun
et al, 2012; Lin et al., 20145 Sun et al., 2015). To combat the
variant of PEDV, new commercial vaccines based on the classic
PEDV strain ZJ08 and the variant strain AJ1102 have been
developed in China in recent years. These vaccines have
achieved a relative control of PED and have alleviated disease
progression (Wang et al, 2016; Li et al, 2017). Therefore,
establishing a diagnostic method that can distinguish between
PEDV wild-type and vaccine strains, and can exclude the
influence of other pathogens, will help reduce the possibility of
immunized pigs being culled and reduce economic losses.

At present, viral isolation, quantitative real-time PCR (qRT-
PCR), loop-mediated isothermal amplification, and enzyme
linked immunosorbent assay are usually used to test whether
pigs are infected with PEDV (Yu et al., 2015; Valko et al,, 2019;
Wang et al., 2020b). These methods are complicated to operate,
require special instruments, or have high false positives and are
difficult to use for rapid and accurate on-site testing. Therefore, a
new technical solution is required. CRISPR/Cas13a can activate
its collateral cleavage activity after cleaving target RNA under
the guidance of specific crispr RNA (crRNA) and cleave
surrounding non-specific RNA (Abudayyeh et al., 2017;
Myhrvold et al., 2018; Wang et al., 2020a). Based on this
principle, nonspecific RNA reporter probes can be added to
the reaction system to achieve specific detection of target
molecules. They can be combined with recombinase aided
amplification (RAA) with CRISPR/Casl3a detection to
establish specific high sensitivity enzymatic reporter unlocking
(SHERLOCK) (Kellner et al., 2019). The method is convenient,
rapid, sensitive, and specific. The approach also provides a new
avenue for the development of pathogen nucleic acid detection
technology. CRISPR/cas13a-based assays have been applied to
detect porcine reproductive and respiratory syndrome virus
(PRRSV), Avian influenza A (H7N9) virus, Ebola virus,
dengue virus, Zika virus, and Tembusu virus (Liu et al., 2019b;
Qinetal, 2019; Chang et al., 2020; Yin et al., 2022). To construct
a more convenient method to detect and distinguish PEDV
attenuated vaccine strains from wild-type virus strains, in the
present study we developed a detection system by combining
CRISPR/Cas13a, RAA, and lateral flow strips.
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The open reading frame 3 (ORF3) gene of PEDV is one of
the determinants of PEDV virulence. Attenuated strains
generally delete dozens of bases in the ORF3 gene. Sequences
around the attenuated deletion region are relatively conserved,
which provides a good basis for the identification of PEDV wild-
type and attenuated vaccine strains (Li et al., 2014; Su et al., 2016;
Lu et al,, 2020). We designed specific primers and crRNAs for
the deletion region of ORF3 gene and tested their specificity
using clinical samples. We believe the method can be an
alternative to field PEDV detection and reduce livestock losses
by enabling early control of the spread of PEDV wild-
type strains.

Materials and methods
Viruses and clinical samples

PEDV attenuated vaccine strain CV777, PEDV wild strain
AH2021, porcine circovirus type 2 (PCV-2), and porcine
circovirus type 3 (PCV3) were maintained in our laboratory.
PRRSV, Pseudorabies virus (PRV), and classical swine fever
virus (CSFV) vaccine was produced by Wuhan Kegian Biology
Co., Ltd. Forty-two fecal and intestinal tissue samples were
collected from farms located in Anhui Province that housed
pigs with diarrhea.

