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With increasing complications of canine parvovirus infection cases, disease diagnosis
and treatment have become more difficult. In this study, specificity primers for the
conserved region of the VP2 gene of canine parvovirus 2 (CPV-2) were synthesized
and evaluated. An improved polymerase cross-linking spiral reaction (PCLSR) method
for early and rapid diagnosis of CPV-2 was established. The results showed that the
amplification reaction was optimal when run at 62°C for 50 min and could be used to
detect CPV-2 without any cross-reactions with other pathogens of canine infectious
diseases. Reaction results were directly judged by the naked eyes, with the positive
amplification tube shown as luminous yellow and the negative tube as bright purple.
Compared with the previously reported polymerase spiral reaction (PSR) method for
CPV-2 detection, this reaction was performed using improved primer pairs and a better
dye identification method (using an indicator comprising phenol red and cresol red). The
detection limit of PCLSR was 3.9 x 10" copies using gel electrophoresis or a visible
dye. The positive rate of 132 clinical samples was 42.42%, which was identically the
same as that of the PSR method and slightly higher than that of the colloidal gold strip
method (39.39%). The newly developed CPV-PCLSR assay shows the advantage of
rapid visualization of results and offers a convenient and rapid method for early CPV-2
diagnosis with higher sensitivity and specificity than the established methods.

Keywords: canine parvovirus, polymerase cross-linked spiral reaction, detection method, simplicity, visible
detection

INTRODUCTION

Canine parvovirus 2 (CPV-2) belongs to the species Carnivore protoparvovirus 1, genus Parvovirus
of the family Parvoviridae. It is a single-stranded linear DNA virus, which was first isolated from
infected dogs in the United States in 1978 and subsequently spread worldwide (1). In China, CPV-2
was first isolated and reported in 1983, and infections have been regularly reported ever since.
The morbidity and mortality rates of CPV-2 infection are as high as 70% (2). Globally, CPV-2
is one of the most threatening pathogens for domestic and wild dogs. Meanwhile, the symptoms
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caused by CPV-2 infection in diseased dogs are similar to
those of infections by other enteroviruses and bacteria, which
is a challenge for clinical diagnostics (3). Simultaneously,
mutations of the virus gene have posed many difficulties in
disease diagnosis and treatment, such as the emergence of new
strains, concomitant infections, and atypical clinical symptoms.
Therefore, timely and accurate diagnosis is paramount to offer
the most appropriate interventions and treatments for the
rehabilitation of infected dogs (4).

Recently, with the rapid increase in pet ownership,
coinfections of CPV-2 with canine coronavirus (CCoV)
and canine adenovirus (CAV), which also cause canine viral
enteritis, even reached up to 55.6% (5, 6). Furthermore, the
cure rate of CPV-2 in the early stage of infection is significantly
higher than that in the late stage of infection; therefore, pet
hospitals and primary veterinary clinics must urgently establish
efficient, rapid, and specific early diagnostic methods for
sick dogs. At present, the diagnostic methods for CPV-2 are
mainly divided into molecular and immunological diagnostic
methods. The former methods focus on viral nucleic acids
and include conventional PCR, real-time PCR, loop-mediated
isothermal amplification (LAMP), and recombinase polymerase
amplification (RPA), among others (6-9). Immunological
diagnostic methods are mainly directed against antigens
and antibodies produced following immunization and
include hemagglutination test, hemagglutination inhibition
test, and ELISA, among others (10, 11). Furthermore, gold
nanoparticle-based =~ immunochromatographic  strip  test
based on a combination of mAb and pAb is an acceptable
alternative for the diagnosis of CPV-2 infection (12). Although
immunological diagnosis is cost effective and easy to operate,
it has disadvantages of being time consuming and having low
sensitivity and specificity (13). In contrast, highly sensitive
PCR-related methods cannot be widely applied because of their
complex operation and requirement of expensive instruments
for thermal cycling and gel electrophoresis (6). The LAMP assay
for CPV-2 detection requires strict primer coordination for
targeting six sequence regions and a more conserved sequence
(14). Furthermore, although the RPA method requires only one
primer pair to accomplish detection, its reaction products cannot
be directly determined by the naked eye (9).

