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ARTICLE INFO ABSTRACT

Keywords: Feline panleukopenia caused by feline parvovirus (FPV), a single-stranded DNA virus, is typically highly con-
RPA tagious and often presents with lethal syndrome. The broad spectrum of possible hosts suggests its potential for
LFD transmission from animal to person through close contact with pets. FPV thus serves as an example of the
FDl;\t]ection importance of new rapid point-of-care field diagnostic tools for the control and prevention of transmission,

especially among rare wild animals and pet cats. Recombinase polymerase amplification (RPA), as a real-time
and isothermal method, could be a more affordable alternative to PCR when combined with a lateral flow
dipstick (LFD) indicator. In this study, we report a novel FPV lateral flow dipstick RPA (LFD-RPA) instant de-
tection method capable of detecting a range of different FPV strains. The LFD-RPA assay consists of specific
primers, probe, and nucleic acid strip. It is capable of detecting 10? copies of target nucleic acid per reaction,
which is one order of magnitude higher than the sensitivity of traditional PCR. The most suitable reaction
conditions for this assay are at 38 °C for 15 min. This paper develops an efficient visual detection system that can

eliminate the need for professional staff and expensive and sophisticated equipment for field detection.

1. Introduction

Feline parvovirus (FPV) was first isolated in 1961 by Bolion and
subsequently identified as belonging to the Parvoviridae family (Cohen
and Yohn, 1961; Siegl and Bates, 1985). The viral particles, with a
genome of linear single-stranded nucleic acids of approximately 5000
bases, are spherical without envelope (Agbandje and McKenna, 1993).
FPV has a wide range of hosts, including domestic cats and many dif-
ferent wild and captive carnivores, such as the families of mustelidae,
procyonidae, and viverridae (Demeter and Gal, 2009; Allison and
Harbison, 2012; Fei-Fei and Yong-Feng, 2017). Cats infected with FPV
commonly display anorexia, vomiting, diarrhea, neutropenia, and
lymphopenia, with a high fatality rate (Truyen and Parrish, 2013;
Stuetzer and Hartmann, 2014). There has been significant evolution of
the virus over the last 50 years, especially in the widely distributed
pathogen canine parvovirus (CPV). CPV, which was first detected in
1978, evolved from FPV with mutated genes and has global distribution
(Parrish, 1999). Cats once infected with FPV can carry the virus long
term, which increase the possibility of virus transmission between in-
fectious and healthy animals. Many cats undergo a subclinical infection
without any clinical signs (Truyen and Parrish, 1992). In addition to the
fecal-oral transmission route, this highly contagious virus can infect
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other cats by hiding in the environment (Steinel and Parrish, 2001).
FPV has been the subject of several decades of research, but is still
rampant around the world.

A number of different diagnostic methods for FPV infection have
been described, including virus isolation, latex agglutination, im-
munochromatographic tests, electron microscopy, ELISA, and PCR
(Veijalainen and Neuvonen, 1986; Schunck and Kraft, 1995a, 1995b;
Ikeda and Miyazawa, 1998; Esfandiari and Klingeborn, 2000; Decaro
and Desario, 2008; Digangi and Gray, 2011; Lane and Brettschneider,
2016). These methods are generally available for most viruses. With the
development of new detection materials and methods, a series of im-
provements on the basic PCR method were reported. The programmed
step electric field strength (PSEFS) method is more than 100 times
faster than conventional slab gel electrophoresis, and on-line capillary
electrophoresis method can enhance detection sensitivity (Shin and Lee,
2012; Nan and Yoo, 2013). Though all kinds of detection methods have
been produced commercially, the nucleic acid testing of samples to
confirm FPV is still the gold standard. Antigen and antibody detection
do not show higher sensitivity and specificity than molecular biological
detection. The virus isolation process is, however, complex, and elec-
tron microscopy is expensive and requires tedious operator manipula-
tion. A convenient and efficient method of detecting FPV is urgently
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Fig. 1. Basic principles of RPA (TwistDxTM Limited, Cambridge, UK).

required.