RAA primer design and
crRNA preparation

Compared with the ORF3 genes of attenuated vaccine strain
and different PEDV wild-type whose sequences were available in
GenBank (Figure 1), we found that the attenuated vaccine strain
CV777 has a 49-nucleotide deletion sequence compared with
the wild-type strains. The RAA primers were selected in the
deleted segment from the ORF3 gene alignment between the
attenuated vaccine strain and the wild-type strain. The T7
promoter sequence (GAAATTAATACGACTCACTATAGGG)
was appended to the 5 end of the RAA forward primer. A
target sequence of 28 bp after the adjacent motif sequence
was designed according to the website CRISPR-DT (https://
casl3design.nygenome.org/) for the RAA-amplified
products of ORF3 gene, and a stem-loop structure sequence
(GATTTAGACTACCCCAAAAACGAAGGGGACAAAACQ)
added to the 5 of the target sequence to form crRNA-F, and the
reverse complement was crRNA-R. For crRNA preparation, the
DNA templates of crRNA were appended with the T7 promoter
sequence and synthesized as primers by General Biological
System (Anhui) Co. (Table 1). The lateral-flow-reporter (5-
/56-FAM/mArArUrGrGrCmAmArArUrGrGrCmA/3Bio/-3’)
was synthesized by General Biological System (Anhui). Two
oligonucleotides were annealed to a double-stranded DNA using
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FIGURE 1

ORF3 regions alignment results of PEDV wild-types strains and attenuated vaccine strains CV777

Annealing Buffer for DNA Oligos (Beyotime, China). The
double-stranded DNA was purified by gel extraction.
According to the instructions of the HiScribe T7 Quick High
Yield RNA Synthesis kit (NEB, USA), the double-stranded DNA
was transcribed to crRNA. Finally, crRNA was purified using
NucAwayTM Spin Columns (Invitrogen, USA) according to the
manufacturer’s instructions and stored at —80°C.

Nucleic acid preparation

The viral genomic nucleic acids of the PEDV attenuated
vaccine strain CV777 and wild-type strain AH2021, PCV2,
PCV3, PRRSV, PRV, and CSFV were extracted with a
TIANamp Virus DNA/RNA Kit (Tiangen, China) according
to the manufacturer’s instructions and stored at -80°C until use.
PEDV isolate AH2012/12 (GenBank accession KU646831) was
donated by researcher Li Bin of Jiangsu Academy of
Agricultural Sciences.

Casl3a nucleic acid detection

RAA reactions were conducted using the RAA kit according
to the manufacturer’s instructions (Magiltd, China). One pL of
cDNA or DNA was amplified in a 50-UL reaction system for 30

Table 1 The crRNA, primers, and probes used in this study.

min at 37°C. The RAA reaction products were transferred to the
CRISPR/Casl3a cleavage assay. CRISPR/Casl3a lateral flow
detection reaction system was performed with 45 nM
LwCasl3a (Magiltd, China), 22.5 nM crRNA, 125 nM lateral-
flow-reporter, 0.25 pL RNase inhibitor, 1 mM dNTP, 0.4 uL T7
RNA polymerase (NEB, USA), and 1 pL RAA reaction products.
The RAA reaction products were replaced with a nuclease-free
water sample as a negative control. The reactions were
performed at 37°C for 40 min. Ten pL of the detection
products were transferred into 90 pL detection buffer (Magiltd,
China), loaded onto lateral flow strip, and left for 5 min to
observe results.

Specificity and sensitivity of the Casl3a
nucleic acid detection

ORF3 gene fragments (ranging from 24,799-25,461 bp of
AH2012/1) were cloned and inserted into the pMD-19T vector,
named pMD-19T-ORF3, to create a plasmid DNA standard.
Aliquots of pMD19T-ORF3 ranging from 1.0 x 108 to 1.0 x 100
copies/UL were prepared as a template for Casl3a lateral flow
detection. The specificity of lateral flow detection was assessed
using the genomic ¢cDNA or DNA of a panel of pathogens,
including PCV2, PCV3, PRRSV, PRV, and CSFV.

