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A B S T R A C T

Canine parvovirus type 2 (CPV-2) infection is the most lethal disease of dogs with higher mortality in
puppies worldwide. In today’s world, dogs are an integral part of our communities as well as dogs
breeding and rearing has become a lucrative business. Therefore, a fast, accurate, portable, and cost-
effective CPV-2 detection method with the ability for on-site detection is highly desired. In this study, we
for the first time proposed a nanosystem for CPV-2 DNA detection with RNA-guided RNA endonuclease
Cas13a, which upon activation results in collateral RNA degradation. We expressed LwCas13a in
prokaryotic expression system and purified it through nickel column. Activity of Cas13a was verified by
RNA-bound fluorescent group while using a quenched fluorescent probe as signals. Further Cas13a was
combined with Recombinase polymerase amplification (RPA) and T7 transcription to establish molecular
detection system termed specific high-sensitivity enzymatic reporter un-locking (SHERLOCK) for
sensitive detection of CPV-2 DNA. This nanosystem can detect 100 amol/L CPV-2 DNA within 30 min. The
proposed nanosystem exhibited high specificity when tested for CPV-2 and other dog viruses. This
CRISPR-Cas13a mediated sensitive detection approach can be of formidable advantage during CPV-2
outbreaks because it is time-efficient, less laborious and does not involve the use of sophisticated
instruments.
© 2019 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.
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Humans and dogs being friends shared a long history.
Worldwide people keep dogs for various purposes. Pet dogs are
considered as members of the family [1,2]. CPV-2, a member of
Parvovirus genus, specifically infect non vaccinated puppies (6–12
weeks), and manifests itself in the form of gastroenteritis [3,4].
CPV-2 genome is a linear single-stranded DNA molecule of about
52 kb in size, encapsulated in a non-enveloped capsid of about
25 nm diameter [5,6]. Since 1978, CPV-2 has been a cause of
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haemorrhagic gastroenteritis in dogs, with high rate of mortality
and morbidity worldwide [7]. Therefore, early diagnosis, manage-
ment and monitoring of CPV-2 infection in dogs are pertinent.

Clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated (CRISPR-Cas) systems are adapted
form a bacterial adaptive immune system [8,9]. CRISPR/Cas system
is used to degrade foreign nucleic acids entering the host cell
[10,11]. Cas13a (old name C2C2) has been characterized as an RNA-
guided RNA manipulating enzyme that harnesses single-stranded
CRISPR RNA (crRNA) with a spacer region at 3 prime-terminal for
target binding and subsequent editing [12,13]. Cas13a-crRNA
complex when binds the target RNA it performs conformational
changes that results in nonspecific RNA degradation including
target RNA and other surrounding RNA. During the cleavage of
target RNA, Cas13a cleaves �104 nonspecific RNA as well [12–14].
This collateral cleavage activity of Cas13a can be reined in for the
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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sensitive detection of RNAs. SHERLOCK has been successfully
reported for the on-site detection of deadly human viruses like
Zika, Dengue and Ebola [10,15,16].

Over the years, CPV-2 sensitive and specific diagnosis has been
of interest for scientists [1]. Many methods have been reported
previously [17–23], but they lack specificity, sensitivity, time
consuming and needs sophisticated instruments. These issues are
bottleneck in their widespread application for on-site detection.
Therefore, to accomplish on-site detection of CPV-2 DNA, we
employed SHERLOCK [15]. CPV-2 genome was used as target
spacer for corresponding crRNA to establish a new CRISPR-Cas13a
based detection system for CPV-2. To boost the sensitivity of our
method RPA was also employed. The process does not require
expensive equipment as well it is less laborious and time-efficient,
the prerequisites for an excellent detection system.

The pC013-Twinstrep-SUMO-huLwCas13a (Addgene plasmid
#90097) was gifted by Broad Institute Zhang Feng Laboratory.
CPV-2 and other types of viruses were provided by Professor Xiong
Tao’s laboratory, College of Life Science, Yangtze University.
Primers and quenched fluorescent probe were synthesized by
Genscript (Jiangsu, China) and Sangon Biotech (Shanghai, China).
Oligonucleotides engaged in this study are shown in Table 1.

