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Abstract: Feline coronavirus (FCoV) is endemic in cat populations worldwide. Persistently, subclini-
cally infected cats play a significant role in spreading the infection. Testing fecal samples of cats may
facilitate efforts to decrease the viral burden within a population. Real-time RT-PCR is highly sensi-
tive and specific for the detection of FCoV but must be performed in a fully equipped laboratory. A
simple and accurate assay is needed to identify FCoV at the point-of-need. The aim of this study was
to develop a rapid FCoV detection assay based on isothermal amplification technology, i.e., reverse
transcription-recombinase polymerase amplification (RT-RPA). Primers were designed to target the
highly conserved 3′ untranslated region of the 7b gene. Running on a constant temperature of 42 ◦C,
reverse transcription as well as DNA amplification and detection was achieved in a maximum of
15 min. A probit analysis revealed a detection limit of 58.5 RNA copies/reaction. For cross-detection,
nucleic acids from 19 viruses were tested. Both RT-RPA and real-time RT-PCR showed cross-detection
with canine coronavirus and transmissible gastroenteritis virus, but not with other pathogens. To
evaluate clinical performance, RNA was extracted from 39 fecal samples from cats. All samples
were tested simultaneously with real-time RT-PCR resulting in a RT-RPA sensitivity and specificity
of 90.9% and 100%, respectively. RT-RPA can be considered a promising simple method for rapid
detection of FCoV.

Keywords: recombinase polymerase amplification; diagnostic; feline coronavirus; FIP; feline infec-
tious peritonitis; RT-RPA; point-of-need testing

1. Introduction

Feline coronavirus (FCoV) is an enveloped single-stranded positive-sense RNA virus,
belonging to the genus Alphacoronavirus, family Coronaviridae, and order Nidovirales [1].
Based on pathogenicity and gene mutations, FCoV can be divided into two biotypes:
the common avirulent feline enteric coronavirus (FECV) and the highly virulent feline
infectious peritonitis virus (FIPV) [2,3]. The clinical signs of feline infectious peritonitis
(FIP) were first described in cats in the US in 1963 [4]. Since then, FCoV has been reported
worldwide and not a single cattery can be considered free from the virus [5]. FCoVs are
subcategorized based on reactivities of neutralizing antibodies to two serotypes, I and II [6].
Serotype I is more prevalent than serotype II in most cat populations tested [7–10]. Natural
transmission of FECV is predominantly via the fecal-oral route, with subsequent infection
of epithelial cells, mostly enterocytes [1,11]. It is known that multi-cat environments show
a higher prevalence of FCoV infections than single-cat environments and different factors
are discussed to play an important role in the spread of the virus [12–14]. One suspected
cause is the frequent use of shared litter trays in facilities with several cats. If one cat is
infected, FCoV spreads very quickly within this population [15–17]. In addition, subclinical
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shedders are a big problem, as they often remain undetected and represent a possible
source of infection [16,18]. Furthermore, the age of the cats is important, as kittens under
one year of age are known to shed FCoV in high amounts [5,14,17,19]. Generally, most
FCoV-infected cats remain without clinical signs or only develop mild enteric signs. Sudden
changes in the virus tropism to macrophages and monocytes instead of enterocytes due to
mutations in the spike gene [20] lead or contribute to the development of the fatal systemic
disease, FIP, in 5–12% of infected cats in multi-cat environments [21]. The clinical signs
of FIP are mostly non-specific, including apathy, fever and weight loss, often followed by
cavity effusions and/or neurological or ocular signs [15]. Cats with effusive FIP only have
a median survival time of a few days [22]. New studies with antiviral therapy resulted
in promising results, but the medication is only available for routine clinical use in few
countries so far [23,24].