Primers Sequences (5’-3’)

ORF3-F TGGACTTTTTCAATACACGATTG

ORF3-R CATTCACTAATTGTAGCATACTCG

RAA-F GAAATTAATACGACTCACTATAGGGTTCCAATTAGACAAGCTTCAAATGTGACGGG CGCCAGGAGTAAAAGCAGACTAAACAAAGCC
RAA-R

qRT-PCR-F ATTGCCCACTTTTATATTATTGTGG

qRT-PCR-R TGCCGCCCACGTATAGCTAGATACA

crRNA1-F GATTTAGACTACCCCAAAAACGAAGGGGACAAAACATCCATGATCCAGTAGGGGGTCTGCGTG
crRNAI-R CACGCAGACCCCCTACTGGATCATGGATGTTTTGTCCCCTTCGTTTTTGGGGTAGTCTAAATC
crRNA2-F GATTTAGACTACCCCAAAAACGAAGGGGACTAAAACCCACGTTCATGCCCGAACGCTCCGAGTT
crRNA2-R AACTGGCCGTACCCGCTCTGCGGTCAGCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATC
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Validation with clinical samples

A total of 42 fecal and intestinal tissue samples were
collected from six pig farms in Anhui Province, six of these
were from piglets that were inoculated with the attenuated
vaccine CV777, and another 36 fecal and intestinal tissue
samples were collected from piglets with symptoms of
diarrhea. All samples were used to confirm the applicability of
PEDV-specific lateral flow in clinical diagnosis. The results were
compared with those obtained with qRT-PCR described
previously, which was run in parallel for the above clinical
samples (Yang et al., 2021).

Results

Establishment of CRISPR/Casl13a lateral
flow detection

For the on-site detection, we performed RAA combined with
CRISPR/Casl3a to detect PEDV according to the schematic
diagram in Figure 2A. Lateral flow assays used the FAM-RNA-
biotin reporter. For the positive samples, the FAM-RNA-biotin
reporter was cleaved to aggregate gold-nanoparticle (NP)-anti-
FAM antibody conjugates at the test band and reduce
aggregation at the control band. For the negative sample, the
gold-NP-anti-FAM antibody was fully conjugated to the FAM-
RNA-biotin reporter and the conjugate was captured by the

_— RAA +T7 Recognition of
Reversa-tratacription transcription —— sSRNA target
ORF3
PEDV
ZL NTC ZL
- - r
| i
‘ [
Test band—> |
Control band—> 1
e BB
il Il i
£ £

<rRNA1 crRNA2

FIGURE 2
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biotin ligand in the control band. Two Cas13a crRNAs targeting
the RAA-amplified products of PEDV ORF3 were designed. To
verify the effectiveness of the designed crRNAs, we performed
Casl3a experiments using the RAA products as templates. The
experimental groups showed that the combination of
primerl+crRNA1 and primer2+crRNA2 could produce
obvious positive bands on the lateral flow detection
strips (Figure 2B).

Sensitivity of Casl13a lateral
flow detection

To optimize the performance of the assay, the sensitivity of
the Casl3a lateral flow detection based on different primer pairs
and crRNA combinations was determined with 1.0 x 108 to
1.0 x 100 copies of pMD-19T-ORF3 serving as the template.
The combination of primer2 + crRNA2 had the highest
sensitivity, of which the detection limit could reach 102
copies/pL (Figure 3A). The combination of primerl + crRNA1
had poor sensitivity, and the lower detection limit could only
reach 104 copies/pL (Figure 3B). To further improve the
sensitivity of this assay, the primer2 + crRNA2 combination
was selected for further optimization. The CRISPR/Casl3a
lateral flow detection could detect 1 x 101 copies/uL of DNA
in the reaction when the amount of RAA amplification product
was increased from 1 pL to 2 puL, which was the detection limit of
this method (Figure 3C).

Negative Positive
@ test test
o
S
)

Absorption pad

band

Reporter cleavage

—) O —Q )

band

biotin

Sample pad|

Establishment of the CRISPR/Cas13a lateral flow detection. (A) Schematic illustration of the workflow for Cas13a PEDV testing. The ORF3 gene
in the PEDV genome was amplified by RAA and transcribed into RNA that was recognized by crRNA and activated Cas13a nuclease. The
activated Casl3a nuclease then cleaved the reporter molecule, and the reporter molecule could appear as a band on the test strip. (B) Analysis
of different crRNAs by CRISPR/Casl13a lateral flow detection. ZL, pMD19T-ORF3 standard plasmid and NTC, negative control.
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FIGURE 3

Sensitivity test of Casl3a lateral flow detection. A 10-fold serial dilution of pMD19T-ORF3 was used as the detection template. (A) Sensitivity test
of the primerl + crRNA1 combinations. (B) Sensitivity test of the primer2 + crRNA2 combinations. (C) Sensitivity of the primer2 + crRNA2
combination after reaction system optimization. NTC, negative control.