The global spread of infectious diseases makes the development of
rapid point-of-care diagnostic tools a major focus in addressing global
health concerns. Although advances in PCR have streamlined this
method significantly, sample preparation and detection of PCR requires
a specialized work environment and professional staff. To address these
issues, a number of new diagnostic methods for the detection of nucleic
acid have been developed and are currently being refined. One of the
more common technologies is recombinase polymerase amplification
(RPA) assay.

RPA assay requires a constant temperature rather than thermo cy-
cling (Figs. 1, 2). It relies on a synthetically engineered adaptation of a
natural cellular process called homologous recombination, comprising

FPV LF Probe
Before Amplification

three key proteins (recombinase, recombinase loading factor and
single-stranded binding protein). The enzymatic activity catalyzes the
reaction at a single optimum temperature between 37 °C and 42 °C
(Daher and Stewart, 2016; Li and Macdonald et al., 2019). RPA can
routinely generate results within 20 min or less. Here we describe the
development and validation of an RPA assay for the detection of FPV
nucleic acid. As a diagnostic tool, it could be applied to an outbreak in
limited resource settings without complex advice and achieve rapid
point-of-care detection.
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2. Materials and methods
2.1. Virus, cells, and clinical samples

The feline parvovirus used in this study was isolated in our la-
boratory, and the identity was validated by aligning the VP2 gene se-
quence with reference sequences (GenBank: KC473946.1, KM624023.1,
and KJ813895.1). The FPV was cultured by F81 cells maintained in our
laboratory, and other viruses were bought from ATCC. F81 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS), then incubated in 37°C humidified in-
cubator with 5% CO,. Thirty anal swabs (n = 30) were collected from
various breeds and ages of felines treated at the animal hospital of
China Agricultural University. All the felines were suspected of being
FPV infected. The anal swabs samples were stored at -80 °C.

2.2. DNA extraction

Total DNA extraction from F81 cells growth medium containing
feline parvovirus was extracted using AxyPrep Body Fluid Viral DNA/
RNA Miniprep Kit (Axygen, United States) according to the manu-
facturer’s instructions. For viral DNA extraction from the anal swabs,
the swabs were inoculated in 500 pl sterile phosphate-buffered saline
and centrifuged at 12,000 rpm for 8 min at 4 °C. The supernatant was
collected and used for viral DNA extraction using the kit described
above. All DNA samples were stored at -20 °C until used.

2.3. Primer, probe, template design and preparation

The VP2 gene was selected as the target gene. Polymerase chain
reaction (PCR) primers of VP2 gene were designed using the Primer
Premier 5.0 software package. Four pairs of primers (Vp2-F1/ Vp2-R1,
Vp2-F2/ Vp2-R2, Vp2-F2/ Vp2-R3, Vp2-F1/ Vp2-R4) were designed to
ensure high efficiency of obtaining the complete VP2 gene. The se-
quences of VP2 gene from nine publicly available FPV GenBank num-
bers (KC473946.1, KM624023.1, KJ813895.1, KJ813894.1,
KJ813893.1, KX434462.1, KX434461.1, JX048608.1, JN867596.1)
were analyzed using DNAMAN version 9 software and supplemented by
Nucleotide BLAST online (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
The area of greatest sequence conservation was selected and used to
design primers and probes for RPA assay. A series of gradient forward
and reverse primers and probes were designed using the Primer Premier
5.0 software package according to the principles of RPA primer design,
and the specificity was evaluated by Nucleotide BLAST online. The PCR
primer pair used for comparing the sensitivity between the RPA and
PCR method was designed according the published reference (Schunck
and Kraft, 1995a, 1995b). All of the above primers and probes were

Table 1
Details regarding the primers and probes for PCR and RPA.
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Table 2
Clinical performance of the FPV-RPA-LFD assay in comparison with traditional
PCR.

PCR RPA-LFD

Positive Negative Positive Negative

suspected infectious cases (n = 30) 7 23 8 22
suspected healthy cases (n = 13) 0 13 0 13

synthesized by Sangon Biotech (Shanghai, China); the sequences are
shown in Table 1. DNA probes for LFD assays carry a FAM antigenic
marker at the 5’ end, the 3’ end was blocked with a C3-spacer (poly-
merase extension blocking group), and a base analog tetrahydrofuran
(THF) was inserted between the 30th and 31st base.

