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Abstract

Since both feline parvovirus (FPV) and feline bocavirus (FBoV) can cause diarrhea in cats, it is difficult to distinguish them
clinically. This study aimed to develop a SYBR Green I-based duplex real-time polymerase chain reaction (PCR) assay for
distinguishing FPV and FBoV-1 on the basis of the melting temperature of the PCR product. A total of 132 fecal samples
from different domestic and feral cats were collected, and the results of SYBR Green I-based duplex real-time PCR assay
were compared with those of the traditional PCR assay for a comprehensive evaluation. The melting temperatures were
found to be 86 °C and 77.5 °C for FBoV-1 and FPV, respectively, and no specific melting peaks for other non-targeted feline
viruses were observed. The data obtained from this assay had a good linear relationship; the detection limits of FPV and
FBoV-1 were 2.907 x 10! copies/pL and 3.836 x 10! copies/uL, respectively. In addition, the experiment exhibited high
reproducibility. The positive detection rates of the SYBR Green I-based duplex real-time PCR assay for FPV and FBoV-1
were 16.67% (22/132) and 6.82% (9/132), respectively, and the positive detection rate for co-infection with FPV and FBoV-1
was 3.03% (4/132). This result was much more sensitive than that of the traditional PCR method. Thus, the developed SYBR
Green I-based assay is a sensitive, rapid, specific, and reliable method for the clinical diagnosis of FPV and FBoV-1 and can
provide technical support for the simultaneous detection of co-infection with these viruses in the future.
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Introduction

Parvoviridae are mainly divided into two subfamilies: Par-
vovirinae and Densovirinae (Kailasan et al. 2015). Feline
parvovirus (FPV) belongs to the Protoparvovirus genus of
the Parvovirinae subfamily (Kailasan et al. 2015). FPV is
the pathogen of feline panleukopenia, which is a highly con-
tagious disease that primarily causes high fever, diarrhea,
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and other clinical symptoms (Barrs 2019). The virus is a
positive, single-stranded, non-segmental and linear DNA
virus. It is approximately 20-24 nm in diameter, the full
genome of FPV is approximately 5000 nucleotide long
(Pfankuche et al. 2018). FPV can infect both domestic
and wild cats and is extremely harmful to them. Bocavirus
belongs to the Bocaparvovirus genus of the Parvovirinae
subfamily. Common bocaviruses include human bocavirus,
bovine bocavirus, porcine bocavirus, canine bocavirus, and
feline bocavirus (FBoV). FBoV is a single-stranded, non-
enveloped, linear DNA virus with an icosahedral appearance
and a diameter of approximately 25-26 nm (Zhai et al. 2017,
Cotmore et al. 2014). The genome of FBoV is approximately
5500 nucleotides in length and has three open reading
frames (ORFs), namely ORF1, ORF2, and ORF3. Among
them, ORFI encodes the nonstructural protein NSI, ORF2
encodes the viral nucleocapsid protein VP1/VP2, and ORF3
encodes the nuclear phosphoprotein NP1, respectively (Zhai
etal. 2017; Amimo et al. 2017). Owing to the uniqueness of
NP1 protein, bocavirus is significantly different from other
members of the Parvoviridae family (Zou et al. 2016; Sun
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et al. 2013). FBoV can also cause diarrhea, which is possibly
harmful to cats.