Specificity of Casl3a lateral Detection of clinical samples by Casl3a
flow detection lateral flow detection

To evaluate the specificity of Cas13a lateral flow detection, the To validate the reliability of the Cas13a lateral flow detection
established method was used to assess the specificity detection of in PEDV wild-type strains from vaccine strains in clinical

the PEDV wild-type and vaccine strain, as well as other porcine samples, 42 qRT-PCR-tested tissue samples collected from
pathogens, including PCV2, PCV3, PRRSV, PRV, and CSFV. The different farms were detected by Casl3a lateral flow. As shown
primer2 + crRNA2 combination was selected for detection. The in Table 2, the qRT-PCR displayed 29 tissue samples were
positive band was observed on the lateral flow detection strip of PEDV-positive and 13 samples were PEDV-negative, including

PEDV wild-type strain. The lateral flow detection strips of other six samples from piglets inoculated with the attenuated vaccine
viruses had no positive bands (Figure 4). The results indicated the CV777. The Casl3a lateral flow detected 1 false-negative result
high specificity of the method for the detection of the PEDV wild- obtained from the 29 detected PEDV positive samples with the
type strain. coincidence rate of 96.6%, compared with qRT-PCR (Figure 5).
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Il

Specificity test of Casl3a lateral flow detection. Porcine circovirus type 2 (PCV2), porcine circovirus type 3 (PCV3), porcine reproductive and
respiratory syndrome virus (PRRSV), pseudorabies virus (PRV), classical swine fever virus (CSFV), and PEDV attenuated vaccine strain CV777 were
tested. ZL, pMD19T-ORF3 standard plasmid and NTC, negative control.

The kappa value (k) of two methods was 0.98 (Table 2). These
data indicated that Casl3a lateral flow detection had high
specificity and sensitivity in diagnostic performance for PEDV
and could be used for on-site clinical PEDV detection.

Discussion

PED is a highly contagious infectious disease that can cause
diarrhea, vomiting, dehydration, and high lethality in suckling
piglets. PEDV has high rates of infection and fatality in many
provinces and cities in China, causing serious economic losses to
the pig industry (Sun et al., 2012; Wang et al., 2016; Liang et al.,
2020). During the prolonged PEDV epidemic, the virus has
adapted to the environmental differences in different regions by
mutating. The appearance of mutant strains has hindered the
efficacy of vaccines in protecting pig herds (Zhang et al.,, 2021).
The establishment of a differential diagnosis method that
distinguishes between PEDV wild-type and vaccine strains
could help to reduce the culling of immunized pigs. There are
many laboratory detection methods for PEDV, but most of the
detection methods require professional operation or special
equipment, which are not suitable for large-scale clinical

detection. Therefore, the establishment of a practical and
effective PEDV pathogen detection is important in PEDV
epidemiological investigations and differential diagnosis.

The CRISPR/Casl3a system can specifically cut the target
single-strand RNA and has a non-specific collateral cleavage
ability. These characteristics and the generation and
development of the SHERLOCK technology have provided
technical support and design ideas for the application of the
CRISPR/Casl13a system in nucleic acid detection (Myhrvold
et al, 2018). Chang et al. (2020) used CRISPR/Casl3a to
detect PRRSV at 37°C with a detection limit of 172 copies/pLL.
No cross-reactions with PCV-2, PPV, CSFV, and PRV were
evident (Chang et al., 2020). Liu et al. (2019a) designed a specific
crRNA with the in vitro transcribed RNA of the hemagglutinin
gene of H7N9 as the target, combined with RAA, and established
a CRISPR/Casl3a-based rapid detection method for H7NO.
Patchsung et al. (2020) reported a CRISPR/Casl3a-based
diagnostic tool for rapid detection of SARS-CoV-2. This
diagnostic tool produces results comparable in accuracy to
conventional real-time PCR tests. It is well known that real-
time PCR is considered the gold standard test for pathogenic
genomic detection. However, real-time PCR must be performed
in a well-equipped and professionally operated diagnostic

Table 2 Detection results of clinical samples in Cas13a lateral flow detection and qRT-PCR assays.