2.4. Construction of recombinant plasmid

Feline parvovirus DNA was amplified with primers Vp2-F1/Vp2-R1,
Vp2-F2/Vp2-R2, Vp2-F2/Vp2-R3, Vp2-F1/Vp2-R4 respectively in a
25l volume comprising 12.5ul of 2x Taq PCR Mix (Mei5, China),
1.0 pl of forward and reverse primers (10 uM, total of 2.0 pl of primers),
1 ul of template DNA, and 4.5 pl of double-distilled H,O. PCR amplifi-
cation of the VP2 gene was performed under the following conditions:
initial denaturation at 95 °C for 5min, denaturation at 95 °C for 45s,
annealing at 57, 52, 55, 56 °C respectively for 45 s, extension at 72 °C
for 1405, and a final elongation step at 72 °C for 10 min. 30 cycles were
set to amplify the VP2 gene. The generated fragments were resolved on
a 1% (W/V) agarose gel.

We choose the primers amplified accurate fragment amplified by
primers to generate the VP2 gene using 2xPfu MasterMix (CWBIO,
China). The PCR reaction was conducted as specified in the manu-
facturer’s instructions. Then, the amplified fragment was purified using
a Gel Extraction Kit (Omega, United states) and linked to a pEASYBlunt
zero Cloning Kit (Transgen biotech, China). Trans1-T1 phage resistant
chemically competent cells (Transgen biotech, China) were transformed
with ligation product and incubated on the LB agar medium with am-
picillin by agar streak culture. The next preparation of recombinant
plasmid was manufactured following a standard progress of picking up
the monoclonal colony, sequencing the gene, and extracting the re-
combinant plasmid pEB-VP2 from the bacterial suspension containing
accurate gene sequence. The concentration of the recombinant plasmid
PEB-VP2 was measured and then the copies were calculated.

2.5. Establishment and optimization of lateral flow strip RPA assay

The TwistAmp RPA nfo kit (TwistDx  Limited, Cambridge, UK) was

Usages Primers or probes Direction Nucleotide sequences (5-3")
PCR Vp2-F1 Forward CCAATGAGTGATGGAGCAGTTCAACCAGAC
Vp2-F2 Forward CACCAATGAGTGATGGAGCAGTTC
Vp2-R1 Reverse CTTAACATATTCTAAGGGCAAACC
Vp2-R2 Reverse ACCTTATAGACAGTATACGAGACC
Vp2-R3 Reverse TAGGTGCTAGTTGATATGTAATAAACA
Vp2-R4 Reverse ATTCTAAGGGCAAACCAACC
RPA RPA-F1 Forward CACTTACTAAGAACAGGTGATGAATTTGCTACAG
RPA-F2 Forward GTGCCAGTACACTTACTAAGAACAGGTGATG
RPA-F3 Forward 'TGTCAGAAATGAAAGAGCTACAGGATCTGGGAACG
RPA-R1 Reverse CCAAGCATTTGCATCAACCAATGACCAAGGTGTTA
RPA-R2 Reverse CAGATTGAGGCAAAGAATTTAGAAATGGTGGT
RPA-R3 Reverse AGTCTGTATTTCCCATTTGAG TTACACCACGTCT
RPA-Pe-1 Forward (FAM)GATTGTAAACCATGTAGACTAACACATACA (THF) GGCAAACAAA TAGAG (C3 Spacer)
PCR Primer M1 Forward GAAAACGGATGGGTGGAAAT
Primer M2 Reverse AGTTGCCAATCTCCTGGATT
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FPV-1(JX048608.1) (Template 1)

FPV-GD(KC473946.1) (Template_2)
FPV/Bobcat/ND/979/2013 (KJ813893.1) (Template 3)
FPV/Raccoon/MA/190/2012 (KJ813894.1) (Template 4)
FPV/Raccoon/MA/188/2012_(KJ813895.1) (Template 5)