Detection methods based on isothermal amplification of
nucleic acids, which can rapidly synthesize large amounts of DNA
without any specific requirements for precision instruments,
have been widely used. By improving the conventional molecular
diagnostic methods, a highly sensitive and specific polymerase
spiral reaction (PSR) based on standard PCR and LAMP was
developed to combine their advantages (15). PSR detection
methods have been used for CPV-2 (16). Meanwhile, product
formation is accompanied by high levels of pyrophosphate ion
by-product, leading to a change in pH. Therefore, a pH-sensitive
dye can be used to detect the product of the reaction with
the naked eye (17). Furthermore, the polymerase cross-linking
spiral reaction (PCLSR) method uses a set of specially designed
primers, two external helix primers, and an additional special
cross-linked primer has been developed for rapid detection of
African swine fever virus (18). Based on specificity, the method

offers an accelerated reaction rate, simple operation, and good
stability. Therefore, to offer a novel alternative assay for CPV-2
detection, PCLSR applications were explored and optimized in
this study.

MATERIALS AND METHODS

Sample Collection and Nucleic Acid
Extraction

All canine infectious disease samples are stored at the Henan
Provincial Engineering Laboratory of Insects Bio-reactor,
Nanyang Normal University, China, and included CPV-2
(commercial vaccine strain, Vanguard Plus 5, Pfizer Inc.,
Lincoln, NE, USA); three CPV-2 variants (CPV-2a, MK518002,
CPV-2b, MK517983, and CPV-2¢, MK517966); and canine
distemper virus (CDV)-, canine coronavirus (CCoV)-, canine
circovirus (CCV)-, canine adenovirus-1 (CAV-1)-, and canine
adenovirus-2 (CAV-2)-positive samples; and 59 CPV-2 isolates
were determined by virus isolation and VP2 sequencing that
were collected from 2016 to 2019 (CPV-2a, n = 17; CPV-2b,
n = 12; and CPV-2¢, n = 30). A total of 132 clinical samples
were collected from dogs with acute or mild gastroenteritis
provided by the outpatient departments of pet hospitals and dog
farms from 2018 to 2019 in Henan, Hubei, Anhui, and Jiangsu
provinces, China. The research protocols for sample collection
protocols were approved by the dogs owner. Viral genomic
DNA/RNA was extracted from the feces of suspected animals
using the EasyPure Viral DNA/RNA Kit (TransGen Biotech,
Beijing, China) with nucleic acid-binding potential of matrix
material supplied in spin columns as per the manufacturer’s
instructions. Viral DNA or cDNA synthesized through
first-strand synthesis with the RevertAid Minus First Strand
cDNA Synthesis kit (Fermentas Inc., Hanover, MD) was used
for testing.

Polymerase Cross-Linking Spiral Reaction

Primers

Four primers were designed to detect the VP2 conserved
region through multiple-sequence alignment of the published
CPV-2 gene sequences available in GenBank, NCBI (up to
November 2019) using Clustal W in MEGA 7.0. External
spiral primer pairs were used to complete spiral amplification,
including the external spiral forward primer SF and external
spiral reverse primer SR; cross-linking primers (CLF and CLR)
were also used to facilitate chain replacement and amplification
to accelerate the reaction process. The scheme explaining
PCLSR assay and the target positions of the primers are
presented in Supplementary Figure 1. PCLSR primers are listed
in Table 1.

Development of Polymerase Cross-Linking
Spiral Reaction Assay: Optimization of

Reaction Temperature and Time

PCLSR was performed in a 25 pl liquid reaction mixture
containing 1.6 mM each of SF and SR, 0.8 mM CLF and CLR,
1.2mM dNTPs (TaKaRa Biotech Corporation, Dalian, China),
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TABLE 1 | Primer information used in this study.

