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ABSTRACT As a notifiable terrestrial and aquatic animal disease listed by World
Organisation for Animal Health (formerly the Office International des Epizooties [OIE]),
classical swine fever (CSF) has caused great economic losses to the swine industry
worldwide during recent decades. Differentiation of infected and vaccinated animals
(DIVA) is urgent for eradication of CSF. In this study, a diagnostic platform based on
CRISPR/Cas13a was established with the ability to differentiate between classical swine
fever virus (CSFV) virulent and vaccine strains. In combination with reverse transcrip-
tion recombinase-aided amplification (RT-RAA), the detection limit for CSFV synthetic
RNA templates reached 3.0 x 102 copies/uL. In addition, with boiling and chemical
reduction, heating unextracted diagnostic samples to obliterate nucleases (HUDSON)
treatment was introduced to inactivate nucleases and release viral genome, achieving
robust pretreatment of tested sample before CRISPR/Cas13a detection without the
need to extract viral nucleic acids. HUDSON-RT-RAA-CRISPR/Cas13a can directly detect
cell cultures of virulent Shimen strain and vaccine hog cholera lapinized virus (HCLV)
strain, with the detection limit of 3.5 x 102 copies/uL and 1.8 x 10% copies/ul,
respectively, which was equally sensitive to nested PCR (nPCR) and 100 times more
sensitive than antigen enzyme-linked immunosorbent assay (ELISA). Meanwhile,
HUDSON-RT-RAA-CRISPR/Cas13a showed no cross-reactivity with bovine viral diarrhea
virus (BVDV), atypical porcine pestivirus (APPV), porcine reproductive and respiratory
syndrome virus (PRRSV), porcine epidemic diarrhea virus (PEDV), African swine fever
virus (ASFV), pseudorabies virus (PRV), and porcine circovirus 2 (PCV2), exhibiting
good specificity. At last, a total of 50 pig spleen samples with suspected clinical signs
were also assayed with HUDSON-RT-RAA-CRISPR/Cas13a, nPCR, and antigen ELISA in
parallel. HUDSON-RT-RAA-CRISPR/Cas13a showed 100.0% with nPCR and 82.0% coinci-
dent rate with antigen ELISA, respectively.

IMPORTANCE Classical swine fever (CSF) is a World Organisation for Animal Health (for-
merly the Office International des Epizooties [OIE]) notifiable terrestrial and aquatic animal
disease, causing great economic losses to the swine industry worldwide during the past
decades. Due to the use of the most effective and safe attenuated live vaccine for CSF
prevention, differentiation of infected and vaccinated pigs is vital work, as well as a bottle-
neck for eradication of CSF. Methods with the ability to precisely differentiate classical
swine fever virus (CSFV) virulent strains from vaccine strain hog cholera lapinized virus
(HCLV) are urgently needed. Combining the high sensitivity of isothermal recombinase-
aided amplification (RAA) with the accurate molecular sensing ability of Cas13a, we pre-
sented a novel method for CSFV detection without the need to extract viral nucleic acids,
which showed great advantage to traditional detection methods for precise differentiation
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of CSFV virulent strains and vaccine strain, providing a novel powerful tool for CSF
eradication.

KEYWORDS classical swine fever virus, recombinase-aided amplification, CRISPR/
Cas13a, differentiation of infected and vaccinated animals

lassical swine fever (CSF) is a highly contagious and often fatal infectious porcine dis-

ease, leading to high fever, multisystemic hemorrhagic lesions, and immunosuppression
in infected pigs. It has brought great economic losses to the swine industry worldwide dur-
ing recent decades and is thus classified as one of notifiable terrestrial and aquatic animal
diseases by the World Organisation for Animal Health (formerly the Office International des
Epizooties [OIE]) (1).

Classical swine fever virus (CSFV), the causative agent of CSF, belongs to the family
Flaviviridae, genus Pestivirus. It is a small enveloped virus with a single-stranded, posi-
tive-sense RNA genome. The genomic RNA contains a large open reading frame
flanked with a 5’ untranslated region (5'UTR) and a 3’ untranslated region (3'UTR),
encoding four structural proteins (C, E™, E1, and E2) and eight nonstructural proteins
(NP, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) (2). Based on partial sequences of
5'UTR, E2 and NS5B, CSFV can be divided into three genotypes and 11 subgenotypes
(1.1 to 1.4, 2.1 to 2.3, and 3.1 to 3.4) (3). Since the effective and safe attenuated live vac-
cine hog cholera lapinized virus (HCLV) strain was produced by serial passage of CSFV
Shimen strain in rabbits at 1956, many countries, including China, use a systematic pro-
phylactic vaccination policy to control or eradicate CSF, excepting for some European
and American countries that carry out a stamping out policy (nonvaccination policy).
To date, pandemics of CSF have been effectively prevented with either vaccination or
nonvaccination policies. Instead, sporadic and occasional epidemics of large-scale out-
breaks have become current epidemiological trend of CSF (4, 5).

