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Abstract

Feline herpesvirus type 1 (FHV-1) is a highly contagious pathogen of domestic cats and other members of the family Felidae.
Point-of-care diagnosis of persistent infection in cats is essential for control of its spread. A recombinase polymerase ampli-
fication (RPA) assay (RPA-LFD-FHV) combined with a lateral flow dipstrip (LFD) was developed that uses human body
heat for incubation. Sensitivity was evaluated by testing a serial dilution of a control plasmid, and specificity was evaluated
by testing related viruses. Swab samples from cats with suspected infection were tested by RPA-LFD-FHYV, and the results
were compared to those obtained by PCR to evaluate its clinical performance. The RPA-FLD-FHV assay was carried out
successfully within 20 min, using body heat for incubation. The RPA-FLD-FHV had a detection limit of 10° copies of the
FHV-1 gD gene, which was lower than that of PCR, which was 10* copies. The assay could detect templates of FHV-1 but
not those of other feline and canine viruses. Viruses in boiled samples could be efficiently detected by the RPA-FLD-FHV.
Thirty-one out of the 80 samples were positive by the RPA-FLD-FHYV assay, whereas only 27 were positive by PCR. DNA
sequencing confirmed that the four samples that were positive by RPA-FLD-FHYV but negative by PCR were indeed positive.
These results indicate that RPA-FLD-FHV is applicable for clinical use. The RPA-FLD-FHYV assay is a simple, rapid, and
reliable method for point-of-care diagnosis of FHV-1 infection.

Introduction

Feline herpesvirus type 1 (FHV-1) is a highly contagious
pathogen of domestic cats and other members of the family
Felidae, including South China tigers [7] and the cheetahs
[9]. Young and adolescent cats are at risk of acute primary
disease, and most of them develop a persistent infection.
About half of persistently infected cats shed virus through-
out their life [3]. These carriers are able to spread infection,
making prevention and control of the disease more chal-
lenging. When buying or introducing potentially susceptible
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animals, FHV-1 detection in the field is the first measure for
prevention and control infection. Field diagnosis is essential
for identification of persistent infection in cats, and it is also
important for timely treatment at the early stage of infection.
At present, a gold immunochromatography strip assay is the
only available assay for rapid FHV-1 detection, but it can
only be used during the symptomatic period of disease. A
more sensitive method for point-of-care detection of FHV-1
needs to be developed.

DNA-based methods for pathogen detection are widely
used because they are precise and rapid. However, a limita-
tion of these assays is that they require sophisticated equip-
ment, which restricts their application under field conditions.
Recombinase polymerase amplification (RPA) [6] combined
with chromatographic lateral flow dipstrips (RPA-LFD)
could meet the requirements for field detection. RPA-LFD
has the advantages of high speed, portability of equipment,
and accessibility, making it suitable for time-saving and
accurate tests in situations with low levels of resources and
skills [4]. In this study, we developed a simple RPA-LFD
method for detection of FHV-1 that uses body heat for incu-
bation and boiling for sample treatment.
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Materials and methods
Virus

The Fel-O-Vax PCT feline panleukopenia—rhinotrachei-
tis—calicivirus vaccine (Boehringer-Ingelheim), the Van-
guard Plus 5/CV-L canine distemper virus, parvovirus,
adenovirus type 1, adenovirus type 2, parainfluenza virus,
coronavirus vaccine (Zoetis) and pseudorabies virus Bartha-
K61 strain (Boehringer-Ingelheim) were purchased from
the affiliated veterinary hospital of Shenyang Agriculture
University.

Plasmid extraction

The recombinant plasmid pET-FHV-1-gD was constructed
by cloning the full-length gD gene into the multiple cloning
site of pET-28a using standard procedures. Plasmid pET-
FHV-1-gD was extracted and purified using a MiniBEST
Plasmid Purification Kit (Takara Biotechnology Co., Ltd.,
Dalian, China) according to the manufacturer’s instructions.
Purified plasmid was quantified using a NanoDrop 2000
Spectrophotometer (ThermoFisher, US). Genome equiva-
lents (GE) were calculated based on a plasmid size of 6.5
kb [1].

Primer and probe design

The FHV-1 gD sequence D30767.1 was obtained from Gen-
Bank (http://www.ncbi.nlm.nih.gov/genbank) and aligned
using the multiple sequence alignment tool ClustalW. After
alignment, FHV-1 gD-specific PCR and RPA primers and
probes were designed and analysed using Prime-Blast
(http://www.ncbi.nlm.nih.gov/tools/primer-blast) (Table 2).
All oligonucleotide primers and probes were synthesised by
Sangon Biotech Co. Ltd. (Shanghai, China).