Primer Sequence (5'-3') Position*

External spiral primer SF: acgaattcgtacatagaagtatag- 1,033-1,053
tttgaggcgtctacacaaggg
SR: gatatgaagatacatgcttaagca- 1,162-1,183
gotgtttctectgttgtggtagt

Cross-linking primer CLF: atctgtttgcgctcececceeegt 1,080-1,101
CLR: agatggtgatccaagatatgca 1,116-1,137

The sequences in italics are upstream and downstream reverse complement sequences
derived from the literature and are modified sequences from plant source transformation
sequences (18).

*The primer position is based on the sequence of the HB1 strain, GenBank accession
number: GU392236.

8U of Bst 2.0 DNA polymerase (New England Biolabs, Ipswich,
MA, USA), 10 mM (NHy4)»SO4, 50 mM KCI, 8 mM MgSOy, 0.1%
v/v Tween-20, 1 pl of template DNA of the commercial vaccine
strain of CPV-2, and 1 pl of color indicator (0.025 mM phenol
red and 0.08 mM cresol red) (Solarbio, Beijing, China) for the
visualization of products; ddH,O was used to make up the
volume to 25 pl. Reaction mixture without a template was used as
a negative control for comparison. To avoid cross-contamination
and residual contamination caused by the volatilization of
reaction products, 30 pl of inert liquid mineral oil was added
to each tube after configuration of the reaction to seal the
reaction liquid. Optimum reaction conditions were standardized
as follows: temperature ranging from 60 to 65°C and reaction
time ranging from 30 to 55 min (Supplementary Table 1). After
completion of the reaction, color change was observed under
natural light by three researchers at least. Simultaneously, 5 pl
of the product was subjected to 2% agarose gel electrophoresis
(0.5 pg/ml ethidium bromide) for detection.

Sensitivity of Polymerase Cross-Linking

Spiral Reaction

The VP2 gene (1,755 bp) from the commercial vaccine strain
of CPV-2 was amplified and cloned into a commercial clone
vector pMD 18-T (TaKaRa Biotech Corporation, Dalian, China)
to construct a standard plasmid (CPV-2-VP2). The standard
plasmid (CPV-2-VP2) was diluted 10-fold to obtain 3.9 copies.
The analytical sensitivity of the newly developed PCLSR assay
was compared with that of other molecular techniques, including
quantitative real-time PCR (qPCR) and PSR assay. The PSR
mixture (25 pl) included 8 U of Bst 2.0 DNA polymerase, and
PSR was performed using a water bath at 60°C for 75 min, as
described previously (17). The qPCR reaction was performed
on a CFX96 Touch detection system (Bio-Rad, Hercules, CA,
USA) in a total volume of 25 pl containing 12.5 pl of
HotStarTaq Master Mix Kit (Qiagen, Hilden, Germany), primer
pairs (10 pmol), and probe (5 pmol) as described previously
(19). The limits of detection of PCLSR, PSR, and qPCR were
determined using 10-fold dilutions. At the end of the reaction,
gel electrophoretic and colorimetric analyses were performed to
determine the sensitivity of the methods.

Specificity of Polymerase Cross-Linking

Spiral Reaction

Specificity of PCLSR was determined using other common canine
disease samples (CDV, CCoV, CCV, CAV-1, and CAV-2) and
three CPV-2 variants (CPV-2a, CPV-2b, and CPV-2c); CPV-2
DNA (commercial vaccine strain) was used as a positive control.
Optimized reaction conditions were used to determine cross-
reaction with other canine infectious disease pathogens.