FPV/Raccoon/TX/Rac3/ 197§_ (KM624023.1) (Template_ 6)

FPV_RPA_F
FPV_RPA_R
FPV_RPA_Pe-1
Consensus

FPV-1(JX048608.1) (Template_1)
FPV-GD(KC473946.1) (Template_2)
FPV/Bobcat/ND/979/2013 (KJ813893.1) (Template_3)
FPV/Raccoon/MA/190/2012(KJ813894.1) (Template 4)

FPV/Raccoon/MA/188/2012_ (KJ813895.1) (Template_5)
FPV/Raccoon/TX/Rac3/1978_(KM624023.1) (Template 6)

FPV_RPA F
FPV_RPA R
FPV RPA Pe-1
Consensus

FPV-1 (JX048608.1) (Template_1)

FPV-GD(KC473946.1) (Template_2)
FPV/Bobcat/ND/979/2013 (KJ813893.1) (Template_3)
FPV/Raccoon/MA/190/2012 (KJ813894.1) (Template_4)
FPV/Raccoon/MA/188/2012_(KJ813895.1) (Template_5)
FPV/Raccoon/TX/Rac3/1978_ (KM624023.1) (Template_ 6)
FPV_RPA F

FPV_RPA R

FPV_RPA_Pe-1

Consensus

FPV-1 (JX048608.1) (Template_1)

FPV-GD (KC473946.1) (Template_2)
FPV/Bobcat/ND/979/2013 (KJ813893.1) (Template_3)
FPV/Raccoon/MA/190/2012(KJ813894.1) (Template_4)
FPV/Raccoon/MA/188/2012_(KJ813895.1) (Template_5)
FPV/Raccoon/TX/Rac3/1978_(KM624023.1) (Template_6)
FPV_RPA F

FPV_RPA R

FPV_RPA Pe-1

Consensus
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CTGTIGCCACTGCACTTACTRAACAACAGCTCATCAAT 781
CTGTIGCCAGTACACTTACTRAAGAACAGCTCATCAAT 781
CTGTGCCAGTACACTTACTAAGAACAGCTGATCAAT 781
CTGTIGCCACTACACTTACTRACAACAGCTCATCAAT 781
CTGTGCCAGTACACTTACTRAAGARCAGCTCATCAAT 781
CTGTIGCCAGCTACACTTACTRACAACAGCTCATCAAT 781
. .GTGCCACTACACTTIACIRACAACAGETCATC. . . 31
.................................... 0
.................................... 0

GCCACCATTTCIARATICITICCCTCARTCTGRAGG 896
ACCACCATITCIARATICITIGCCTCARTCIGRAGG 896
ACCACCATITTIARATICITICCCTCARATCTGRAGG 896
ACCACCATITCIARATICTITICCCTCAATCTGRAGG 896
ACCACCATTITCIARATICITIGCCTCARTCIGRAGG 896
ACCACCATITTIARATICITICCCTCAATCTGRAGG 896
.................................... 31
ACCACCATITCIARATICITICGCCTCAR........ 28
.................................... 46

ACAGCAACATTTTTTTTTGATTGTAAACCATGIACGACIAA 826
ACAGGAACATTTTTTTTTGATTGTARACCATGTIACGACIAA 826
ACAGGAACATTTTTTTTTGATTGTAAACCATGIACGACIRAA 826
ACAGGAACATTTTTTTTTGATTGTAAACCATGIACACIAA 826
ACAGCAACATTTTTTTTTGATTGTAAACCATGTIACACIAA 826
ACAGGAACATTTTTTTTTGATTGCAAACCATGTIAGACIAA 826

........................................ 31
........................................ 0
.................. CATTGTARACCATGTIAGACIRA 22
CACATACATGGCARACRARATAGAGCATTGG 856
CACATACATGGCRRACRRATAGAGCATTGG 856
CACATACATGGCRRACRRATAGAGCATTGG 856
CACATACATGGCAARACARATAGAGCATTGG 856
CACATACATGGCRRACRRATAGAGCATIAG 856
CACATACATGGCRRACRRATAGAGCATIAG 856
.............................. 31
.............................. 0
CACATACATGGCRRACRRATAGAG. ..... 46