Since 2017, Chinese government has begun to take a series of actions for CSF eradi-
cation, including vaccination and diagnostic policies. One obstacle of CSF elimination
is that both the virulent Shimen strain and vaccine HCLV strain belong to the same
serotype and subgenotpye 1.1, making it hard for traditional immunological or molec-
ular diagnostic methods to differentiate infected pigs from vaccinated ones (6-10).
Although efforts have been made to develop alternative subunit or gene-deleted vac-
cines for differentiation of infected and vaccinated animals (DIVA) purposes (11), HCLV-
based attenuated live vaccine still remains the primary choice for CSF prevention in
China. Methods with the ability to precisely differentiate CSFV virulent strains from vac-
cine strain HCLV are urgently needed. Current studies about CSFV DIVA mainly rely on
molecular tests, including sequencing, PCR, and restrictive-fragment-length polymor-
phism (12, 13). However, these methods are often laborious and time consuming and
need to be performed by skilled technicians with expensive instruments, using multi-
ple testing steps and complex reagents.

Cas13a is a single-component RNA-guided RNA-targeting CRISPR effector, belong-
ing to type VI-A within CRISPR/Cas family. Guided by CRISPR RNA (crRNA), Cas13a
cleaves both the target RNAs and nonspecific single-stranded RNA (ssRNA) (14, 15).
The nonspecific ssRNA cleavage activity of Cas13a is called collateral RNase activity and
can be assayed with a fluorophore-quencher-labeled RNA substrate (reporter RNA) for
fluorescent readout (16). In combination with recombinase-based isothermal amplifica-
tion and collateral cleavage assay for Cas13a, a promising next-generation diagnostic
strategy for infectious diseases was developed and named SHERLOCK for Specific High
Sensitivity Enzymatic Reporter UnLOCKing. SHERLOCK is an isothermal method that
can detect both DNA and RNA target at an attomolar level with single-base mismatch
specificity (17).

In addition, Heating Unextracted Diagnostic Samples to Obliterate Nucleases (HUDSON)
treatment can lyse viral particles and inactivate ribonucleases with the use of heat and
chemical reduction, avoiding extraction of viral nucleic acids. With high performance and
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FIG 1 Schematic of CRISPR/Cas13a diagnostic platform. The CRISPR/Cas13a diagnostic platform consists of three steps.
Step 1 included HUDSON treatment of tested samples, which was performed at boiling water for 5 min to
simultaneously inactivate nucleases and release viral genomic nucleic acids. Step 2 included RT-RAA of HUDSON-
treated samples, which was performed at 37°C water bath for 30 min to isothermally amplify detecting target. Step 3
included CRISPR/Cas13a detection of RT-RAA products, which performed at 37°C for 30 min on the fluorescent reader.
dsDNA, double-stranded DNA; HUDSON, heating unextracted diagnostic samples to obliterate nucleases; RT-RAA,
reverse transcription recombinase-aided amplification; ssRNA, single-stranded RNA.

minimal sample processing requirements, HUDSON-SHERLOCK is a rapid and convenient
diagnostic method that has been used for differentiation of four related flaviviruses viruses,
including Zika virus, dengue virus, West Nile virus, and yellow fever virus (18).

Combined the high sensitivity of recombinase-aided amplification (RAA) with the
accurate molecular sensing ability of Cas13a, in this study, we established a novel DIVA
platform to differentiate between CSFV virulent strains and vaccine strain without the
need to extract viral nucleic acids (Fig. 1), providing a promising strategy for CSF diag-
nosis and eradication.

RESULTS

Expression and purification of LwaCas13a. A single band with a molecular weight
of about 140 kDa was obtained by SDS-PAGE after nickel affinity chromatography and
sulfopropyl (SP) cation exchange chromatography, illustrating that LwaCas13a was suc-
cessfully expressed in soluble state and purified to a desired degree (Fig. S1). A total of
23.04 mg purified LwaCas13a was obtained from 3-liter bacterial LB cultures.

CSFV crRNA screening. Among five candidate crRNAs for HCLV strain, crHCLV5 pro-
duced the highest fluorescent signals, exhibiting the ability to recognize HCLV 3'UTR RNA
and activate LwaCas13a efficiently (Fig. S2A). Similarly, among nine candidate crRNAs for
the Shimen strain, crShimen7 produced the highest fluorescent signal, exhibiting the ability
to recognize Shimen 3’UTR RNA and activate LwaCas13a efficiently (Fig. S2B).

Estimation of the ability of CRISPR/Cas13a to recognize different CSFV geno-
types with screened crRNAs. To estimate the ability of crHCLV5 and crShimen7 to
differentiate between CSFV vaccine strain and virulent strains, LwaCas13a collateral
cleavage assay was performed to test different genotypes of CSFV 3’UTR RNAs, includ-
ing subgenotypes 1.1, 1.2, 1,4, 2.2, 2.3, 3.2, and 3.4, as well as subsubgenotypes 2.1a,
2.1b, 2.1¢, 2.1d, 2.1g, 2.1h, and 2.1i. For crHCLVS5, only the cognate HCLV strain can be
recognized, indicating that the vaccine strain can be differentiated from all tested viru-
lent strains by CRISPR/Cas13a-crHCLV5 (Fig. 2A). For crShimen7, only four virulent sub-
genotypes can be recognized: 1.1, 1.2, 2.2, and 3.2 (Fig. 2B).