Clinical Testing

The optimized PCLSR assay was used to assess 59 CPV-2 isolates
and 132 samples of suspected CPV-2 infection. Simultaneously,
samples were examined through PSR and colloidal gold strip
methods (BioNote Rapid Test Kit, Hwaseong-si, Korea), and
positive rates with different detection methods were calculated
and compared using qPCR as a gold standard. The samples tested
positive for PCLSR but negative for other detection methods
were further screened for the presence of CPV-2 DNA by PCR
using a 20 pl reaction mixture containing a DNA template
(products of PCLSR reaction), 10 pmol primers (SF and SR), and
Ex-Taq DNA polymerase (TaKaRa Biotech Corporation, Dalian,
China). The obtained amplicons were subsequently sequenced
(Syn-Biotechnology, Suzhou, China).

The degree of agreement between PCLSR and qPCR test
results was measured by kappa value (k) (20). All statistical
analyses were performed using IBM SPSS Statistics, version 25
(IBM Corporation, New York, USA).

RESULTS

Optimum Reaction Temperature and Time
for Canine Parvovirus 2 Diagnosis by

Polymerase Cross-Linking Spiral Reaction
Electrophoretic bands showed a ladder-like distribution, and
the negative control showed the primer dimer band alone,
which is consistent with the theoretical results (Figure 1A). At
the end of the reaction, the positive amplifier tube appears
bright yellow, and the negative tube remains bright purple
(Figure 1B). Electrophoresis results showed that PCLSR could
be performed at all six tested temperatures (60, 61, 62, 63,
64, and 65°C) and that the amplification efficiency showed no
obvious differences. Reaction efficiency was the highest at 62°C,
which was regarded as the best reaction temperature (Figure 1C).
Moreover, amplification time was optimized between 30 and
55 min; the results became increasingly obvious over time, with
the best result obtained at 50 min (Figure 1D). Assay data used
for optimum reaction temperature and time for CPV-2 diagnosis
by PCLSR are displayed in detail in Supplementary Table 1.
Based on these results, the optimum PCLSR conditions were
confirmed as 62°C and 50 min.

Sensitivity of Polymerase Cross-Linking

Spiral Reaction

PCLSR was performed with diluted recombinant plasmid
gradient. The detection limit of PCLSR, PSR, and qPCR was
3.9 x 10! copies. Results of electrophoretic imaging analysis
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FIGURE 1 | (A) Polymerase cross-linking spiral reaction (PCLSR) amplification
in the conserved region of the canine parvovirus (CPV) VP2 gene. (B) Color
change of PCLSR amplification products. M, 2,000 DNA ladder marker; 1,
PCLSR amplified products; 2, negative control. (C) PCLSR amplification results
at different temperatures. M, 2,000 DNA ladder marker; 1: 60°C; 2: 61°C; 3:
62°C; 4: 63°C; 5: 64°C; 6: 65°C; 7: negative control. (D) PCLSR ampilification
results at different reaction times. M, 2,000 DNA ladder marker; 1: 30 min; 2:
35min; 3: 40 min; 4: 45 min; 5: 50 min; 6: 55 min; 7: negative control.

(Figures 2A,B,D) were consistent with the results of color change
analysis (Figure 2C).

Specificity of Polymerase Cross-Linking

Spiral Reaction

Results of canine pathogen detection using PCLSR amplification
are shown in Figure2E. The designed primers did not
react with other viral nucleic acids and showed a good
specificity to effectively distinguish CPV-2 from other
canine pathogens.

Clinical Testing Results

All 59 CPV-2 isolates were detected positive by PCLSR, which
was consistent with the results of qPCR, PSR, and colloidal
gold strip test. Moreover, PCLSR, qPCR, PSR, and colloidal gold
strip test were also used to detect 132 suspected clinical canine
samples, and the results showed 56, 56, and 52 positive samples,
respectively (Table 2). The positive detection rate of PCLSR and
qPCR was 42.42%, and the coincidence rate was 100% with kappa