RPA assay development

RPA reactions were performed using a TwistAmp nfo kit
(TwistDx, UK). A 50-pL reagent mixture, which containing
1X rehydration buffer, 5 pM each RPA primer (F1+R1), and
10° copies of the recombined plasmid pET-FHV-1-gD was
added to the dry enzyme pellet and thoroughly mixed. The
reaction was then initiated by addition of 280 mM magne-
sium acetate. The RPA reaction was performed using human
body heat by placing the tubes under the tester’s waistband
for 10 to 60 minutes. The reactions were stopped by adding
50 pL of a mixture of chloroform and isoamyl alcohol (1:1).
The mixture was then centrifuged at 12,000 g for 1 min, and
5 ul of the supernatant was electrophoresed in a 2.0% (w/v)
agarose gel.

RPA-LFD assay development

To adapt them for the RPA-LFD assay, the gD LF-R1 prim-
ers were labeled at the 5’ end with biotin, and an internal
RPA LF probe (LF probe) was designed (Table 1). Each
primer (F1 + LF-R1) at a concentration of 5 pM, 0.5 pM
LF probe, and 0.25 M betaine (Sigma Aldrich, UK) were
added to the RPA reaction mixture. After incubation, 0.2 pl
of the mixture was diluted in 100 pl of running buffer (Mile-
nia Biotec, Germany), and a Milenia HybriDetect (MGHD)
Dipstrip (Milenia Biotec, Germany) was placed vertically
into the running buffer. The incubation was performed at
room temperature for 5 min, and the final result was judged
visually with the naked eye.

Sensitivity analysis

For evaluating the sensitivity of the RPA assay, a tenfold
serial dilution of the pET-FHV-1-gD plasmid was made to
obtain concentrations ranging from 10° to 10% copies/pL.
One pL of each dilution was amplified by RPA as well as
PCR using the same primers. One pL of template was mixed

Table 1 Sequence of primers

A Probe/primer DNA sequence (5°-3’) Position Amplicon
and probes used in the study size (bp)

RPA

F1 CTATGTTTCTTATGGATATGAGACTTTGTGAT 359-390 307

R1 ATAGTTTTAACATTTCGACACCATTCATGTAG 634-665

LF-R1 BIO-ATAGTTTTAACATTTCGACACCATTCATGTAG 634-665

LF probe FAM-CGGTCGCCTTCATATTGGTTGGAACCTTTA 421-472

ACA (dSpacer) AAGTATATGTTCCTAACAG-C3 spacer

PCR

F2 ACACGTCTACATTTTTGGTG 7-26 213

R2 TGTTACATAACGTACTTCAGCT 198-219
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with 5 pL of Tag PCR MasterMix (Takara Biotechnology
Co., Ltd., Dalian, China), 2 pL of distilled water and 2 pL of
F2 and R2 primers. PCR was performed as follows: stage 1,
95 °C for 4 min; stage 2, 40 cycles of 95 °C for 30 s, 60 °C
for 30 s and 72 °C for 45 s; and stage 3, 72 °C for 10 min.
The RPA product was detected by 2% agarose gel electro-
phoresis and LFD.

Specificity analysis

To evaluate the specificity of the RPA assay, nucleic acid
was extracted from the Fel-O-Vax PCT feline panleukope-
nia—rhinotracheitis—calicivirus vaccine, Vanguard Plus 5/
CV-L canine distemper virus, parvovirus, adenovirus type
1, adenovirus type 2, parainfluenza virus, coronavirus vac-
cine (Zoetis), and the pseudorabies virus Bartha-K61 strain
(Boehringer-Ingelheim) and detected by RPA. The RPA
product was detected by 2% agarose gel electrophoresis and
LFD. The specific fragment from the RPA assay separated
by 2% agarose gel was extracted and sequenced to confirm
FHV-1 gD.

Simple sample treatment

To develop a simple sample treatment procedure that could
be performed at the point of care, we tested the RPA assay
with templates subjected to two different preparation pro-
cedures. For the simple treatment procedure, 100 pL of
Fel-O-Vax PCT feline vaccine (Boehringer-Ingelheim) was
boiled for 10 min and used directly as a template without
centrifugation. For comparison, 100 pL was extracted using
a MiniBEST Viral RNA/DNA Extraction Kit (Takara Bio-
technology Co., Ltd., Dalian, China). The treated samples or
templates were then tested by RPA assay and PCR.