Considering the dominant pandemic subgenotype in China was 2.1, protospacer
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FIG 2 Estimation of the ability of CRISPR/Cas13a to recognize different classical swine fever virus (CSFV)
genotypes with screened crRNAs. (A) Estimation of the ability of CRISPR/Cas13a-crHCLV5 to recognize different
CSFV genotypes. Fluorescent kinetics of CRISPR/Cas13a-crHCLV5 to recognize different CSFV genotypes are
indicated as figure annotations. The negative control used diethyl pyrocarbonate (DEPC) water to replace
template RNA, with other conditions of collateral cleavage assay the same as for experimental groups. (B)
Estimation of the ability of CRISPR/Cas13a-crShimen7 to recognize different CSFV genotypes. Fluorescent kinetics
of CRISPR/Cas13a-crShimen7 to recognize different CSFV genotypes are indicated as figure annotations. The
negative control used DEPC water to replace template RNA, with other conditions of collateral cleavage assay
the same as for experimental groups. (C) Estimation of the ability of CRISPR/Cas13a-cr2.17 to recognize different
CSFV genotypes. Fluorescent kinetics of CRISPR/Cas13a-cr2.17 to recognize different CSFV genotypes are
indicated as figure annotations. The negative control used DEPC water to replace template RNA, with other
conditions of collateral cleavage assay the same as for experimental groups. (D) Estimation of the ability of
CRISPR/Cas13a-crShimen7/cr2.17 to recognize different CSFV genotypes. Fluorescent kinetics of CRISPR/Cas13a-
crShimen7/cr2.17 to recognize different CSFV genotypes are indicated as figure annotations. The negative
control used DEPC water to replace template RNA, with other conditions of collateral cleavage assay the same
as for experimental groups. Ex, excitation; Em, emission.

sequences of all virulent genotypes were further analyzed. Alignment results showed
that there were three main mutations in subgenotype 2.1, including G to A at position
5, U to C at position 16, and U to A at position 19. Based on these mutations, cr2.17
was designed to detect CSFV all subsubgenotypes of 2.1. Collateral cleavage assay
showed that even though the efficiencies of cr2.17 to recognize different subsubgeno-
types of 2.1 were varied, which depends on the number and position of mutations,
cr2.17 can differentiate all subsubgenotypes of 2.1 (including 2.1a, 2.1b, 2.1¢c, 2.1d,
2.1g, 2.1i, and 2.1h) from the vaccine strain (Fig. 2C).
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For the purpose of detecting both the traditional virulent Shimen strain and the
dominant pandemic virulent strains of subgenotype 2.1, crShimen7 and cr2.17 were
both introduced in collateral cleavage assay. The results showed that except for subge-
notypes 2.4 and 3.4, CRISPR/Cas13a-crShimen/cr2.17 recognized most virulent subge-
notypes, including the traditional Shimen strain and all dominant pandemic virulent
subsubgenotypes of 2.1 that have been reported to exist in China. In addition, CRISPR/
Cas13a-crShimen7/cr2.17 showed no cross-reactivity to the HCLV strain, exhibiting the
ability to differentiate virulent strains from the vaccine strain (Fig. 2D).

Sensitivity of RT-RAA-CRISPR/Cas13a. A recent study compared two recombi-
nase-based techniques, recombinase polymerase amplification (RPA) and RAA, in paral-
lel for rapid detection for African swine fever virus (ASFV), demonstrating that the
detection limit for RPA was 93.4 copies/reaction, while the detection limit for RPA was
53.6 copies/reaction (19). Thus, RAA was introduced to improve detecting sensitivity
for this study.

The detection limit of CRISPR/Cas13a was estimated with synthetic Shimen and
HCLV 3'UTR RNA by collateral cleavage assay. The results showed that CRISPR/Cas13a
alone did not yield a detectable signal at input concentrations below 3.0 x 10" cop-
ies/uL (Fig. 3A and B). To enhance detecting sensitivity of CRISPR/Cas13a, RT-RAA was
introduced to preamplify tested samples before collateral cleavage assay (Fig. S5;
Table S5). The results showed that the sensitivity of RT-RAA-CRISPR/Cas13a was greatly
improved compared to CRISPR/Cas13a alone, with a detection limit of 3.0 x 10% cop-
ies/uL (Fig. 3C and D).

Specificity of RT-RAA-CRISPR/Cas13a. Before estimating the specificity of RT-RAA-
CRISPR/Cas13a, cDNAs common porcine viruses or members of pestiviruses were first
tested by nPCR, except for ASFV, which used certified reference genomic nucleic acid
material as the template and was tested by OIE-recommended PCR. The results
showed that all of the tested viruses can be efficiently amplified (Fig. S4A), confirming
the reliability of all samples used in specificity estimation.

Collateral cleavage assay showed that when extracted genomic nucleic acids of viral
cell cultures were used as the templates, RT-RAA-CRISPR/Cas13a was also able to differ-
entiate between Shimen and HCLV. In addition, RT-RAA-CRISPR/Cas13a showed no
cross-reactivity to other viruses, exhibiting good detecting specificity (Fig. 4A and B).

Nucleic acid-extraction-free detection of RT-RAA-CRISPR/Cas13a. In order to sim-
plify the procedure of RT-RAA-CRISPR/Cas13a detection, the HUDSON technique was intro-
duced for robust treatment of tested samples without the need to extract nucleic acids. To
estimate the compatibility of HUDSON and RT-RAA-CRISPR/Cas13a, cell cultures of Shimen
and HCLV strains were treated with HUDSON and directly used for collateral cleavage
assay. Only slightly decreases of fluorescent signals were observed when HUDSON-treated
samples were tested compared with cognate genomic nucleic acids, maintaining a compa-
rable detecting sensitivity (Fig. 5A and B).