Several molecular assays based on RT-PCR, either conventional or real-time, were
established for the detection of FCoV [25–28]. Target samples are usually thoracic or ab-
dominal effusion, blood and/or feces. It is important to emphasize that the detection
of FCoV in the latter is indicative of FECV infection and has little diagnostic value for
the diagnosis of FIP infection [29]. RT-PCR is highly accurate in detecting FCoV in the
feces of cats with and without clinical signs [16]. However, to maximize chances of detect-
ing intermittent shedders, it is recommended to perform RT-PCR on at least three fecal
samples collected at intervals between one week and one month [5]. One drawback of
PCR assays is that they must be performed in centralized, highly equipped laboratories
by trained technicians. A simple, easy to use rapid point-of-need test would be useful
to identify and isolate subclinically infected FCoV shedders to decrease the disease bur-
den. Promising molecular-based methods are isothermal amplification technologies, e.g.,
the loop-mediated isothermal amplification (LAMP) [30,31] or recombinase polymerase
amplification (RPA) [32]. RPA has been used to detect the nucleic acid sequences from a
wide variety of pathogens within a 15 min assay run-time [33–37]. The rapid results were
achieved by using additional proteins to separate the DNA strands instead of thermal
cycling as in the PCR. The simplicity of the RPA assay enables the use of a portable detector
device [38].

In this study, the RT-RPA assay for rapid FCoV detection was developed based on the
highly conserved 3′UTR of the 7b gene. The sensitivity and specificity to detect FCoV as
well as cross-detection was determined. The assay’s clinical performance was validated
using fecal samples. All results were compared with real-time PCR as a reference method.

2. Results
2.1. Selection of RPA Primers and Probe

To select the most efficient primer combination that could amplify few copies of
FCoV RNA, nine combinations of RPA primers were screened using a concentration of
105 and 102 of the RNA molecular standard/µL (Figure S1). To identify any non-specific
fluorescence signals, a negative control containing only molecular grade water as a template
was used (Figure S2). The threshold time (TT) in seconds was calculated as the first rise
of fluorescence intensity Millivolt (mV) above the baseline (the fluorescence intensity
in the first minute) in the first derivative analysis. The best TT value of 180 and 300 s
and a fluorescence signal of 4327 mV and 3481 mV for the 105 and 102 RNA/reaction,
respectively, were achieved using Forward Primer 1 (FP1) and Reverse Primer 3 (RP3)
(Figure S1). FP1 + RP3 primers were aligned to various FCoV and FIPV sequences to assure
the coverage of circulating variants (Figure S7) and were used for further validation steps.

2.2. Analytical Sensitivity and Specifity

The RT-RPA assay’s limit of detection was determined using various concentrations of
an in vitro-transcribed RNA molecular standard (5× 103 to 100 copies/reaction) (Figure 1a).
Out of nine RT-RPA runs, 5 × 103 and 5 × 102 copies/reaction were detected 9/9 times;
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50 copies/reaction, 6/9, while 5 copies/µL was not detected. A probit analysis based on
these results revealed a limit of detection of 58.5 RNA copies/reaction (95% CI) (Figure 2).
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Figure 1. The amplification curves of RT-RPA run with Forward Primer 1 (FP1) and Reverse
Primer 3 (RP3) using (a) serial dilution of molecular standard from 103 to 101 copies/µL and
(b) serial dilution of extracted RNA of feline coronavirus supernatant from cell culture (1.7 × 106 to
4.5 × 100 copies/µL) together with negative template control (NTC). The drop in the fluorescence sig-
nal after three minutes was due to the mixing step, which is necessary to produce a homogeneous RPA
reaction. For each run, 5 µL was used, which lead to a limit of detection of 22.5 × 100 copies/reaction
of the viral RNA.
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Figure 2. A probit analysis based on the results of nine RT-RPA runs with molecular standard 5× 103

to 100 RNA copies/reaction. The limit of detection is displayed per microliter (11.7 RNA molecules),
which is 58.5 copies/reaction (depicted as asterisk).