Assay Number of samples
Positive

qRT-PCR 29

Casl3a lateral flow 28

detection

Frontiers in Cellular and Infection Microbiology
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Comparison of two methods

Negative Kappa
13 0.98
14

frontiersin.org


https://doi.org/10.3389/fcimb.2022.976137
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Yin et al.
Test band —»
Control band —» = o H HHHLEL
ke 5 g g i ]
T O U 8 I
5 i
12 3 4 5 6 7 8 9
Test band—>
Controlband—» = —| = = = = - - L
& & = m =
S & 5
L il e M m il ol i
23 24 25 26 27 28 29 30 31
FIGURE 5

32

10.3389/fcimb.2022.976137

iiﬁx; [1
S g8 T o

NTC ZL

Clinical sample detection by the Casl3a lateral flow detection. The samples marked with black and red numbers are PEDV-positive and PEDV-
negative samples, respectively. Forty-two samples were used for testing. ZL, pMD19T-ORF3 standard plasmid and NTC, negative control.

laboratory and is not suitable for on-site detection. Additionally,
diagnostic laboratories are usually located far from farms, which
can lead to delayed results. The new detection method that
combines CRISPR/Casl3a and lateral flow readout can
overcome this shortcoming. The Casl3a lateral flow detection
can be used for on-site PEDV detection with a sensitivity of 10
copies per reaction and does not require expensive
instrumentation. The above further indicate the prowess of
this method for the molecular detection of pathogens.

In the present study, the ORF3 gene of PEDV wild-type
strain and vaccine strain were compared and analyzed. The
crRNA was designed for the ORF3 deletion region to establish a
clinical rapid CRISPR/Casl13a lateral flow detection method. The
detection sensitivity of Cas13a lateral flow detection reached 101
copies/pL. Wang et al. (2020b) developed a real-time reverse
transcription recombinase polymerase amplification assay for
PEDV, with a lower limit of detection of 300 copies. The
TagMan probe-based real-time PCR technique targeting the
ORF3 deletion region developed by Liu et al. (2019b) has a
detection limit of 37 copies. The CRSIRR/Casl3a lateral flow
detection method developed in this study is more sensitive than
these two methods. The present results also showed that the
method had no cross-reactivity with other swine disease viruses,
and could specifically distinguish the PEDV wild-type strain
from the vaccine strain. To evaluate the suitability of the
technique for clinical applications, the coincidence rate of
Casl3a lateral flow detection with qRT-PCR was calculated.
The demonstrated reliability and availability of the Casl3a
lateral flow detection method indicated its value for field
diagnosis of PEDV clinical cases.

In summary, the CRISPR/Cas13a lateral flow detection was
established to identify PEDV classic attenuated vaccine strains
and wild-type strains. The approach had the advantages of rapid
operation, high sensitivity, no limitation of laboratory
equipment, and visualization of results. The method was
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suitable for on-site rapid detection of clinical PEDV and
improved the emergency detection ability of PEDV.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding authors.

Author contributions

DY, LY, and HG were responsible for sampling and sample
testing. JW and XS analyzed the data. DY and RZ wrote the
paper. XP and YD edited the paper. All authors contributed to
the article and approved the submitted version.