Comparison of HUDSON-RT-RAA-CRISPR/Cas13a, antigen ELISA, and nPCR.
Shimen and HCLV cell cultures and 10-fold serial dilutions from 10~ to 10~* were
tested by HUDSON-RT-RAA-CRISPR/Cas13a, nPCR and antigen enzyme-linked immuno-
sorbent assay (ELISA) in parallel. For both HUDSON-RT-RAA-CRISPR/Cas13a and nPCR,
positive results were obtained at a maximum dilution level of 10" for HCLV and 102
for Shimen (Fig. 6A and B), showing an equal sensitivity to nPCR (Fig. 6C). The detec-
tion limits for cell cultures of Shimen and HCLV were 3.5 x 102 and 1.8 x 102 copies/
L, respectively, which were coincident with the detection limits for testing synthetic
RNA templates. For antigen ELISA, a positive result was obtained only when testing
Shimen cell culture without dilution, while suspected positive results were obtained
when testing Shimen cell culture with 107" dilution and HCLV cell culture without dilu-
tion, indicating that antigen ELISA was at least 100 times less sensitive than HUDSON-
RT-CRISPR/Cas13a and nPCR (Fig. 6D).

Before comparison of these three methods for testing tissue samples, cDNA of 50 spleen
samples was first tested by PCR with individual specific primers of bovine viral diarrhea virus
(BVDV), atypical porcine pestivirus (APPV), porcine reproductive and respiratory syndrome
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FIG 3 Detecting sensitivity of CRISPR/Cas13a for synthetic CSFV 3'-untranslated region (3'UTR) RNA.
(A) Detecting sensitivity of CRISPR/Cas13a-crHCLV5 for synthetic hog cholera lapinized virus (HCLV)
3'UTR RNA. Fluorescent kinetics of CRISPR/Cas13a-crHCLV5 in detecting HCLV 10-fold dilutions of
synthetic 3'UTR RNAs are indicated as figure annotations. The negative control used DEPC water to
replace template RNA, with other conditions of collateral cleavage assay the same as for experimental
groups. (B) Detecting sensitivity of CRISPR/Cas13a-crShimen7/cr2.17 for synthetic Shimen 3'UTR RNA.
Fluorescent kinetics of CRISPR/Cas13a-crShimen7/cr2.17 in detecting Shimen 10-fold dilutions of
synthetic 3'UTR RNAs are indicated as figure annotations. The negative control used DEPC water to
replace template RNA, with other conditions of collateral cleavage assay the same as for experimental
groups. (C) Detecting sensitivity of RT-RAA-CRISPR/Cas13a-crHCLV5 for synthetic HCLV 3'UTR RNA.
Fluorescent kinetics of RT-RAA-CRISPR/Cas13a-crHCLV5 in detecting HCLV 10-fold dilutions of
synthetic 3'UTR RNAs are indicated as figure annotations. The negative control used DEPC water to
replace template RNA, with other conditions of RT-RAA and collateral cleavage assay the same as
for experimental groups. (D) Detecting sensitivity of RT-RAA-CRISPR/Cas13a-crShimen7/cr2.17 for
synthetic Shimen 3’UTR RNA. Fluorescent kinetics of RT-RAA-CRISPR/Cas13a-crShimen7/cr2.17 in
detecting Shimen 10-fold dilutions of synthetic 3'UTR RNAs are indicated as figure annotations. The
negative control used DEPC water to replace template RNA, with other conditions of RT-RAA and
collateral cleavage assay the same as for experimental groups.

virus (PRRSV), porcine epidemic diarrhea virus (PEDV), African swine fever virus (ASFV), pseu-
dorabies virus (PRV), and porcine circovirus 2 (PCV2) to investigate the background of each
sample (Fig. S4). The results showed that the infection situations were complex among these
samples, some of which exhibited coinfection with more than one virus; 15 samples showed
CSFV positive, including samples 22, 35 to 38, and 41 to 50. Unfortunately, nPCR for BVDV
used in this study cannot differentiate BVDV from CSFV. Considering that primers for CSFV
can only amplify CSFV while primers for BVDV can amplify both BVDV and CSFV, no BVDV
positivity was found among the tested samples. Similarly, no APPV-infected sample was
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FIG 4 Specificity of RT-RAA-CRISPR/Cas13a. (A) Specificity of RT-RAA-CRISPR/Cas13a-crHCLVS5. Fluorescent
kinetics of RT-RAA-CRISPR/Cas13a-crHCLV5 in detecting extracted genomic nucleic acids of different porcine
virus cell cultures are indicated as figure annotations. The negative control used DEPC water to replace
extracted genomic nucleic acids, with other conditions of RT-RAA and collateral cleavage assay the same as
for experimental groups. (B) Specificity of RT-RAA-CRISPR/Cas13a-crShimen7/cr2.17. Fluorescent kinetics of
RT-RAA-CRISPR/Cas13a-crShimen7/cr2.17 in detecting extracted genomic nucleic acids of different porcine
virus cell cultures are indicated as figure annotations. The negative control used DEPC water to replace
extracted genomic nucleic acids, with other conditions of RT-RAA and collateral cleavage assay the same as
for experimental groups.