Performance validation with clinical samples

Nasal and ocular conjunctival swab samples were collected
from cats at veterinary clinics in Liaoning Province in 2017.
These cats had conjunctivitis, rhinitis, or other symptoms
of upper respiratory tract infections. The swab was placed
and washed in a tube containing 200 pl of sterile water and
stored in a -80°C freezer. The samples were boiled and then
tested by RPA-LFD and PCR.

Results and discussion

FHV-1 and feline calicivirus are the most important viral
agents associated with feline upper respiratory tract disease.
A significant proportion of FHV-1 infected cats develop
persistent infection and continuously shed virus [3]. This

characteristic of persistent infection results in spreading of
the virus, causing great difficulties in the prevention and
control of the disease. Convenient detection of these viruses
in homes and in catteries is essential for treatment and con-
trol of their spread. Despite the availability of a gold immu-
nochromatography strip for convenient detection of FHV-1,
it can only be used during symptomatic periods due to its
low sensitivity. A more sensitive detection method needs to
be developed. RPA assays have the advantage that they are
suitable for molecular diagnosis of diverse pathogens under
field conditions. In this study, an RPA-LFD assay was devel-
oped for rapid and specific detection of FHV-1.

RPA has the advantage that amplification can be carried
out at a constant temperature, making it possible to apply it
under field conditions. However, a constant temperature is
difficult to achieve in homes and in catteries. Although the
optimum RPA reaction temperature is around 37°C, all RPA
reactions can amplify DNA to detectable levels at 31 °C [5].
We therefore tried to carry out the PRA assay using body
heat for the incubation step. It has been reported that RPA
assay can be carried out with excellent results by placing
the samples under the axilla [2]. However, under field con-
ditions, this would impair the operator’s normal activities.
In this study, we chose to place the tubes under the opera-
tor’s waistband. This has the advantages of easy placement,
convenience, even for a long time, and a large area for mul-
tiple tubes and tests. We measured the temperature under
the waistband of six volunteers using thermometer at §, 12
and 18 o’clock. The average temperature was 35.4 + 0.4 °C
(data not shown). This temperature is higher than that of
the abdomen under clothing [2]. This temperature differ-
ence may depend on the measuring location, season, tools,
and race. The results showed that the expected 307-bp band
was clearly visible on an agarose gel when the reaction time
was extended to 20 min (Fig. 1). At lower incubation tem-
peratures, more time is required for the reaction to reach
completion. At 37 °C, 10 minutes are enough for the ampli-
fication, but for the waistband incubation, at least 15 minutes
are needed, and 20 minutes are enough for even the lowest
concentration of templates (data not shown). Therefore, all
of the remaining RPA reactions were performed for 20 min
when using body heat.

RPA products can be detected by several methods, includ-
ing fluorescence detection and lateral flow (LF) dipstrips.
For applications under field conditions, particularly in homes
and in catteries, the lateral flow strip method is more feasible
because it does not require any other equipment. Results of
RPA assays can be read by means of lateral flow strips at
the detection site. A red test line on the LF strip represents
positive detection of gD RPA-LFD amplicons (Fig. 2). Dur-
ing the development of the assay, we found that when the
products were detected directly using LF strips, a long run
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Fig.1 RPA-FHV can be carried out using body heat. Reaction tubes
were placed under the waistband for different times, and amplifica-
tion products were detected by agarose gel electrophoresis. M, DNA
marker; lanes 1, 3, 5, 7 and 9, incubation times of 20 min, 30 min, 40
min, 50 min and 60 min; 2, 4, 6, 8 and 10, negative controls
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Fig.2 RPA-LFD-FHV detection results with 20-minute amplifica-
tion. A 2% agarose gel. M, DNA marker; lane 1, positive; lane 2, neg-
ative. B Lateral flow strip detection. Lane 1, positive; lane 2, negative

time can result in the generation of a confusing red line at
the test line. This might be the result of a high concentration
of the amplification products. To test this, the products were
diluted and then detected using LF strips for different lengths
of time. As expected, no false positive lines were observed
when the products were diluted more than tenfold (data not
shown). For field applications, increasing the amplicon dilu-
tion to 1:100 could eliminate these false positives.

The sensitivity of the gD RPA-LFD assay was evaluated
using a serial dilution of a plasmid containing the gD gene.
As shown in Figure 3A, the detection limit of the assay was
10? copies/reaction, which was slightly higher than the pub-
lished value for qPCR [8], but lower than the 10* copies/
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reaction observed for PCR (Fig. 3B). Since the virus titer
in acute and persistent infection is relatively high, the sensi-
tivity of the RPA-LFD-FHYV is acceptable for point-of-care
diagnosis. Therefore, the short time and small amount of
resources required for RPA makes it an attractive tool for
on-site diagnosis.