Amplification

2000

1500

RFU

1000 +

500

FIGURE 2 | (A) Sensitivity of the CPV-PCLSR amplification; (B) results of
indicator discoloration; (C) PSR ampilification; (D) gPCR. M, 2,000 DNA ladder
marker; 1-7, DNA template with 3.9 x 10° to 10° copies; 8, negative control;
(E) specificity of the CPV-PCLSR amplification. M, 2,000 DNA ladder marker;
1, canine parvovirus 2 (CPV-2) from vaccine; 2, CPV-2a; 3, CPV-2b; 4,
CPV-2c¢; 5, CDV; 6, CCoV; 7, CCV; 8, Dogav-1; 9, Dogav-2; 10, negative
control.

value of 1; the positive detection rate of the colloidal gold strip
test was 39.39%. After cross-checking data for all samples, it was
found that the samples not detected through the colloidal gold
strip test were from dogs presenting with mild clinical symptoms,
which were presumed to be early stages of CPV-2 infection as low
viral load decreases the sensitivity of immunological detection.
The presence of CPV-2 DNA in the four samples was confirmed
by PCR and sequencing. Results of clinical samples showed that
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TABLE 2 | Comparison of quantitative real-time PCR (qPCR), polymerase
cross-linking spiral reaction (PCLSR), polymerase spiral reaction (PSR), and
colloidal gold strip for detection of canine parvovirus 2 (CPV-2) in clinical
specimens.

qPCR Detection rate for assay

PCLSR PSR Colloidal gold strip
Positive samples 56/56* 56/56 52/56
Negative samples 76/76 76/76 80/76

56/56* indicates detection numbers for each assay/the detection numbers according to
qPCR; agreement of results between PCLSR and qPCR, x = 1.

the positive detection rate of PCLSR was identical to that of PSR,
indicating high reliability of PCLSR.

DISCUSSION

Mutations of CPV-2 have been continuously reported since
its clinical detection, and variants such as CPV-2a, CPV-2b,
and CPV-2c have appeared successively (21). New variants
show markedly different antigenicities and gene sequences;
therefore, the accuracy, specificity, and sensitivity of CPV-2
detection methods must be high. PSR isothermal amplification
was invented by Liu et al. (15). By adding reverse complementary
sequences with upstream and downstream primers, nucleic acids
were amplified under isothermal conditions through primer
binding, extension, unlinking, single rotation, and re-extension
via the action of Bst 2.0 DNA polymerase. Only a single pair
of primers and a single enzyme are required. The complex
chain replacement reaction can be completed without the
repeated addition of sequences. Compared with the established
PSR assay, improved PCLSR requires an additional pair of
cross-linked internal primers, which can further accelerate the
reaction speed and increase the prominence of advantages of
this method (18). Because PCLSR produces a large amount of
pyrophosphates in the reaction process, a pH indicator was
added to the reaction mixture, making the reaction result easy to
observe without affecting amplification. Following amplification,
discoloration can be directly observed under natural light
without electrophoresis to judge the amplification efficiency. This
method is more suitable for testing at the grassroots level and in
the field and greatly improves the detection efficiency.

With advances in molecular technologies, novel assays for
CPV-2 detection have been developed and established. Combined
with lateral flow strips (LFSs) and magnetic purification, the
PCR-LES assay detect CPV-2 in 80 min with high sensitivity
while omitting the electrophoresis step for analyzing results (22).
The direct TagMan real-time PCR method was also established
to diagnose CPV-2 and CDV in dogs without the requirement
of nucleic acid extraction (23). A simple-probe real-time PCR
assay with duplex fluorescence melting curve analysis and
multiplexed tandem PCR panel was established to detect CPV-
2 and to identify its variants (23). These PCR-related methods
are sensitive and accurate; however, they require a thermocycler,
and CPV-PCLSR requires a water bath. Even though CPV-PCLSR