found. One sample (sample 27) was found to be PEDV positive, and 23 samples were PRRSV
positive, including samples 02 to 06, 13, 16 to 20, 24 to 26, 28 to 34, 39, and 40. Because all
of these samples were collected between 2016 and 2018, a period before the first ASF out-
break in China in 2019, no ASFV-positive sample was found. Three samples were PRV posi-
tive, including samples 07, 16, and 23. Twenty-seven samples were PCV2 positive, including
01, 03 to 05, 08 to 16, 18 to 21, 23 to 25, 31 to 34, 39, and 40.
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FIG 5 Estimation of HUDSON-RT-RAA-CRISPR/Cas13a for direct CSFV cell culture detection. (A) Estimation
of RT-RAA-CRISPR/Cas13a-crHCLV5 for direct HCLV ST cell culture detection. Comparison of RT-RAA-
CRISPR/Cas13a-crHCLV5 in detecting cDNA and HUDSON-treated HCLV ST cell culture were assayed to
estimate the influence of HUDSON treatment on positive fluorescent signal. Comparisons of RT-RAA-
CRISPR/Cas13a-crHCLV5 in detecting cDNA and HUDSON-treated uninfected ST cell culture were assayed
to estimate the influence of HUDSON treatment on background fluorescent signal. Fluorescent kinetics in
detecting each kind of samples are indicated as figure annotations. (B) Estimation of RT-RAA-CRISPR/
Cas13a-crShimen7/cr2.17 for direct Shimen PK15 cell culture detection. Comparison of RT-RAA-CRISPR/
Cas13a-crShimen7/cr2.17 in detecting cDNA and HUDSON-treated Shimen PK15 cell culture were assayed
to estimate the influence of HUDSON treatment on positive fluorescent signal. Comparisons of RT-RAA-
CRISPR/Cas13a-crShimen7/cr2.17 in detecting ¢cDNA and HUDSON-treated uninfected PK15 cell culture
were assayed to estimate the influence of HUDSON treatment on background fluorescent signal.
Fluorescent kinetics in detecting each kind of samples are indicated as figure annotations. ASFV, African
swine fever virus; BVDV, bovine viral diarrhea virus; PCV 2, porcine circovirus 2; PEDV, porcine epidemic
diarrhea virus; PRRSV, porcine reproductive and respiratory syndrome virus; PRV, pseudorabies virus.
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FIG 6 Comparison of HUDSON-RT-RAA-CRISPR/Cas13a, nested PCR (nPCR) and antigen ELISA in detecting 10-
fold dilutions of CSFV cell cultures. (A) HUDSON-RT-RAA-CRISPR/Cas13a-crHCLV5 detection for 10-fold dilutions
of HCLV swine testis (ST) cell culture. Fluorescent kinetics in detecting each dilution are indicated as follows.
H1, undiluted HCLV ST cell culture (1.8 x 10* copies/uL); H2, 10'-fold diluted HCLV ST cell culture (1.8 x 10°
copies/ul); H3, 10%-fold diluted HCLV ST cell culture (1.8 x 10? copies/uL); H4, 10°-fold diluted HCLV ST cell
culture (1.8 x 10" copies/uL); H5, 10*fold diluted HCLV ST cell culture (1.8 x 10° copies/ul); NC, negative
control (uninfected ST cell culture). (B) HUDSON-RT-RAA-CRISPR/Cas13a-crShimen7/cr2.17 detection for 10-fold
dilutions of Shimen porcine kidney 15 (PK15) cell culture. Fluorescent kinetics in detecting each dilution are
indicated as follows. H1, Undiluted Shimen PK15 cell culture (3.5 x 10° copies/uL); H2, 10'-fold diluted Shimen
PK15 cell culture (3.5 x 10* copies/uL); H3, 10*fold diluted Shimen PK15 cell culture (3.5 x 10° copies/ulL); H4,
10°-fold diluted Shimen PK15 cell culture (3.5 x 10? copies/ulL); H5, 10*fold diluted Shimen PK15 cell culture
(3.5 x 10" copies/uL); NC, negative control (uninfected PK15 culture). (C) Agarose gel electrophoresis of CSFV
nPCR detection for 10-fold dilutions of HCLV ST cell culture or Shimen PK15 cell culture. M, Tans2K DNA
marker (TransGege, China); H1 to H5, 10-fold dilutions of HCLV ST cell culture, as indicated in panel A. Columns
S1 to S5, 10-fold dilutions of HCLV ST cell culture, as indicated in panel B; NC, negative control (cDNA of
uninfected ST cell culture). (D) CSFV antigen ELISA detection for 10-fold dilutions of HCLV ST cell culture or
Shimen PK15 cell culture. H1 to H5, 10-fold dilutions of HCLV ST cell culture, as indicated in panel A; columns
S1 to S5, 10-fold dilutions of HCLV ST cell culture, as indicated in panel B; columns PC and NC, positive control
and negative control provided by ELISA kit to determine positive line, negative line, and suspected section.

A total of 15 samples tested positive, and 35 samples were negative by HUDSON-
RT-RAA-CRISPR/Cas13a, which showed 100% coincident rate with nPCR. However, due
to the lower detecting sensitivity of antigen ELISA, among these 15 CSFV-positive sam-
ples, only 6 samples tested positive, while 4 samples were suspected positive, and
another 5 samples tested negative by antigen ELISA (Table S6; Fig. S4), showing 82.0%
coincident rate (Table 1).