FPV was isolated in 1965 for the first time (Johnson et al.
1967). In 1977, American scholars Eugster and Nair found
a variant of the FPV virus in fecal samples from a dog with
diarrhea and named it canine parvovirus (CPV-2) (Wang
et al. 2016). Subsequently, the virus was reported in sev-
eral countries, such as Canada, France, Japan, and other
countries. FPV is highly homologous to CPV-2 (McEnd-
affer et al. 2017), which is significantly different from the
previously identified CPV. CPV-2 does not infect cats;
however, three later discovered antigenic variants (CPV-2a,
CPV-2b, and CPV-2c) were found to infect cats (Garigliany
et al. 2016; Wang et al. 2016; Truyen and Parrish 1992).
The mutation rate of CPV is higher than that of FPV. FBoV
contains three genotypes: FBoV-1, FBoV-2, and FBoV-3. In
2012, a new bocavirus was first found in Hong Kong in the
fecal, nasal, and serum samples of domestic cats and named
FBoV-1 (Lau et al. 2012). Thereafter, FBoV-2 and FBoV-3
were discovered, in succession, in the fecal samples of cats
using high-throughput sequencing technology (Zhang et al.
2014; Ng et al. 2014). Recently, researchers successfully
isolated FBoV for the first time by collecting and analyzing
the fecal samples from cats suffering from severe enteritis
in mainland China (Liu et al. 2018). FBoV has been found
in various countries, including Belgium, Japan, the United
States (Ng et al. 2014; Takano et al. 2016; Zhang et al. 2014;
Yi et al. 2018b). However, in China, the prevalence of FBoV
remains unclear, and the genotype distribution is not well
understood. Co-infection of the two viruses exacerbated
the deterioration of the cat’s health (Piewbang et al. 2019).
Moreover, co-infection increases the difficulty of treatment.
So, there is an urgent need for a rapid, sensitive and reliable
assay that can simultaneously detect the two viruses.

Rapid, sensitive, and reliable detection technologies
play an extremely crucial role in the prevention and con-
trol of diseases. In contrast to various traditional diagnostic
methods, such as the enzyme-linked immunosorbent assay
(ELISA) and immuno-peroxidase monolayer assay (Okiro
et al. 2019), real-time quantitative polymerase chain reac-
tion (QPCR) is more flexible, rapid, and has good efficacy in
terms of sensitivity, specificity, and reliability. A number of
existing studies have used qPCR to detect FPV or FBoV (Yi
et al. 2018b; Sun et al. 2019); however, to our best knowl-
edge, there is no robust method to simultaneously detect
the co-infection of FPV and FBoV-1. In this study, a SYBR
Green I-based Duplex Real-time PCR assay was established
to simultaneously detect FPV and FBoV in cat fecal sam-
ples, and the feasibility of applying this experimental model
was evaluated. This method may be able to provide a certain
reference value for the clinical diagnosis of other viral mixed
infections, which will be a major progress in veterinary clini-
cal diagnosis technology.
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Materials and methods
Fecal samples collection

From June 2019 to September 2020, a total of 132 domes-
tic cat fecal samples were collected from Shanghai, Hefei,
Nanjing, Maanshan, and other places in China, including
92 samples from cats with diarrhea and 40 samples from
cats without diarrhea. After confirmation, the tissue sam-
ples were homogenized, diluted with phosphate-buffered
saline at a ratio of 1:10, and then centrifuged at 8000xg for
3 min. The supernatant was used for nucleic acid extraction
or stored at — 40 °C for subsequent use; All the other viral
groups used extracted nucleic acid from clinical samples
stored at -40° C in our laboratory that had previously been
identified, including feline astrovirus (FAstV), feline calici-
virus (FCV), feline herpesvirus (FHV), and feline corona-
virus (FCoV).

Viral DNA extraction

All nucleotides were extracted using the TITANamp Virus
DNA/RNA Kit (Tiangen, Beijing, China); according to the
manufacturer’s instructions. The samples were stored at —20
°C until using. All RNA viruses were reverse transcribed
into cDNA using the Prime Script™ RT Reagent Kit with
gDNA Eraser (Takara, Dalian, China), and operated accord-
ing to the manufacturer’s instructions, and stored at—20 °C
until use.

Primer design

The nucleotide sequences for FPV and FBoV-1 were down-
loaded from GenBank. The MegAlign software was used
to compare the nucleotide sequences of FPV and FBoV-1
to obtain a highly conserved sequence. A pair of primers
for constructing the recombinant plasmid and a pair of spe-
cific primers for detection were designed using the Primer
Premier 5.0 software (Table 1). The location and size of the
specific primers for each target gene and the length of each
amplified fragment are shown in Table 1. The primers were
synthesized by a commercial corporation (General Biologi-
cal System [Anhui] Co., Ltd., Chuzhou, China).