Serial dilutions of FCoV RNA extracted from tissue culture supernatant were tested
in quantitative RT-PCR. A range of 8.5 × 106 to 22.5 × 100 copies/reaction of RNA was
revealed. The FCoV RT-RPA assay amplified down to 22.5 × 100 copies/reaction of the
genomic RNA (Figure 1b), which indicates similar analytical sensitivity to the real-time
RT-PCR. Additionally, the same serial dilution of the viral RNA was spiked with nucleic
acid extracted from a fecal sample that was tested negative using real-time PCR. As in
Figure S3, this analytical sensitivity was 50 viral RNA copies/reaction in the presence of
host background nucleic acids.

Results achieved with the RT-RAA kit which was used to compare the performance of
our oligo mixes and the molecular standard with kits from different producers were the
same as with the RPA kit from TwistDx (Figure S4).

Both the RT-RPA assay and real-time RT-PCR showed no cross-detection to the
RNA/DNA of 16 different viruses but amplified two coronaviruses in addition to the
FIPV (canine coronavirus strain 1–71 Riemser Virusbank (RVB), transmissible gastroenteri-
tis virus strain 70 RVB) (Table 1, Figure S5a–d).

2.3. Clinical Samples

The clinical performance of the RT-RPA assay was examined using 39 fecal samples
(Table S1). The RT-RPA results were compared with those of the real-time RT-PCR. In total,
22 samples tested positive by real-time RT-PCR, while 20 were tested positive in RT-RPA.
Both assays had the same clinical specificity (number of negative samples = 17) (Table 2).

2.4. Sequencing

The 3′UTR end of three samples, including one false negative and two positive identi-
fied samples, were sequenced. The obtained sequences were compared using Geneious
Prime to evaluate whether changes in the nucleotides of one sample were the cause of false
negative results in the RT-RPA. The alignment of the sequences showed no differences
between the three samples in the primer and probe region.
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Table 1. List of viruses used for determining the cross-detection of the RT-RPA assay. The results are shown in the cycle
threshold (Ct) of real-time RT-PCR and time threshold (TT, s.) of RT-RPA. RVB is Riemser Virusbank.

Virus Real-Time RT-PCR (Ct) RT-RPA (TT)

Feline infectious peritonitis virus ++++ 13.42 120
Canine coronavirus strain 1-71 RVB + 15.97 160
Transmissible gastroenteritis virus strain 70 RVB + 18.38 180
Transmissible gastroenteritis virus strain 545 RVB + No Ct Neg
Feline calicivirus ++++ No Ct Neg
Feline herpesvirus ++++ No Ct Neg
Feline parvovirus ++++ No Ct Neg
Canine parvovirus ++++ No Ct Neg
Canine herpesvirus ++++ No Ct Neg
Canine minute virus ++++ No Ct Neg
Canine adenovirus ++++ No Ct Neg
Canine distemper virus ++++ No Ct Neg
Bovine coronavirus V321.2 + No Ct Neg
Severe acute respiratory syndrome coronavirus +++ No Ct Neg
Severe acute respiratory syndrome coronavirus 2 +++ No Ct Neg
Human coronavirus 229E ++ No Ct Neg
Human coronavirus NL63 ++ No Ct Neg
Human coronavirus OC43 ++ No Ct Neg
Middle East respiratory syndrome coronavirus ++ No Ct Neg

+ = provided by Friedrich Loeffler Institute (Greifswald, Germany). ++ = provided by Robert Koch Institute (Berlin, Germany).
+++ = provided by Charité (Berlin, Germany). ++++ = Institute of Animal Hygiene and Veterinary Public Health (Leipzig, Germany).

Table 2. Clinical sensitivity and specificity of RT-RPA and real-time RT-PCR. n = number of tested
samples.