DISCUSSION

Accurate diagnosis of important infectious diseases has been paid increasing atten-
tion in recent years, especially since the outbreaks of ASF and COVID-19 that have
brought about enormous economic losses worldwide (20, 21). With the development
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TABLE 1 Comparison of HUDSON-RT-RAA-CRISPR/Cas13a, nested PCR and antigen ELISA in
testing 50 spleen samples®

Method Positive (+) Suspected () Negative (—)
HUDSON-RT-RAA-CRISPR/Cas13a 15 0 35
Nested PCR 15 0 35
Antigen ELISA 6 4 40

aELISA, enzyme-linked immunosorbent assay; HUDSON, heating unextracted diagnostic samples to obliterate
nucleases; RT-RAA, reverse transcription recombinase-aided amplification.

of science and technology, continuously emerging techniques have been developed
to meet specific diagnostic demands of various infectious diseases that traditional
methods could not achieve. Due to the impressive ability to precisely recognize nucleic
acids, CRISPR/Cas9 has won the Nobel prize as a powerful gene-editing tool for rewrit-
ing the code of life (22). Similarly, as another member of the Cas family, Cas13a is also
able to precisely recognize RNA with single-base specificity. With the unique collateral
RNase activity, Cas13a is first effector that transforms CRISPR technology from gene
scissor into gene sensor (17).

In this study, we established CRISPR/Cas13a platform for CSFV DIVA application,
which is one of the greatest obstacles for CSF eradication. Even though CRISPR/Cas13a
alone is not sensitive enough, RT-RAA significantly increased the detecting sensitivity,
with a level equal to that of nPCR. Combining the high specificity of CRISPR with the
high sensitivity of RAA is a promising platform for differential diagnosis of infectious
diseases. Due to the simplicity of primer requirement and base mismatch tolerance of
RAA (23), it is easy to design universal primers to detect a broad spectrum of all geno-
types of a specific virus like CSFV, followed by differential detection by CRISPR/Cas13a.

In addition, both RAA and CRISPR collateral cleavage assay were applied at a con-
stant 37°C, showing the potential to be developed as point-of-care testing tools. By
simply heating samples with EDTA and Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP), HUDSON treatment can robustly release nucleic acids and inactivate ribonu-
cleases for downstream molecular detection. It can be further combined with commer-
cial lateral flow strips and biotin-6-carboxyfluorescein (FAM)-labeled polyU reporter to
replace fluorescent readout with visual readout, achieving complete instrument-free
detection from sample processing to diagnostic results (24).

In addition to Cas13a, Cas12a is another CRISPR effector with collateral DNase activity
that has been widely developed as a gene-sensing tool in recent years (25). Cas12a is able
to directly target DNA molecules, it shows advantages beyond Cas13a as a more stable,
simpler, and less expensive tool. However, Cas13a has fewer sequential restrictions than
Cas12a, with a protospacer flanking site requirement (not G) rather than protospacer adja-
cent motif requirement (TTTV). In this study, a 50-nucleotide (nt)-long region from the
CSFV 3'UTR area contains nine candidate Cas13a crRNAs for Shimen strain and five crRNAs
for HCLV strain. While no suitable Cas12a crRNA was found in the same region, Cas13a
exhibited little dependency to target sequence than Cas12a. Different characters of these
two effectors make Cas13a more suitable for differential diagnosis with the two-step proce-
dure established in this study, while Cas12a is more suitable for one-pot assay
(26-28) or amplification-free detection (29-32) that has been presented in other works.
With an increasing number of Cas effectors with various characters to be explored and
developed as gene-sensing tools, studies about the CRISPR method of diagnosing infec-
tious diseases is a promising direction for the future.

Conclusion. In this study, we established CRISPR/Cas13a platform for differentiation
between CSFV virulent and vaccine strains with high sensitivity and good specificity.
We also introduced HUDSON treatment to replace nucleic acids extraction step, facili-
tating the detection procedure and reducing detection time. The established platform
can be performed at a constant 37°C, showing the potential to be developed as point-
of-care testing. Future work will focus on development of convenient readout meth-
ods, such as lateral flow assay or portable fluorescent devices.
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MATERIALS AND METHODS

Plasmids, viruses, and clinical samples. Leptotrichia wadei Cas13a (LwaCas13a) bacterial expression
plasmid Twinstrep-SUMO-LwaCas13a was purchased from Addgene (https://www.addgene.org/90097/)
and transformed into Rosetta (DE3) competent cells. Positive clones were verified by sequencing and
preserved as bacterial glycerol stock at —80°C.

Complete CSFV 3'UTR of different genotypes (Table S1) with an upstream T7 promoter sequence
(5'-TAATACGACTCACTATAGGGG-3') were synthesized by Sangon Biotech and cloned into PUC57 plas-
mid. Other DNA oligonucleotides, including primers and crRNA transcription templates, were also syn-
thesized by Sangon Biotech (China).

All viral cell cultures and tissue samples were provided by the Key Laboratory of Animal Immunology of
Henan Academy of Agricultural Sciences, including the cell culture of CSFV, viral diarrhea virus (BVDV), por-
cine reproductive and respiratory syndrome virus (PRRSV), porcine epidemic diarrhea virus (PEDV), pseudora-
bies virus (PRV), and porcine circovirus 2 (PCV2), as well as an atypical porcine pestivirus (APPV) positive
cDNA sample (Table S2). Fifty spleen tissues were collected during 2016 to 2018 from pigs with one or more
suspected clinical signs, including pyrexia, huddling, weakness, conjunctivitis, and diarrhea. In addition,
national certified reference material of African swine fever virus (ASFV) standard genomic DNA (genotype II)
was purchased from the China Animal Health and Epidemiology Center.