Mammalian codon optimized LwCas13a gene (encoding 11152
residues) was synthesized (Genescript) and subsequently cloned
into bacterial expression system, pC013 Twinstrep-SUMO-
huLwCas13a (Addgene plasmid #90097) to obtain the recombinant
protein Cas13a. Using these plasmids about 50 ng, BL21 E. coli
competent cells were transformed (Cwbiotech). After transforma-
tion 100 mL cells were plated on ampicillin and chloramphenicol
LB-agar plate for 12–15 h at 37 �C. Afterwards colonies were
counted. Single colony was cultured in 10 mL starter LB medium
with ampicillin to a final concentration of 100 mmol/L overnight.
That was further used to inoculate 500 mL of LB medium with
100 mmol/L of ampicillin for growth at 37 �C and 220 RPM until 0.6
optical density (OD). Once the concentration met the requirements,
isopropyl β-D-1-thiogalactopyranoside (IPTG) with a final concen-
tration of 500 mmol/L was added to induce protein expressionwhile
adjusting incubator temperature to 16 �C. After 16 h of cultivation,
cells were then centrifuged at 4500�g for 10 min at 4 �C. Cell pellet
was harvested and re-suspended in lysis buffer (20 mmol/L Tris-HCl,
500 mmol/L NaCl, 1 mmol/L DTT, pH 7.4), supplemented with
protease inhibitors (MCE) and lysozyme, followed by sonication
(JX-650, Shanghai, China) by adjusting conditions as: 200 W of
power, ultrasonic 2.5 s and 10 s of pause for 25 min. The soluble
substances were separated from insoluble impurities by centrifuga-
tion for 90 min at 4 �C at 10,000�g, and the supernatant was filtered
through a 220 nm filter (Sterile Millex). SUMO protease was then
loaded onto the column and incubated overnight at 4 �C. The
recombinant proteins were further purified by 5 mL HisTrap HP
nickel ion affinity column by removing the 6 His-SUMO tag
using AKTA purifier (AKTA PURE, GE Healthcare Life Sciences) and
then the column was washed by wash buffer (20 mmol/L Tris-HCl,
500 mmol/L NaCl, 30 mmol/L imidazole, pH 7.4). The purity of the
recombinant proteins was evaluated by SDS-PAGE. Fractions
containing pure LwCas13a were pooled and buffer exchanged via
Table 1
Oligonucleotides used in this study.

Name Sequence

CPV-2F AGCTACAGGATCTGGGAACG
CPV-2R CCACCCACACCATAACAACA
RPA-F TAATACGACTCACTATAGGGACT
RPA-R AGTAATACATTATCATTTGTTACA
crRNA ATATAGCACATCAAGATACAGGA
Probe /5FAM/TrUrUrUrUrUrC/3BHQ-1
T7promoter TAATACGACTCACTATAGGG
a Millipore centrifugal ultrafiltration tube (Amicon Ultra) to storage
buffer (600 mmol/L NaCl, 50 mmol/L Tris-HCl, pH 7.5, 5% glycerol,
2 mmol/L DTT) and kept at �80 �C.

Sample of DNA collected from the dog’s intestine using DNeasy
kit was PCR amplified with Prime STAR Max DNA Polymerase
(TaKaRa). Purified DNA was then transcribed by T7 RNA polymer-
ase into an RNA copy using HiScribe T7 kit (New England Biolabs)
according to the manufacturer’s protocol, and was purified
with RNA Rapid Concentration Purification Kit (Sangon Biotech).
CrRNA was obtained using artificially synthesized oligonucleotide
primers with self-complementary regions having an appended T7
promoter sequence. Two complementary pairs of crRNA DNA
primers (final concentrations 10 mmol/L) were annealed (Solarbio)
and incubated with T7 polymerase overnight at 37 �C using the
HiScribe T7 Quick High Yield RNA Synthesis Kit (New England
Biolabs). CrRNAs were then purified using RNA Rapid Concentra-
tion Purification Kit (Sangon Biotech).

Specificity of LwCas13a was determined according to a
published protocol with slight modifications [15]. Briefly we made
three samples with 1 mL murine RNase inhibitor (YEASEN),
45 nmol/L purified LwCas13a, 22.5 nmol/L crRNA and 50 nmol/L
target DNA (Sangon Biotech, New England Biolabs) and measured
its fluorescence through SpectraMax M5. Briefly, 100 ng of
background total human RNA (purified from monocytes, more
accurate measurement of trans-cleavage activity in the presence of
total RNA), and 1.25 mmol/L quenched fluorescent RNA probe
(Genscript) were mixed in NAB buffer (40 mmol/L Tris-HCl,
60 mmol/L NaCl, 6 mmol/L MgCl2, pH 7.3) to 20 mL final volume.
For negative control groups once target RNA was replaced
with non-target and Cas13a protein with non-Cas13a protein
respectively.