Fig. 3. Alignment of FPV from GenBank with FPV RPA-LFD primers and probe indicating the RPA target region. Lines 1 to 6 represent FPV VP2 genes from six
different isolation strains. Lines 7, 8, and 9 represent, respectively, the forward primer, reverse primer and probe sequence position.

used to screen for the optimal primer pair. The primer groups were
combined as follows: RPA-F1/ RPA-R2, RPA-F2/ RPA-R2, RPA- F1/
RPA-R3, RPA-F3/ RPA-R1, RPA-F2/ RPA-R3. Briefly, the RPA reaction
composition contained 29.5pl of rehydration buffer, 2.1 ul of 10 uyM
RPA forward or reverse primers, 1 pl of pEB-VP2, 0.6 pl of 10 uM probe,
and 12.2 ul of ddH,0. The above components were mixed together and
added to PCR micro-tubes with a dried enzyme pellet, 2.5 ul 280 mM
MgAc was added to PCR Tube caps, then vortex and spun simulta-
neously to ensure the reaction was initiated at the same time. The re-
action was performed at 38 °C for various times (5, 10, 15, and 20 min),
and then purified using the Gel Extraction Kit according to the manu-
facturer’s instructions. The purified products were electrophoresed in a
1.0% (W/V) agarose gel and visualized under UV light.

For analysis of the amplified product, the lateral flow dipstick
(USTR, China) was used. We mixed 1 pl of amplified product to buffer
solution, then diluted at a ratio of 1 to 1000 in the 1.5ml centrifuge
tube. The strips were immersed in the dilute amplified product in the
corresponding well. After incubating 2 to 5min at room temperature,
we detected the result by naked eye from the test line (T line) and the
control line (C line) on the strips. The red line displayed at the T line
indicates a positive result. The C line is always red; if only the T line was
developed, the strip malfunctioned. To optimize the RPA-LF reaction
conditions, the test was performed at a series of temperatures (25, 30,
32, 34, 36, 38, 40 °C), times (5, 10, 15, 20, 30 min) and plasmid con-
centrations (1 x 10°® copies ul ™%, 1 x 10° copies pl ™%, 1 x 10* copies
ul=1, 1 x 10® copies ul™?, 1 x 102 copies pl~*, 1 x 10! copies pl !,
1 x 10° copies ul™*). 1 pl RPA reaction product was visualized by lat-
eral flow strip, and the surplus was purified by Gel Extraction Kit and
detected using 1.0% (W/V) agarose gel electrophoresis.

2.6. Sensitivity and specificity analysis

The specificity and sensitivity analysis of FPV RPA-LFD was per-
formed at the optimized reaction conditions described above. For the
sensitivity analysis, we diluted the recombinant plasmid pEB-VP2 to
obtain a series of DNA concentrations, ranging from 10° copies pl~* to
10° copies pl™. 1yl standard DNA of every gradient dilution was added
to the amplification system, and reacted at 38 °C for 15 min. The am-
plified products were tested by lateral flow strip as described above. For
the specificity analysis, DNA or cDNA of feline herpes virus (FHV), fe-
line enteric coronavirus (FECV), feline syncytium forming virus
(FeSFV), and feline immunodeficiency virus (FIV) were used as the
templates for the RPA-LFD assay.

2.7. Detection of feline samples

We extracted viral DNA from clinical samples and detected by RPA-
LFD. The results were compared with those obtained by PCR as pre-
viously described. The statistics are displayed at the Table 2.