Soluble expression and purification of LwaCas13a. LwaCas13a expression bacterial glycerol stock
was inoculated LB medium for 2.5 h at 37°C and then induced with 0.5 mmol/L isopropyl-B-D-thiogalac-
topyranoside (IPTG) for 15 h at 16°C. Cell pellets were harvested and resuspended in lysis buffer
(20 mmol/L Tris-HCl, pH 8.0, 500 mmol/L NaCl, 1 mmol/L dithiothreitol [DTT]). After sonication, the su-
pernatant was collected for nickel affinity chromatography. The 5-mL nickel Sepharose column (GE
Healthcare, USA) was washed with lysis buffer containing 20 mmol/L imidazole to remove nontarget
proteins, followed by the elution of LwaCas13a with lysis buffer containing 100 mmol/L imidazole.

The elution fractions were then incubated with SUMO protease (Solarbio, China) for 8 h at 4°C to
cleave off the His,-Twinstrep-SUMO tag. After SUMO protease digestion, the proteins were diluted with
SP elution buffer (20 mmol/L Tris-HCl, pH 8.0, 1 mmol/L DTT, 5% glycerol) in a volume ratio of 1:1.
Diluted proteins were then loaded onto a 1-mL HiTrap SP cation exchange column (GE Healthcare, USA)
and eluted over a NaCl gradient from 250 mmol/L to 1 mol/L. Fractions containing LwaCas13a were ana-
lyzed by SDS-PAGE, pooled, and stored at —80°C for further study.

Preparation of CSFV 3’UTR RNA and crRNA. CSFV genomic cDNA alignment of Shimen strain and
HCLV strain showed a 12-nt insertion (5'-CTTTTTTCTTTT-3’) in HCLV 3’UTR region compared with
Shimen 3'UTR region, which was coincident with previous study (33). Candidate crRNAs were designed
by individually submitting partial 3'UTR regions of Shimen strain (5'-ACCCUAUUGUAGAUAACACUAAU
UUUUUAUUUAUUUA-3’) and HCLV strain (5’-UACACUACUUUUCUUUUUUCUUUUUUAUUUAUU-3') to
CRISPR-RT (Table S3) (34). Candidate crRNAs were in vitro transcribed by the T7 RiboMAX Express large-scale
RNA production system (Promega, USA) and purified by NucAway spin columns (Thermo Fisher, USA) accord-
ing to the manufacturer’s instructions. Double-stranded DNA templates for transcription were prepared by
annealing T7 promoter appending forward DNA oligonucleotide with its complementary reverse DNA oligo-
nucleotide in annealing buffer (Beyotime Biotech, China). Each oligonucleotide pair was annealed by preheat-
ing the annealing cocktail (nuclease-free water 40 ul, 5x annealing buffer 20 uL, 50 umol/L forward and
reverse oligonucleotide 20 uL each) at 95°C for 2 min and then gradient decreasing 1°C every 90 s from 94
to 25°C.

PUC57 plasmids that contained CSFV 3'UTR DNA sequences of different genotypes were used as the
templates for PCR amplification with forward primer (5'-TAATACGACTCACTATAGGGG-3') and reverse
primer (5'-TTAGGAAATTACCTTAGTCCAAC-3’) in a 50-uL cocktail containing 2x PrimeSTAR Max Premix
(TaKaRa, China) 25 uL, 10 wmol/L forward and reverse primer 2.5 ulL each, double-distilled water 18 uL
and PUC57 plasmid 2 L. The PCR steps were as follows: initial denaturation at 98°C for 1 min; 30 cycles
at 98°C for 10 s, 45°C for 5 s, and 72°C for 30 s; and a final extension at 72°C for 5 min. PCR products
were purified by Cycle Pure kit (Omega Bio-tek, China) and directly used as in vitro transcription tem-
plates. CSFV 3’UTR RNAs were then transcribed in vitro by T7 RiboMAX Express large-scale RNA produc-
tion system (Promega, USA) and purified by MEGAclear transcription clean-up kit (Thermo Fisher, USA)
according to the manufacturer’s instructions.

cDNA preparation of viral cell cultures and tissue samples. Spleen tissue homogenates were pre-
pared with a grinder in a ratio of 1:5 (tissue weight/phosphate-buffered saline [PBS] volume, mg/uL).
Then, 500-uL viral cell cultures or spleen tissue homogenates were freeze-thawed three times and cen-
trifuged at 12,000 x g for 20 min. All procedures were performed at 4°C.

Total viral nucleic acids were extracted with MiniBEST Viral RNA/DNA extraction kit version 5.0
(TaKaRa, China). Briefly, 300 uL supernatant was used for extraction procedures according to the manu-
facturer’s instruction, followed by elution with 30 uL nuclease-free water, and immediately used for
cDNA preparation or stored at —80°C for further experiments.

cDNAs were prepared with PrimeScript RT Master Mix (TaKaRa, China) according to the manufac-
turer’s instructions. A 10-ulL reverse transcription cocktail contained 5x PrimeScript RT Master Mix
(2 uL), 1 L total viral nucleic acids (less than 500 ng), and 7 uL nuclease-free water. Once reverse tran-
scription was done, cDNAs were stored at —80°C for further experiments.