Specificity analysis showed that a 307-bp band was suc-
cessfully amplified from a feline vaccine (Fig. 4). Sequenc-
ing of products confirmed the expected sequence. In con-
trast, other common viruses, including FPV, BHV-1, PRV,
CDV and CCV, were negative by the assay. This implies that
the RPA assay for FHV-1 detection is specific.

Sample treatment for nucleic acid detection methods is
important for the whole diagnostic procedure. To be con-
veniently used, a simple sample treatment procedure for
the RPA assay is necessary for the detection in homes or
in the field. In this study, both boiling treatment and DNA
extraction were used for template preparation for the RPA
assay. Templates prepared by both methods yielded a clear
red test line in strips (Fig. 5B), and the same size of bands in
2.0% (w/v) agarose gel (Fig. 5A). This indicated that swab
samples can be treated by boiling for template preparation
for the RPA-FHV and RPA-LFD-FHV assay. At the same
time, to eliminate the centrifugation requirement, the boiled
sample solution was used directly as the template without
centrifugation. The template volume required was only 1 pl.
This trace of template could be obtained by suction of fluid
along the inner wall of the boiled sample tube. This further
strengthens the field adaptation potential of RPA-LFD-FHV.

To validate the performance of the newly developed RPA-
LFD-FHV assay, a total of 80 clinical samples from cats
with suspected infection were detected by RPA-LFD-FHV
and PCR assay (Table 2). For PCR assay, 53 samples were
negative and 27 samples were positive. For the RPA-LFD-
FHV assay, 31 samples were positive. All 27 PCR positive
samples were also positive by RPA-LFD assay. Four samples
that were negative by PCR were positive by RPA-LFD. DNA
sequencing of the products showed that these four samples
were indeed positive. Positive accordance of the two detec-
tion assays was 87% (27/31) and negative accordance was
92.5% (49/53). The four samples that were negative by con-
ventional PCR were positive in RPA-LFD-FHYV, showing
that RPA-LFD-FHV has higher sensitivity than PCR. All of
these results indicate that RPA-LFD performed better than
the PCR assay and is applicable for clinical use in the diag-
nosis of FHV-1.

In conclusion, with the aim of detecting FHV-1 under
field conditions such as in a cattery or family home, an
RPA-LFD-FHV assay was developed. This assay can be
effectively performed in 20 min by using body heat for
incubation and boiling as the sample treatment procedure,
avoiding the need for any other professional equipment.
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Fig.3 Sensitivity of the RPA-LFD-FHV assay. Different concentra-
tions of pET-FHV-1-gD were amplified by RPA and detected by aga-
rose gel or LF strips. For comparison, the plasmids were also ampli-
fied by PCR. The detection limit for RPA (10 copies/reaction) (A)
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Fig.4 Specificity of RPA. FHV-1 and other viruses were amplified
by RPA and detected using agarose gel electrophoresis and lateral
flow dipstrips. M, DNA marker; lane 1, feline panleukopenia-rhi-
notracheitis-calicivirus vaccine; lane 2, canine distemper virus-parvo-
virus-adenovirus type 1-adenovirus type 2-parainfluenza virus-coro-
navirus vaccine; lane 3, PRV Bartha-K61 strain

The RPA assay showed not only higher sensitivity (about
10 copies) than PCR (about 10* copies), but also high
specificity. Thus, the goal of equipment-free detection
almost has been realized. The boiling procedure can be
carried out in a microwave oven or induction cooker in a
family home. The RPA-LFD-FHV assay has great poten-
tial for applications in the rapid point-of-care diagnosis
of FHV-1.

and RPA-LFD (C) was tenfold higher than that of PCR 1o* copies/
reaction) (B). M, DNA marker; lane 1, 100 copies; lane 2, 10° copies;
lane 3, 10* copies; lane 4, 10° copies; lane 5, 10? copies
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Fig.5 Comparison of sample treatment methods. Samples were
treated by boiling or extracted using commercial kits. Templates were
then amplified by RPA and detected by agarose gel electrophoresis
(A) and LFD (B). Lane 1, boiling treatment; lane 2, DNA extraction
with kit

Table 2 Detection of FHV-1 in clinical samples by RPA-LFD-FHV
and PCR

Conventional PCR
Positive Negative Total
RPA-LFD Positive 27 4 31
Negative 0 49 49
Total 27 53 80
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