3. Results
3.1. Screen of FPV RPA primers

In order to search for the most efficient primer pairs for RPA-LFD
assay, we first designed five primer pairs to amplify a high level of
sequence conservation at the FPV-VP2 standard plasmid by sequence
alignment of strains on the GenBank. VP2 genes from the strains of FPV-
1 (NCBI accession number JX048608.1), FPV-GD(12/09/YGP) (NCBI
accession number KC473946.1), FPV/Bobcat/ND/979/2013 (NCBI ac-
cession number KJ813893.1), FPV/Raccoon/MA/190/2012 (NCBI
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Primer pair 1 Primer pair2 Primer pair3 Primer pair4 Primer pair 5
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Fig. 4. Screening of FPV RPA primer pairs and probes. (a) primer pairs (numbers 1-5 corresponding to RPA- F1/ RPA- R2, RPA- F2/ RPA- R2, RPA- F3/ RPA- R1,
RPA- F1/ RPA- R3, RPA- F2/ RPA- R3) were selected to amplify the pEB-VP2 standard plasmid, at concentration of 1 X 10° copies ul ™. The assays were performed at
38 °C for 5, 10, 15, and 20 min in turn. The reaction products were detected by 1% (W/V) agarose gel electrophoresis (AGE). (b) Two probes designed for
amplification assay. Left - assay used by Probe 1. Right - assay used by Probe 2. The assay was performed at 38 °C for 20 min with primer pair 2.

accession number KJ813894.1), FPV/Raccoon/MA/188/2012 (NCBI
accession number KJ813895.1), and FPV/Raccoon/TX/Rac3/1978
(NCBI accession number KM624023.1) share a high level of sequence
identity with the FPV RPA target region (Fig. 3).

Five primer pairs were used to amplify the VP2 gene at 38 °C for 5,
10, 15, and 20 min. The primer pair 1, 2 yielded clear product on the
gel when amplified for only 5 min (Fig. 4a, Lanes 2-9), others were less
efficiently amplified by comparison, and began to show evident DNA
fragmentation at 10 min (Fig. 4a, Lanes 10-21). This result indicates
that primer pair 1 and primer pair 2 are appropriate selections for
amplification as DNA templates. We designed the probe for the am-
plified products of primer pairs 1 and 2 using the Primer Premier 5.0
software package. Considering that the probe design was no less than
45 bp and the probes for primer pair 1 revealed poor characteristics as
analyzed by the Primer Premier 5.0 software, we chose primer pair 2 to
optimize the probe results. Two probes were designed and added into
the RPA amplification system. As shown in Fig. 4b, Probe 1 reduced the
detection sensitivity to only 10° copies and showed more serious primer
dimer compared with Probe 2. Thus we chose Probe 2 for the following
study.

3.2. Establishment of RPA-LFD assay and optimization

To achieve rapid detection of products, we used a lateral flow dip-
stick (LFD) nucleic acid strip as the indicator. The forward primer of
primer pair 2 was reconstituted carrying a biotin antigenic marker at
the 5’ end, while the probe carried an FAM antigenic marker at the 5

end. The amplification product can carry both biotin antigenic marker
and FAM antigenic marker and is detectable by the LFD. We first ex-
plored the optimal amplification time of FPV RPA-LFD by controlling
the temperature at 38 °C; the standard plasmid usage was 1 x 10° co-
pies. As shown in Fig. 5, a faint band started to show at 10 min (Fig. 5a),
which was later than agarose gel detection without probe addition
Fig. 5b). We can ignore the influence of probe addition, considering
that the LFD system greatly reduces detection time and process dura-
tion. The LFD indicator displayed a good visible result over a reaction
time of 10-30 min (Fig. 5a).

3.3. Temperature optimization of the established RPA-LFD assay

The optimal reaction temperature was obtained by evaluating a
temperature range from 25 °C to 45 °C for a 15 min reaction (Fig. 6.
Both agarose gel (Fig. 6a) and LFD (Fig. 6b) began to show a clear faint
band at 34 °C (lane 3). Adding probe to the RPA system produced no
obvious change of amplification efficiency and even slightly reduced
the sensitivity at temperatures up to 42 °C or higher (Fig. 6a, lanes 7, 8).
The optimal temperature for amplification was found to be in the range
of 36 °C to 40 °C (lanes 4-6).