LwaCas13a collateral cleavage assay. A single 50-ul cocktail contained 1x reaction buffer
(20 mmol/L HEPES, pH 6.8, 60 mmol/L NaCl, 6 mmol/L MgCl,), 50 nmol/liter LwaCas13a, 25 nmol/liter
crRNA, 1.6 unit/uL murine RNase inhibitor (New England Biolabs, USA), 125 nmol/liter quenched fluores-
cent RNA reporter (Thermo Fisher, USA), and various amounts of input nucleic acid target (5 uL). If input
nucleic acid target was amplified DNA, the above reaction was modified to include 0.5 ulL T7
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transcription enzyme mix and 2.5 uL T7 transcription buffer (Promega, USA), as well as 2 uL amplified
DNA. LwaCas13a collateral cleavage assay was proceeded for 30 min at 37°C on POLARstar Omega mul-
tifunction reader (BIO-GENE Biotech, China) with fluorescent kinetics (excitation/emission [Ex/Em] = 490
nm/520 nm) measured every 3 min.

RT-RAA and PCR. RT-RAA was performed with basic RT-RAA kit (ZC Bioscience, China) according to
the manufacturer’s instructions. A 50-uL RT-RAA cocktail included 41.5 ulL rehydration buffer (buffer A),
1 uL each of 20 umol/L T7 promoter appending forward primer (5'-TAATACGACTCACTATAGGGGGGG
AACCCGCCAGTAGGACCCTATTGTAGATA-3") and reverse primer (5'-GTGGTAACTTGAGGTAGTTTGTACC
AGTTCTT-3’), 4 uL RNA template, and 2.5 uL 280 mmol/L MgOAc (buffer B). RT-RAA cocktail was per-
formed at 37°C in a water bath for 30 min and immediately used as amplified DNA for LwaCas13a collat-
eral cleavage assay.

CSFV nested PCR (nPCR) was performed according to OIE recommend and previous study with some
modifications (35). Primary PCR was performed with outer primer pairs (outer-forward-primer 5'-
CAACTGGCTVGTYAAYGC-3" and outer-reverse-primer 5'-AATGAGTGTAGTGTGGTAAC-3', V = A or G;
Y =CorT)in a 25-uL cocktail, which contained 12.5 uL 2x rTaq mix (TaKaRa, China), 1 uL 10 wmol/L
outer forward or reverse primer each, 8 uL double-distilled water, and 2.5 uL 10-fold diluted cDNA. The
first round PCR steps were as follows: initial denaturation at 95°C for 1 min; 25 cycles at 94°C for 30 s,
54°C for 30 s, and 72°C for 30 s; and a final extension at 72°C for 10 min. Amplified DNA of first round
PCR was then used as the templates for second-round PCR, with inner primer pairs (inner-forward-
primer 5'-ATGATGATGVCSCTKATA-3" and inner-reverse-primer 5’-GTGTGGTAACWTGAGGTAG-3', V = A
orGY=CorT,V=AorGS=CorG K=Tor G W=AorT) in a 25-uL cocktail, which contained
12.5 plL of 2x rTaq mix, 1.5 uL of 10 umol/L inner forward or reverse primer, 9 uL of double-distilled
water, and 0.5 uL of first round PCR product. The second-round PCR steps were as follows: initial denatu-
ration at 95°C for 3 min; 35 cycles at 94°C for 30 s, 56°C for 30 s, and 72°C for 20 s; and a final extension
at 72°C for 10 min. In addition, the primers and conditions of nPCRs for BVDV, APPV, PEDV, PRRSV, PRV,
and PCV2, as well as ASFV OIE-recommended PCR, are listed in Table S4.

CSFV antigen ELISA. CSFV antigen ELISA was performed with a commercial classical swine fever vi-
rus antigen test kit/serum plus (IDEXX, China). Supernatants of viral cell cultures or tissue homogenates
were mixed with detection solution in a volume ratio of 1:1 and incubated at 37°C for 2 h, followed by
adding conjugate to each well and incubated at room temperature for another 30 min. Color develop-
ment was performed with TMB substrate at room temperature for 10 min and stopped by stop solution.
The results were calculated according to the manufacturer’s instructions. In brief, optical density at 450
mm (OD,s,) values of negative-control (N), positive-control (P), and tested samples (S) were measured
with POLARstar Omega multifunction reader (BIO-GENE Biotech, China). For a reliable experiment, the N
value should be less than 0.250, while the value of (P - N) should more than 0.150. The results were then
calculated according to the following rules: a positive result was determined if the value of (S-N) was
more than 0.300; a suspected result was determined if the value of (S - N) was between 0.100 and 0.300;
and a negative result was determined if the value of (S - N) was less than 0.100.

HUDSON treatment. HUDSON was performed for robust treatment of tested samples according to
previous study (18). In brief, supernatants of viral cell cultures or tissue homogenates were mixed with
EDTA and TCEP at final concentrations of 1 and 100 mmol/L, respectively, followed by boiling for 5 min
to lyse viral particles and inactivate nucleases. The mixture then was directly used for RT-RAA and
LwaCas13a collateral cleavage assay.
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