The reporter RNA molecule is an oligonucleotide beacon with a
fluorescent dye sitting on its 50-end and a quencher on its 30-end.
When the molecule is cleaved, the dye is separated from the
quencher emitting light in the green spectrum at 520 nm
wavelength. The quenched fluorescent RNA probe was incubated
with RNase to confirm that the probe could act as a signal
molecule. Reactions were incubated in a 384-well microplate
format, which was then detected in a fluorescence plate reader
(SpectraMax M5) for up to 30 min at 37 �C before fluorescence
measurements (lex: 492 nm; lem: 518 nm).

Improved detection assays were performed with RPA (TwistDx)
and T7 transcription in vitro transcription (New England Biolabs) as
follows: 0.48 mmol/L forward primer, 0.48 mmol/L reverse primer,
10 mL 2X Reaction Buffer, 1.8 mmol/L dNTP, 1 mL murine RNase
inhibitor, 45 nmol/L purified LwCas13a, 22.5 nmol/L crRNA, 100 ng
of background total human RNA, 2 mmol/L rNTP, 0.5 mL T7 Mix,
5 mmol/L MgCl, 2 mL 10X Basic E-mix, 1 mL 20X Core Reaction Mix,
0.4 mL 50X RT, 14 mmol/L MgOAc and various concentrations of
target DNA to 20 mL final volume. Reactions were then incubated in
a 384-well microplate format, which was detected in a fluores-
cence plate reader for up to 90 min at 37 �C with fluorescence
measurements taken every 5 min (lex: 492 nm; lem: 518 nm).

Previously LwCas13a protein had been purified in a complex
multi-step process [15,24]. However, same approach was not used
ACCACAACAGGAGAAACACCTGAGAGA
GGAAGG
AGATAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTA
/



Fig. 2. Cas13a purification results. (A) AKTA PURE results of nickel ion affinity
chromatography for Cas13a elution (Cas13a protein elution peak at 4.88 mL). (B)
SDS-PAGE analysis of purified Cas13a (Lane M: 270 kDa protein marker, Lane 1:
Purified Cas13a).
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in our study because of expensive instruments and columns.
Hereby we developed new LwCas13a purification method based on
SUMO enzyme digestion. SDS-PAGE was used to check prokaryotic
LwCas13a expression (Fig. 1). LwCas13a molecular weight along
with SUMO site was 155.2 kDa while the molecular weight of
digested LwCas13a by SUMO enzyme was 138.5 kDa. The
Coomassie blue-stained gel results show that E. coli treated with
IPTG shows higher protein expression than E. coli without IPTG
treatment (Figs. 1A and B). As IPTG is expensive as well cytotoxic
reagent so we wanted to optimize IPTG concentration for
LwCas13a induction. We found that lower final concentration of
IPTG (0.1–0.6 mmol/L) has significantly induced the expression of
LwCas13a comparatively (Fig. 1C).

After ultra-sonication of E. coli cells, we found that LwCas13a
was mainly present in supernatants of the solution. The protein
purification as shown in Fig. 2, was done via nickel ion affinity
chromatography (Fig. 2A) and confirmed by running SDS PAGE for
the purified protein (Fig. 2B). Further different volumes of purified
fluid were pooled and buffer exchanged via a Millipore centrifugal
ultrafiltration tube to the storage buffer.

The obtained LwCas13a protein was tested for non-specific
RNase activity while using RNase A as positive reference. The
background-subtracted fluorescence was significantly lower in
the absence of LwCas13a or crRNA or target RNA compared to the
intact reaction system (Fig. 3A) indicating that the Cas13a had the
ability to non-specifically cleave RNA in the presence of target RNA
and its corresponding crRNA. Various concentrations of target
Fig. 1. SDS-PAGE of recombinant LwCas13a. (A) M: protein marker, 1: uninduced E.
coli, 2: E. coli induced by IPTG. (B) M: protein marker,1: E. coli not induced by IPTG, 2:
E. coli induced by IPTG, 3: supernatants after disruption, 4: insoluble impurities. (C)
IPTG follow-through for induction of Cas13a.
nucleic acid were then added into the reaction system. The
background-subtracted fluorescence of each reaction system was
quantitatively related to the target RNA concentration (between
100 pmol/L to 100 nmol/L) in the system at 30 min.