3.4. FPV RPA-LFD assay detects 107 copies of target DNA
To investigate the sensitivity of the FPV RPA-LFD system, the pEB-

VP2 was 10-fold serially diluted to achieve DNA concentrations ranging
from 10° to 10° copies pl ~*. This detection method allowed for a more
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Fig. 5. Optimization of RPA-LFD reaction time. The RPA assay was performed at 38 °C for 5, 10, 15, 20, 25, and 30 min. The concentration of pEB-VP2 was 1 X 10°
copies ul’l. The reaction products were detected by (a) lateral flow dipstick and (b) 1% (W/V) agarose gel electrophoresis (AGE).
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Fig. 6. Temperature optimization of established RPA-LFD method. Amplification performance of RPA-LFD assays conducted at 25, 30, 34, 36, 38, 40, 42, and 45 °C
(lanes 1-8) for 15 min. The amplification products were detected by (a) 1% (W/V) AGE and (b) lateral flow strip.
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Fig. 7. Comparison of the sensitivity of RPA-
LFD and PCR methods. (a) RPA assay, 1 ul RPA
product was separated into buffer solution at
1:1000 to be detected by LFD. (b) PCR assay,
the PCR reaction products were detected by
1% (W/V) AGE. (c) 40pul RPA product was
purified by gel kit and then 1 ul RPA product
was detected by 1% (W/V) AGE. Samples show
in Lanes 1-6 are with pEB-VP2 copies from 10°
to 10° copies pl~'. The Lane 7 showed nega-
tive control (NC).
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Fig. 8. Specificity of RPA assay. Product detection using lateral flow dipsticks and agarose gel electrophoresis. RPA assay was used to detect FPV, FHV, FECV, FeSFV,
and FIV cDNA. The reaction products were detected by (a) lateral flow dipstick and (b) 1% (W/V) agarose gel electrophoresis (AGE).

accurate quantification of copy number, and greater precision in de-
termining the limit of detection of the FPV RPA-LFD assay than what
could have been obtained using extracted viral nucleic acid. The FPV
RPA-LFD detected 102 copies of target DNA (Fig. 7a), and this is 10
times more sensitive than the traditional PCR, which was sensitive only
to 10° copies ul~! (Fig. 7b). The agarose gel electrophoresis can even
detect 10" copies of target DNA (Fig. 7c). All of the above FPV RPA-LFD
system tests were performed at 38 °C for 15 min, and this indicates that
instant field detection may be achieved without any other expensive or
sophisticated equipment.

3.5. FPV RPA-LFD assay specifically detects FPV

We extracted nucleic acid from viruses related to feline diseases
including feline herpes virus (FHV), feline enteric coronavirus (FECV),
feline syncytium forming virus (FeSFV), and feline immunodeficiency
virus (FIV). The nucleic acid of RNA viruses was reversed transcribed to
c¢DNA for RPA-LFD detection. None of the above viruses DNA were
detected, and only FPV DNA yielded a positive signal at the test line
(Fig. 8a, 8b ). This FPV RPA-LFD system was specific to FPV and did not
detect other pathogens that cause common infectious disease in cats.

3.6. Extracted nucleic acid from clinical samples can be detected by the FPV
RPA-LFD assay

Anal swabs from 30 suspected infectious cases and 13 suspected
healthy cases gathered from an animal hospital were tested by poly-
merase chain reaction (PCR) and the RPA-LFD method. The suspected

healthy cat anal swab samples were all negative by both methods; for
samples of suspected cases, PCR detected 7 positive samples and 23
negative samples. RPA-LFD measured 8 positive and 22 negative sam-
ples, where one positive sample detected by RPA-LFD was negative
when measured by RCR (Table 2).

4. Discussion

FPV has been reported to infect various domestic pets and wild
animals, but instant diagnosis is very difficult in underdeveloped re-
gions. Protecting vulnerable and high-risk individuals requires the de-
velopment of rapid pathogenic diagnosis. In addition, a wide range of
field detection would enable infection control.