Funding

This study was supported financially by the Talent Project of
Anhui Academy of Agricultural Sciences (XJBS-202107 and
202108), Anhui Province Pig Industry Technology System
(AHCY]JSTX-13), the Key Research and development program
of Anhui Province (202204c06020009), the Special Fund for
Anhui Agriculture Research System (AHCYJXTX-05-13) and
the Natural Science Foundation of Anhui (2008085MC91).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fcimb.2022.976137
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Yin et al.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Abudayyeh, O. O., Gootenberg, J. S., Essletzbichler, P., Han, S., Joung, J., Belanto,
J. J., et al. (2017). RNA Targeting with CRISPR-Casl13. Nature 550, 280-284.
doi: 10.1038/nature24049

Chang, Y., Deng, Y., Li, T., Wang, J., Wang, T., Tan, F,, et al. (2020). Visual
detection of porcine reproductive and respiratory syndrome virus using CRISPR-
Casl3a. Transbound Emerg. Dis. 67, 564-571. doi: 10.1111/tbed.13368

Chen, Q., Li, G, Stasko, J., Thomas, J. T., Stensland, W. R., Pillatzki, A. E., et al.
(2014). Isolation and characterization of porcine epidemic diarrhea viruses
associated with the 2013 disease outbreak among swine in the United States. J.
Clin. Microbiol. 52, 234-243. doi: 10.1128/JCM.02820-13

Jung, K., and Saif, L. J. (2015). Porcine epidemic diarrhea virus infection:
Etiology, epidemiology, pathogenesis and immunoprophylaxis. Vet. J. 204, 134—
43.d0i:10.1016/j.tvjl.2015.02.017. doi: 10.1016/j.tvjl.2015.02.017

Kellner, M. J., Koob, J. G., Gootenberg, J. S., Abudayyeh, O. O., and Zhang, F.
(2019). SHERLOCK: Nucleic acid detection with CRISPR nucleases. Nat. Protoc.
14, 2986-3012. doi: 10.1038/s41596-019-0210-2

Liang, W., Zhou, D., Geng, C,, Yang, K., Duan, Z., Guo, R,, et al (2020). Isolation
and evolutionary analyses of porcine epidemic diarrhea virus in Asia. Peer] 8,
el0114. doi: 10.7717/peerj.10114

Li, W., Li, H,, Liu, Y., Pan, Y., Deng, F., Song, Y., et al. (2012). New variants of
porcine epidemic diarrhea virus, chin. Emerg. Infect. Dis. 18, 1350-1353.
doi: 10.3201/eid1803.120002

Lin, C. N,, Chung, W. B,, Chang, S. W., Wen, C. C, Liu, H., Chien, C. H,, et al.
(2014). US-Like strain of porcine epidemic diarrhea virus outbreaks in taiwa-2014.
J. Vet. Med. Sci. 76, 1297-1299. doi: 10.1292/jvms.14-0098

Li, R, Qiao, S., Yang, Y., Su, Y., Zhao, P., Zhou, E,, et al. (2014). Phylogenetic
analysis of porcine epidemic diarrhea virus (PEDV) field strains in central China
based on the ORF3 gene and the main neutralization epitopes. Arch. Virol. 159,
1057-1065. doi: 10.1007/s00705-013-1929-7

Liu, Y., Xu, H,, Liu, C,, Peng, L., Khan, H., Cui, L., et al. (2019a). CRISPR-
Cas13a nanomachine based simple technology for avian influenza a (H7N9)
virus on-site detection. J. BioMed. Nanotechnol 15, 790-798. doi: 10.1166/
jbn.2019.2742

Liu, J.,, Li, L. M., Han, J. Q,, Sun, T. R,, Zhao, X., Xu, R. T,, et al. (2019b). A
TaqMan probe-based real-time PCR to differentiate porcine epidemic diarrhea
virus virulent strains from attenuated vaccine strains. Mol. Cell Probes 45, 37-42.
doi: 10.1016/j.mcp.2019.04.003

Li, Y., Wang, G., Wang, J., Man, K,, and Yang, Q. (2017). Cell attenuated porcine
epidemic diarrhea virus strain Zhejiang08 provides effective immune protection
attributed to dendritic cell stimulation. Vaccine 35, 7033-7041. doi: 10.1016/
j.vaccine.2017.10.052