Preparation of standard plasmids

The extracted DNA was used as the template, and the tar-
get fragments of FPV and FBoV-1 were amplified using the
above-mentioned primers (Table 1). The positive ampli-
fication products were recovered and purified using the
TIANgel Midi purification Kit (Tiangen) according to the
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Table 1 Primers used in this Primer name

Sequences (5'-3")

Melting tem- Product Targeted gene

study perature (°C) size (bp)
FPV-F ATCTGCTACTCAGCCACC 50 720 VP1
FPV-R GGTGTTTCTCCTGTTGTAGT
FBoV-F CGAGGAAAAGACACCACGAC 58 642 NS1
FBoV-R CTTCCATGGCGACCGCT
FPV-SYBR-F CAACCATACCAACTCCAT 60 177 VP1
FPV-SYBR-R ATTCATCACCTGTTCTTAGTA
FBoV-SYBR-F AGTGCCGAGCAAGAAGGG 60 121 NS1
FBoV-SYBR-R CGAAGCAGTGGAGCGTGA

manufacturer’s instructions. Then, it was verified with elec-
trophoresis on a 1% agarose gel. The purified products were
cloned into the pMD19-T vector (Takara) and verified using
commercial sequencing [General Biological System (Anhui)
Co., Ltd.]. The recombinant plasmids were named pMD19-
FPV and pMD19-FBoV and quantified by measuring the
optical density at 260 nm (OD,g) and OD,g, using a Nan-
odrop 2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). The copy number of each plasmid was
calculated according to the following formula: amount (cop-
ies/pL)=(6.02 x 10?%) x (concentration in ng x 107/ (plas-
mid length X 660 Da/bp) (Yu et al. 2020). Concentrations of
the recombinant plasmids pMD19-FPV and pMD19-FBoV
were 2.907 x 10 ng/uL and 3.836 x 10! ng/uL, respec-
tively. The plasmids were continuously diluted tenfold for
subsequent amplification and stored at —40 °C until use.

Optimization of the FPV/FBoV-1 duplex SYBR Green
real-time PCR assay

The parameters of FPV/FBoV-1 duplex SYBR Green real-
time PCR assay were optimized with plasmid template of
108 copies/pL to obtain the best experimental results, includ-
ing the PCR program, primer concentration, and annealing
temperature (Supplementary Table S1).

Singular and duplex real-time qPCR

After optimization of the reaction parameters, both the sin-
gular qPCR and duplex real-time qPCR assays were per-
formed on a CFX96 Real-Time PCR Detection System (Bio-
Rad, Hercules, CA, USA). For the singular qPCR assay for
FPV, the reaction volume was 20 pL, comprising 0.6 pL
each of forward and reverse primers, 10 pL of 2 X Super-
Real Premix Plus (Tiangen), 1 pL of DNA template, and
RNase-free H,O (to make up final volume). The singular
qPCR assay for FBoV-1 had the same reaction components
as the reaction for FPV. The reaction volume for the duplex
real-time qPCR assay was 40 pL, containing 0.2 pL of each
primer for FBoV-1, 0.8 pL of each primer for FPV, 1 pL of

FPV DNA template, 1 pL of FBoV-1 DNA template, and
20 pL of 2 x SuperReal Premix Plus (Tiangen). RNase-free
H,0O was added to make up final volume. The reaction con-
ditions for both singular and duplex gPCR were as follows:
15 min at 95 °C, followed by 40 cycles of 10 s at 95 °C and
30 s at 60 °C. The annealing/extension temperature was then
optimized. The reaction without template and the negative
reference samples were used as negative controls.

Establishment of standard curves

In the real-time qPCR assay, the recombinant plasmid DNA
was continuously diluted tenfold from 10® copies/pL to 10’
copies/pL. The logarithm of the initial template number was
plotted on the x-axis, and the cycle threshold was plotted on
the y-axis to establish a standard curve.

Assessment of sensitivity, specificity
and reproducibility

The recombinant plasmid was successively diluted from 108
copies/pL to 10! copies/pL as a positive control to deter-
mine the minimum detection limits of FPV and FBoV-1.
The sensitivity of single and duplex qPCR detection of the
recombinant plasmid was compared to that of the conven-
tional PCR assay. Specificity for the detection of FPV and
FBoV-1 was evaluated with duplex real-time qPCR using the
above-mentioned DNA or RNA virus samples as templates
and RNase-free H,O as the negative control. Three plasmid
templates with different concentrations (107, 10°, and 10?
copies/pL) were selected to simultaneously carry out three
parallel tests under the same amplification conditions. The
coefficient of variation (CV) was calculated to evaluate the
reproducibility of the inter/intra-assay values.