As next generation isothermal nucleic acid amplification tech-
nology, the RPA-LFD detection system demonstrates great advantages
over PCR. The RPA requires the length of the forward and reverse
primer to be no less than 30 bp. We prepared five primer pairs for
screening for optimal primer. According to the gene sequence of am-
plified product with the optimal primer pair, we designed two probes
for the next step. Primer pair 2 and Probe 2 displayed advantages and
were the final choice (Fig. 4). The forward primer and the probe
combined with Biotin and FAM respectively at the 5’ successfully
combines the amplification product with the corresponding antibody
placed at LFD. A faint band is observed if we detect a positive sample
(Figs. 1,2). The addition of the probe not only facilitates the detection
of products by LFD, but also enhances the specificity of FPV detection.
RPA-LFD can detect 102 copies of the plasmid template (Fig. 7). A wide
range of detection conditions, including reaction time from 15 to
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30 min and temperature from 36 °C to 40 °C, produced no significant
difference in amplification (Figs. 5,6). We did not detect amplification
products with the genome of FHV, FECV, FeSFV, and FIV (Fig. 8).

In addition to considering rapid and convenient detection and lower
cost than other methods, sensitivity is another important factor for the
evaluation of a constructed method. We compared the sensitivity results
using the RPA-LFD method and PCR assay. The RPA-LFD method was
able to detect 102 copies of the plasmid template. The sensitivity of RPA
assay was one order of magnitude higher than that of traditional PCR,
which was observed to be only 10 copies of the plasmid template
(Fig. 7). In addition, the RPA-LFD showed a positive rate that was
higher than that of the PCR detection (Table 2).

The RPA reaction mixtures are provided in vacuum-sealed pouches,
which can be kept at room temperature for several days. As an indicator
system, the LFD strips provided results within 5 min and are completely
portable, while agarose gel electrophoresis requires the relatively non-
portable electrophoresis apparatus.

Nonetheless, there are some limitations for the use of LFD-RPA
detection method. The first, and perhaps most important, step is to
design efficient primers. We designed five primer pairs for a wide range
of screening (Fig. 4), and then two probes of primer pair 2 were selected
for optimizing. The biggest challenge is to avoid duplexes between
primer pairs and probe that might give false positive results and reduce
amplification efficiency, further reducing the sensitivity of the primers.
Non-specific amplification phenomena also occurred in some cases but
could be ameliorated or even removed by primer selection. There
present method has not shown serious contamination issues, as seen in
LAMP. The first probe design showed a terrible amplification result, but
non-specific amplification and false positives were eliminated by opti-
mizing the probe sequence, such as by mutation of one to three bases.
All of the detection processes have avoided the dependence on la-
boratory conditions, but preparation of suspicious examples and virus
genome extraction still require laboratory apparatus. Numerous la-
boratories have developed their own extraction methods, but all depend
on centrifugation, as do commercially available kits for nucleic acid
extraction (Bag and Saha, 2016; Ling and Zhu, 2019; Zhang and Li,
2019). Nonetheless, RPA-LFD has greatly reduced the reliance on pre-
cision instruments like PCR instruments and electrophoresis systems,
bringing field detection closer to reality.

In a word, compared with PCR, RPA-LFD can reduce costs of de-
tection and achieve higher sensitivity. Another end-point detection
format, real-time recombinase polymerase amplification (RT-RPA)
assay, employs a device to collect a fluorescence signal. Several RPA
detection methods have been developed so far; in addition to animal
virus, plant virus, fungi, bacteria, mycoplasma, and parasite RPA de-
tection methods have been developed in recent years (Cui and Zhao,
2018; Karakkat and Hockemeyer, 2018; Zeng and Luo, 2019; Zhao and
Hou, 2018; Hu and Zhong, 2019). Although the RPA technology has not
been promoted on the market, some reports have verified its cap-
abilities and its potential to eclipse PCR for further revolutions the life
sciences (Li and Macdonald, 2019). With the development of RPA-LFD,
it is possible to achieve field detection.

5. Summary

An FPV RPA-LFD method based on nfo probe has been successfully
developed for the detection of FPV. The assay can be completed within
15 min at 38 °C, with high sensitivity and specificity. The portability of
the RPA-LFD system means that it can be used at quarantine stations,
ports, or sites of outbreaks. Greatly reduced need for professional staff
and sophisticated instruments makes field detection more convenient
and feasible than existing diagnostic methods. The effective and rapid
RPA assay developed in this study would be highly useful in the control
of FPV, especially in resource-limited settings.
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