As CPV-2 is an ssDNA virus so we cannot detect CPV-2 directly
through CRISPR-Cas13a detection system therefore, we have
converted DNA to RNA. We employed RPA and T7 transcription
for the amplification of our nucleic acid target. RPA and T7
transcription system also improved the sensitivity of the detection
system. Our detection system consisted of 0.48 mL RPA forward
primer, 0.48 mL RPA reverse primer, 10 mL 2X Reaction Buffer,
1.8 mmol/L dNTP, 1 mL RNase inhibitor, 2 mL 10X Basic E-mix,
1 mL 20X Core Reaction mix, 0.4 mL 50X RT, 14 mmol/L MgOAc,
5 mmol/L RNA probe, 2.5 mL. Different concentration of the target
DNA and finally buffer was used to make the final volume up to
20 mL. These samples were then placed in a 384 well plate and
were taken to SpectraMax5 for reading (excitation wavelength was
492 nm and emission wavelength was 518 nm). The system was
allowed to run for 1 h and 30 min and readings were obtained after
every 5 min (Fig. 3B). We diluted some of the CPV DNA into
10 fmol/L sample and after we made a 10-fold serial dilution of this
sample, followed by the addition of Cas13a protein. The readings
obtained after detecting the sample through spectraMax5 are
shown in Fig. 3C. The optimized identification system was able to
detect 100 amol/L of CPV-2 DNA within 30 min.

Specificity is an important indicator for evaluating the detection
system. As symptoms of CPV-2 infection are similar to those of
most other dog’s viruses, that why for verification of Cas13a based
nano-detection system specificity we used several other dog’s
viruses, including pseudorabies virus (PRV, PRV-R1 strain), canine
distemper virus (CDV, CDV-NJ2 strain), canine coronavirus (CCoV,
CCoV-C5 strain), canine parainfluenza virus (CPIV, CPIV-J2 strain).
The results showed that the average fluorescence value for CPV-2
was significantly higher compared to PRV, CDV, CCoV, CPIV
(Fig. 3D), which indicates that crRNA along with RPA primers have
good specificity for CPV-2 and provides proof that Cas13a based
nanosystem can be used specifically for CPV-2 detection.

Several published papers reported methods for the detection of
CPV-2 [25–30]. CRISPR-Cas13a nanosystem when compared with
previously reported detection platforms (Table 2
[1,31–36]) it can detect CPV-2 DNA at 100 amol/L level in
30 min. The salient feature of the proposed system is it being
time-efficient, cost-effective, sensitive, and avoiding the use of
sophisticated lab instruments that need separate room and sterile
conditions. This nanosystem can be used for both research and
diagnostic purpose. In short, the CRISPR-Cas13a nano-detection
system is suitable for on-site detection of CPV-2 which will
contribute to the future control of CPV-2 outbreaks.



Fig. 3. (A) Activity detection of LwCas13a. Bar 1: Target RNA replaced by non-target; Bar 2: Cas13a replaced by another protein; Bar 3: Experimental group; Bar 4: RNase A
with quenched florescence probe. (B) Concentration gradient detection of CPV-2 DNA. (C) CPV-2 minimum detection and time limit through CRISPR-Cas13a detection system.
(D) Detection of various dog viruses with optimized Cas13a detection system (n = 3 technical replicates, Bars represents mean � S.E.M).

Table 2
Comparison of our method with previous methods used for CPV detection.

Method Detection timea Details References

Virus isolation and electron microscopy 6-7 days Time-consuming, less sensitive, expensive [31,32]
Commercial SNAP Rapid Less sensitive, less specific [1,33]
Agglutination and Hem-agglutination Rapid Less specific, need continues supply of fresh sample [31,34]
PCR based detections 2-4 h Expensive equipment, costly and toxic reagents [1,35,36]
CRISPR-Cas13a based detection 5-30 min Sensitive, specific, inexpensive Our method

a According to the relevant experimental process standard calculation of this research group, it does not represent the detection time of all experimental methods.
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