Evaluation of clinical samples with real-time
and conventional PCR assays

DNA was extracted from 132 clinical samples (fecals) and
detected using conventional and real-time PCR. The positive
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samples were all verified with 1% agarose gel electrophore-
sis, and the positive samples were sequenced again to con-
firm the reliability.

Results
Construction of FPV and FBoV-1 standard curves

Using standard plasmids from 2.907 x 10® copies/pL to
2.907 x 10" copies/pL as the standard templates for FPV,
a linear standard curve was plotted with the logarithm of
the initial template number as the x-axis and the cycle
threshold as the y-axis. The standard curve was defined as
y=-3.226x+36.155, with an R? value (square of the corre-
lation coefficient) of 0.999 (Fig. 1a). A linear standard curve
was plotted with viral genomes from 3.836 x 10® copies/pL

Fig. 1 Standard curve analysis.
a Standard curve of the SYBR a

to 3.836x 10 copies/pL as the standard templates for FBoV-
1; the curve was defined as y=— 3.295x+38.133, with an
R? value of 0.998 (Fig. 1b).

Optimization of duplex qPCR assay

To obtain stable fluorescence signal, the subsequent opti-
mization experiments showed that the optimal amount of
primers for FPV and FBoV-1 is 0.8 pL and 0.2 pL, respec-
tively. And the optimal temperature is 60 ‘C. The CV val-
ues obtained under these conditions were minimal, so the
subsequent duplex real-time PCR was performed according
to these reaction conditions. After the primer concentration
and annealing temperature were optimized, the fluorescence
signals of FPV and FBoV-1 were detected with singular
gPCR. The lowest cycle threshold was recorded and a melt-
ing curve was established. Melting curve analysis revealed

Standard Curve

Green I-based duplex real-time
qPCR assay for FPV (concen-
trations ranged from 2.907 x 108
copies/pL to 2.907 x 10! copies/
pL; y=—3.226x+36.155;
R?=0.999). b Standard curve
of the SYBR Green I-based
duplex real-time qPCR assay for
FBoV-1 (concentrations ranged
from 3.836 x 10® copies/pL to
3.836% 10" copies/pL; y=—
3.295x+38.133; R*=0.998)
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FBoV-1: y=-3.295x + 38.133.
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Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer



3 Biotech (2021) 11:400

Page50f9 400

that the melting temperature of FPV was 77.5 °C and that of
FBoV-1 was 86 °C (Fig. 2a and b). The results of the duplex
gPCR assay showed that FPV and FBoV-1 could be easily
distinguished based on their different melting temperatures
(Fig. 3).

Sensitivity of duplex qPCR assay

Sensitivity was assessed using the standard plasmids of
FPV or/and FBoV-1 as templates and a tenfold dilution
with RNase-free H,0 (2.907 x 10® copies/pL to 2.907 x 10!
copies/pL for FPV and 3.836 x 10% copies/pL to 3.836x 10!
copies/pL. for FBoV-1) to determine the limit of detec-
tion. The detection limits were 2.907 X 10! copies/pL and
3.836x 10! copies/pL for FPV and FBoV-1, respectively,
and the Sensitivity of duplex qPCR is also 10! copies/pL
(Fig. 4a, b and c).

Fig.2 Melting curve analy-

Specificity of duplex qPCR assay

In the specificity assessment, a total of six viral genomes
(FAstV, FCV, FHV, FCoV, FPV, and FBoV-1) were simul-
taneously detected, among which only FPV and FBoV-1
showed specific melting peaks (77.5 °C for FPV and 86 °C
for FBoV-1; Fig. 5).