Lu, Y., Su, X,, Du, C,, Mo, L,, Ke, P., Wang, R, et al. (2020). Genetic diversity of
porcine epidemic diarrhea virus with a naturally occurring truncated ORF3 gene
found in guangxi, China. Front. Vet. Sci. 7, 435.d0i:10.3389/fvets.2020.00435. doi:
10.3389/fvets.2020.00435

Myhrvold, C., Freije, C. A., Gootenberg, J. S., Abudayyeh, O. O., Metsky, H. C.,
Durbin, A. F,, et al. (2018). Field-deployable viral diagnostics using CRISPR-Cas13.
Science 360, 444-448. doi: 10.1126/science.aas8836

Frontiers in Cellular and Infection Microbiology

08

10.3389/fcimb.2022.976137

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Patchsung, M., Jantarug, K., Pattama, A., Aphicho, K., Suraritdechachai, S.,
Meesawat, P., et al. (2020). Clinical validation of a Casl3-based assay for the
detection of SARS-CoV-2 RNA. Nat. BioMed. Eng. 4, 1140-1149. doi: 10.1038/
§41551-020-00603-x

Qin, P, Park, M., Alfson, K. J., Tamhankar, M., Carrion, R., Patterson, J. L., et al.
(2019). Rapid and fully microfluidic Ebola virus detection with CRISPR-Casl3a.
ACS Sens 4, 1048-1054. doi: 10.1021/acssensors.9b00239

Song, D., and Park, B. (2012). Porcine epidemic diarrhoea virus: A
comprehensive review of molecular epidemiology, diagnosis, and vaccines. Virus
Genes 44, 167-175. doi: 10.1007/s11262-012-0713-1

Su, Y., Liu, Y., Chen, Y., Zhao, B,, Ji, P., Xing, G., et al. (2016). Detection and
phylogenetic analysis of porcine epidemic diarrhea virus in central China based on
the ORF3 gene and the S1 gene. Virol J. 13, 192. doi: 10.1186/512985-016-0646-8

Sun, M., Ma, J., Wang, Y., wang, M., Song, W., Zhang, W, et al (2015). Genomic
and epidemiological characteristics provide new insights into the
phylogeographical and spatiotemporal spread of porcine epidemic diarrhea virus
in Asia. J Clin Microbiol 53, 1484-92. doi: 10.1128/JCM.02898-14

Sun, R. Q, Cai, R. J., Chen, Y. Q, Liang, P. S., Chen, D. K,, and Song, C. X.
(2012). Outbreak of porcine epidemic diarrhea in suckling piglets, China. Emerg.
Infect. Dis. 18, 161-163. doi: 10.3201/eid1801.111259

Valko, A., Albert, E., Csagola, A., Varga, T, Kiss, K., Farkas, R,, et al. (2019).
Isolation and characterisation of porcine epidemic diarrhoea virus in Hungary -
short communication. Acta Vet. Hung 67, 307-313. doi: 10.1556/004.2019.031

Wang, D., Fang, L., and Xiao, S. (2016). Porcine epidemic diarrhea in China.
Virus Res. 226, 7-13. doi: 10.1016/j.virusres.2016.05.026

Wang, Z., Li, X, Shang, Y., Wu, J., Dong, Z.,, Cao, X,, et al. (2020b). Rapid
differentiation of PEDV wild-type strains and classical attenuated vaccine strains
by fluorescent probe-based reverse transcription recombinase polymerase
amplification assay. BMC Vet. Res. 16, 208. doi: 10.1186/s12917-020-02424-1

Wang, X., Shang, X., and Huang, X. (2020a). Next-generation pathogen
diagnosis with CRISPR/Cas-based detection methods. Emerg. Microbes Infect. 9,
1682-1691. doi: 10.1080/22221751.2020.1793689