cannot differentiate CPV-2 genotypes, it meets the basic clinical
demand for detection. As an isothermal method, insulated
isothermal polymerase chain reaction (iiPCR) was also developed
for CPV-2 detection, which can perform detection in 1h, but it
requires the use of a specific device (POCKIT™ Nucleic Acid
Analyzer) to partly restrict the detection throughput as well as
a fluorescent probe, which increases the cost of detection (24).
Furthermore, visible and equipment-free RPA combined with
LFS was developed to detect CPV-2 in 30 min; these assays
can even be performed in a closed fist using body heat (25).
LFS-RPA required a shorter detection time than CPV-PCLSR
and can be performed in a closed fist using body heat without
any equipment, making it an attractive and promising tool for
rapid and convenient diagnosis of CPV infections; however,
the reaction kit, probe, and LFS are costly. CPV-2 PCLSR
requires approximately 50 min for detection compared with the
previously reported CPV-2 PSR assay, which requires 75 min
(16). On the other hand, CPV-PSR using SYBR Green I dye can
satisfactorily reveal dissimilarities between positive and negative
tubes; however, the dye must be added at the end of the reaction
for the inhibitory effect. For the highly sensitive LFS-RPA and
PSR assays, the operations needed for reactions using lateral
flow strips or via the addition of SYBR Green I dye increase the
process as well as could increase the risk of false-positive results
due to aerosol contamination by amplified products. Therefore,
CPV-PCLSR with the addition of pH-sensitive dye before the
reaction could reduce aerosol contamination and remains a
promising alternative for CPV-2 detection. For determining
the results of detection based on color change is somewhat
subjective, screening a better dye that induces more apparent
color change and without inhibitory effect for amplification
would be important for the development of the PCLSR assay.

In this study, based on the VP2 sequence of CPV-2 in
GenBank, a highly conserved region was analyzed and selected
for primer design, and a rapid detection for CPV-2 (CPV-PCLSR)
was established. The results showed that the addition of CLF/CLR
did not affect amplification but optimized the reaction time
instead, even though they slightly increased the experimental
cost. The operator can freely choose the conditions according to
the experimental requirements. The established PCLSR detection
method can be performed at a wide temperature range from 60
to 65°C; the clinical testing was completed at 62°C in a water
bath, thus eliminating the need for a thermocycler and other
precision equipment. Moreover, the accuracy of CPV-PCLSR
in detecting clinical samples is superior to that of colloidal
gold strip test. As previously reported, detection tests based on
colloidal gold strip have been proven to be extremely sensitive
compared with real-time PCR (23). Even though only four
more samples tested positive using the PCLSR assay compared
with the colloidal gold strip method, PCLSR demonstrated a
100% compliance rate with the reported qPCR and PSR assay.
Meanwhile, the presence of CPV-2 DNA in the four samples
was confirmed by the sequencing of the amplification products
using PCR with primer pairs (SF and SR) and PCLSR products
from the four samples as template, respectively. The possible
explanation for the high positive detection rate of the colloidal
gold strip method may have been due to the high viral load
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of the 52 positive samples (copy numbers in these samples
were determined to be above 5.56 x 10° copies). Thus, the
established PCLSR assay shows certain promise as an early
clinical diagnostic tool for the detection of CPV-2. Moreover,
PCLSR assay using Bst 2.0 DNA polymerase would theoretically
be less affected by potential inhibitors within the samples,
which indicated that DNA extraction from samples could be
omitted (26). Therefore, future studies to evaluate the sensitivity
of the PCLSR without DNA extraction methods or using the
boiling method for DNA extraction from canine samples may be
required. If PCLSR results will be confirmed using these samples,
this may further suggest the use of the PCLSR method under
field conditions.

CONCLUSION

In summary, CPV-PCLSR established in this study meets
the requirements of rapid multidose differential diagnosis
of CPV-2 as well as its accurate and early detection, thus
helping in the effective prevention and control of disease
spread and improving the cure rate of infected animals.
The proposed assay offers a new tool for rapid diagnosis of
CPV-2 infections.
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