Reproducibility of the duplex real-time qPCR assay

To determine the reproducibility of the experiment, three
parallel tests were carried out independently by three
individuals using three different concentrations (10’ cop-
ies/pL, 103 copies/pL, and 10° copies/pL) of standard
plasmids, and comparisons of the intra-assay and inter-
assay CVs were made. The results showed that the intra-
assay CV was 0.81-1.32% for FPV and 0.15-0.89% for
FBoV-1. The inter-assay CV was 1.35-1.54% for FPV and
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Fig.3 Melting curve analysis Melt Peak
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Fig.4 Sensitivity analysis. a Amplification curve of the SYBR Green
I-based duplex real-time qPCR assay of FPV. The lowest limit of
detection of the assay was 2.907x 10! copies/uL. b Amplification
curve of the SYBR Green I-based duplex real-time qPCR assay of

0.39-1.71% for FBoV-1 (Table 2). These results indicate
that the duplex qPCR has the advantages of low variability
and high reproducibility.
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FBoV-1. The lowest limit of detection of the assay was 3.836x 10"
copies/pL. ¢ Amplification curve of the SYBR Green I-based duplex
real-time qPCR assay of FPV and FBoV-1. The lowest limit of detec-
tion of the assay was 10! copies/pL

Evaluation of the duplex real-time qPCR assay using
clinical samples

Fecal samples from 132 cats were collected for the
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Fig.5 Specificity analysis.
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Table 2 Intra- and inter-assay CVs of FPV and FBoV-1

Category DNA standard Mean (Ct) SD  CV (%)
(copies/pL)
Intra-assay  1x 107 13.64 0.18 132
FPV 1x10° 20.47 0.17 0.8l
1x10° 26.59 029 1.10
Inter-assay  1x 107 13.46 020 1.50
1x10° 20.51 032 154
1x10° 26.62 036 135
Intra-assay  1x 107 14.65 0.10 0.89
FBoV-1 1x10° 2147 0.16 0.72
1x103 28.20 0.04 0.15
Inter-assay  1x 107 14.50 023 1.60
1x10° 21.49 037 171
1x10° 28.24 0.11 0.39

individual detection of FPV and FBoV-1 using real-time
gPCR. The results showed that 22 samples were positive for
FPV, and the detection rate was 16.67% (22/132). Nine sam-
ples were positive for FBoV-1, with a detection rate of 6.82%
(9/132). Four samples were positive for FPV and FBoV-1
co-infection, and the positive detection rate for co-infection
was 3.03% (4/132). The positive samples were sequenced
again to determine the reliability of real-time qPCR. Single

Temperature, Celsius

real-time qPCR and conventional PCR were also used to
detect these samples; The results of the conventional PCR
showed that 18 samples were positive for FPV, with a detec-
tion rate of 13.64% (18/132). Seven samples were positive
for FBoV-1, with a detection rate of 5.30% (7/132). The pos-
itive detection rate for co-infection with FPV and FBoV-1
was 1.52% (2/132). And the results of the single real-time
gqPCR were same as the duplex qPCR (Table 3). All the posi-
tive results were reliable by sequencing. Thus, the samples
that tested positive using conventional PCR also tested posi-
tive using real-time qPCR.

Discussion

FPV is a common virus that causes diarrhea in cats and
can be fatal in severe cases. FBoV is a newly discovered
virus belonging to the same family of Parvoviridae as FPV.
Several studies have shown that FBoV can cause diarrhea
via concurrent infection with other viruses (Piewbang et al.
2019; Yi et al. 2018a; Lu et al. 2018). Recently, it was
reported that the detection rate of FBoV in cats with diar-
rhea was as high as 33.3% in Northeast China (Niu et al.
2019; Yi et al. 2018b). In cats with diarrhea, co-infection
with FPV and FBoV adds significant complications to
proper clinical diagnosis and treatment. At present, there is

Table 3 Detection of FPV and

A Quantity Results

FBoV-1 in clinical samples

by conventional PCR (cPCR) FPV FBoV-1 FPV /FBoV-1 Negative

and quantitative real-time PCR

(gPCR) Duplex gPCR 132 22 (16.67%) 9 (6.82%) 4(3.03%) 105
Single gPCR (FPV) 132 22 (16.67%) 0 0 110
Single qPCR (FBoV-1) 132 0 9 (6.82%) 0 123
cPCR 132 18 (13.64%) 7 (5.30%) 2 (1.52%) 105
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no suitable detection method for the quantitative and simul-
taneous detection of FPV and FBoV in a sample. The lack of
effective diagnostic methods is very disadvantageous to the
epidemiological investigation and prevention and control of
the diseases. Therefore, a reliable, sensitive, and rapid detec-
tion method is urgent needed to simultaneously detect FPV
and FBoV in epidemiological and clinical diagnostic studies.