Yang, K, Liang, Y., Li, Y,, Liu, Q,, Zhang, W, Yin, D,, et al. (2021). Reverse
transcription-enzymatic recombinase amplification coupled with CRISPR-Cas12a for
rapid detection and differentiation of PEDV wild-type strains and attenuated vaccine
strains. Anal. Bioanal Chem. 413, 7521-7529. doi: 10.1007/500216-021-03716-7

Yin, D., Yin, L., Wang, J.,, Shen, X, Pan, X,, Hou, H., et al (2022). Visual
detection of duck Tembusu virus with CRISPR/Cas13: A sensitive and specific
point-of-care detection. Front Cell Infect Microbiol 12, 848365. doi: 10.3389/
fcimb.2022.848365

Yu, X, Shi, L., Lv, X,, Yao, W., Cao, M., Yu, H,, et al. (2015). Development of a
real-time reverse transcription loop-mediated isothermal amplification method for
the rapid detection of porcine epidemic diarrhea virus. Virol. J. 12, 76. doi: 10.1186/
512985-015-0297-1

Zhang, H., Han, F,, Yan, X,, Liu, L., Shu, X,, and Hu, H. (2021). Prevalence and
phylogenetic analysis of spike gene of porcine epidemic diarrhea virus in Henan
Province, China in 2015-2019. Infect. Genet. Evol. 88, 104709. doi: 10.1016/
j.meegid.2021.104709

frontiersin.org


https://doi.org/10.1038/nature24049
https://doi.org/10.1111/tbed.13368
https://doi.org/10.1128/JCM.02820-13
https://doi.org/10.1016/j.tvjl.2015.02.017
https://doi.org/10.1038/s41596-019-0210-2
https://doi.org/10.7717/peerj.10114
https://doi.org/10.3201/eid1803.120002
https://doi.org/10.1292/jvms.14-0098
https://doi.org/10.1007/s00705-013-1929-7
https://doi.org/10.1166/jbn.2019.2742
https://doi.org/10.1166/jbn.2019.2742
https://doi.org/10.1016/j.mcp.2019.04.003
https://doi.org/10.1016/j.vaccine.2017.10.052
https://doi.org/10.1016/j.vaccine.2017.10.052
https://doi.org/10.3389/fvets.2020.00435
https://doi.org/10.1126/science.aas8836
https://doi.org/10.1038/s41551-020-00603-x
https://doi.org/10.1038/s41551-020-00603-x
https://doi.org/10.1021/acssensors.9b00239
https://doi.org/10.1007/s11262-012-0713-1
https://doi.org/10.1186/s12985-016-0646-8
https://doi.org/10.1128/JCM.02898-14
https://doi.org/10.3201/eid1801.111259
https://doi.org/10.1556/004.2019.031
https://doi.org/10.1016/j.virusres.2016.05.026
https://doi.org/10.1186/s12917-020-02424-1
https://doi.org/10.1080/22221751.2020.1793689
https://doi.org/10.1007/s00216-021-03716-7
https://doi.org/10.3389/fcimb.2022.848365
https://doi.org/10.3389/fcimb.2022.848365
https://doi.org/10.1186/s12985-015-0297-1
https://doi.org/10.1186/s12985-015-0297-1
https://doi.org/10.1016/j.meegid.2021.104709
https://doi.org/10.1016/j.meegid.2021.104709
https://doi.org/10.3389/fcimb.2022.976137
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Visual detection and differentiation of porcine epidemic diarrhea virus wild&minus;type strains and attenuated vaccine strains using CRISPR/Cas13a-based lateral flow strip
	Introduction
	Materials and methods
	Viruses and clinical samples
	RAA primer design and crRNA preparation
	Nucleic acid preparation
	Cas13a nucleic acid detection
	Specificity and sensitivity of the Cas13a nucleic acid detection
	Validation with clinical samples

	Results
	Establishment of CRISPR/Cas13a lateral flow detection
	Sensitivity of Cas13a lateral flow detection
	Specificity of Cas13a lateral flow detection
	Detection of clinical samples by Cas13a lateral flow detection

	Discussion
	Data availability statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