To date, a variety of laboratory detection methods,
including loop-mediated isothermal amplification (LAMP)
(Wong et al. 2018), TagMan-based real-time PCR assay
(Liu et al. 2019), ELISA (Wischhusen and Padilla 2017),
SYBR Green duplex real-time qPCR assay, and immuno-
histochemical analysis (Hai et al. 2020), have been used to
effectively detect viruses. Among them, LAMP does not
require complicated equipment and provides visual experi-
mental results; however, it is easy to show false positive due
to the contamination of reagents, which will affect the exper-
imental results. Immunohistochemical analysis and ELISA
require a long operation time, and cannot be used to estimate
the number of copies of viral DNA/cDNA. TagMan-based
real-time PCR assay has good specificity and sensitivity,
but is not cost-effective. The SYBR Green duplex real-time
gPCR assay is a widely used detection method with good
specificity, sensitivity, highly reproducible, and cost-effec-
tive. Compared to the conventional PCR, the SYBR Green
duplex real-time qPCR assay has more obvious advantages,
such as simplicity, efficiency, and sensitivity, which enables
high-throughput screening and quantification of viral vectors
using only a small amount of virus. In this study, a SYBR
Green duplex real-time qPCR method was established for
the simultaneous detection of FPV and FBoV-1 in 132 fecal
samples. The positive detection rates of FPV and FBoV-1
were 16.67% (22/132) and 6.82% (9/132), respectively, and
the detection rate of the co-infection was 3.03% (4/132).
In contrast, using conventional PCR, the positive detection
rates of FPV and FBoV-1 were 13.64% (18/132) and 5.30%
(7/132), respectively, and the co-infection rate was 1.52%
(2/132). This indicates that the developed SYBR Green
duplex real-time qPCR assay was more sensitive than the
conventional PCR.

In this study, a conserved sequence from FPV and
FBoV-1 was amplified using a SYBR Green duplex real-
time qPCR assay, and different melting peak values were
obtained. The melting peak values of FPV and FBoV-1
were 77.5 °C and 86 °C, respectively, and the two viruses
could be easily distinguished by their specific melting tem-
perature values. In addition, standard curves for FPV and
FBoV-1 were established. The correlation coefficient of the
standard curve of FPV was 0.999, and the standard formula
was y=-3.226x+ 36.155. The standard curve correlation
coefficient of FBoV-1 was 0.998, and the standard for-
mula was y=-3.295x+ 38.133. Detection limits of the two
viruses were 2.907 x 10! copies/pL and 3.836 x 10! copies/
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pL, respectively, which were 100 times higher than those
of the conventional PCR method used in a previous study
(Zhang et al. 2019). In addition, the positive detection rate
of the SYBR Green real-time duplex qPCR assay was higher
than that of the conventional PCR; the samples that were
negative with conventional PCR and positive with the SYBR
Green duplex real-time qPCR assay were confirmed to be
positive by DNA sequencing, which indicated that the SYBR
Green duplex real-time qPCR assay had a high sensitivity
for detection at low viral load levels. In addition, to deter-
mine the feasibility of the assay, we carried out repeatabil-
ity verification. The results showed that the intra-assay and
inter-assay CVs were 0.81-1.32% for FPV and 0.15-0.89%
for FBoV-1, and 1.35-1.54% for FPV and 0.39-1.71% for
FBoV-1, respectively. Both sets of which were less than 2%,
indicating that the assay had good repeatability.

In summary, the SYBR Green-based duplex real-time
PCR assay established in this study is a rapid, sensitive,
and reliable laboratory testing method to detect FPV and
FBoV-1 simultaneously. It is suitable for high-throughput
screening of a low level of viral genome, which exhibits
potential adaptability and stability for the differential diag-
nosis of FPV and FBoV-1 in field samples.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13205-021-02947-w.
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