RT-RPA Real-Time RT-PCR

Sensitivity (n = 22) 90.9% 100%
Specificity (n = 17) 100% 100%

3. Discussion

FCoV infection poses a high threat to cats, especially kittens, due to the possible
development of FIP. To prevent further spread of the infection, the development of a
fast and sensitive surveillance system for FCoV shedding is a necessity. In this study,
an isothermal RT-RPA assay for rapid detection of FCoV within 15 min was developed
and its diagnostic utility was compared to real-time RT-PCR. A limit of detection of
58.5 copies/reaction and a clinical sensitivity and specificity of 90.9 and 100%, respectively,
were achieved. Of all viruses, RNA viruses in particular have a high tendency to mutate [39].
To detect all different strains of FCoV, the target sequence used for a diagnostic assay
should be conserved. Therefore, the untranslated region of the accessory 7b gene (function
unknown [40]) at the 3’-end of the viral genome was selected as a target for the FCoV
RT-RPA, since it is described as highly conserved among FCoVs [28]. Moreover, its good
clinical performance was already proven in many studies [16,41,42].

As no strict rules for RPA primer design are prescribed, several primer combinations
were tested in the present study. Many recommendations can be followed from the kit’s
producer [43] and/or published data [33,44]. Generally, the size of the primers should
be between 30 and 36 bases, and multiple Gs in the first five bases of the 5′-end must be
avoided. Furthermore, the recommended GC content is between 20–70%. The complexity
of primer design is high in the presence of secondary structure in the target sequence.
Moreover, the binding of primers can change the folding of the target region and prevent
other oligonucleotides from accomplishing the amplification step [33]. Since coronaviruses
have a positive-sense RNA genome [1], a reverse transcriptase step is necessary. Therefore,
the reverse primer (RP) is needed for both the RT and the amplification steps. As a
consequence, a higher concentration of reverse primers would increase the assay’s overall
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performance [44]. In the present study, different concentrations of the reverse primer
were tested (data not shown) and the highest sensitivity was achieved using a double
concentration of the RP. The same phenomenon was observed during the design of the
SARS-CoV-2 RT-RPA assays [44].

The cross-detection to other pathogens was determined by using 19 different viruses,
which either belonged to the family Coronaviridae or were common pathogens in cat and
dog populations. Both the new assay and the real-time RT-PCR-amplified strains of
FCoV, as well as one strain of canine coronavirus (CCoV) and one strain of transmissible
gastroenteritis virus (TGEV), are all alphacoronaviruses. Antigenic cross-detection is limited
to species that belong to the same genus [1]. Sequence analysis of the 3′ UTR of the
accessory 7 gene revealed high similarities between FCoV, CCoV and TGEV [45–47]. The
most important question is the relevance of such a finding to the clinical field observations.
Even though the natural infection of cats with CCoV and TGEV has not been officially
reported, cats can be experimentally infected with these viruses and seroconvert after
infection [48]. In this regard, positive results of both RT-RPA and real-time RT-PCR should
be confirmed by sequencing, especially if cats are living in close contact with other animals,
as coronaviruses are known to have crossed species barriers [49].

Of all fecal samples detected positive in real-time RT-PCR (n = 22), twenty samples
with Ct values between 15 and 36 in real-time RT-PCR were correctly identified as positive
in the RT-RPA assay. The other two positive samples in real-time RT-PCR were false
negative in the RT-RPA assay. Generally, false negative results can be due to low viral
load, as well as mutations at the targeted sequence or inhibitory effects. In this case,
the latter is unlikely to be the reason, as RPA is known for its robustness to inhibitory
effects [50]. Low viral load could be the explanation for one of the false negative results, as
this sample had a Ct value higher than 35 (Table S1). For the other false negative sample,
low viral load is unlikely to be the cause, since the sample had a Ct of 27 and other positive
samples with a Ct value of 30 and more were identified correctly in FCoV-RT-RPA. Even
though the target sequence is highly conserved, there is a possibility of mutations. To
exclude sequence variation as a cause, the corresponding sample was sequenced and then
aligned to the sequence of two correctly identified samples using Geneious Prime. No
differences in nucleotides were observed. Therefore, the reason for the false negative result
remains unclear.

Another very popular isothermal amplification assay is the loop-mediated isothermal
amplification (LAMP). LAMP is based on the use of a DNA polymerase with strand
displacement activity, making amplification possible at a constant temperature (60–65 ◦C)
for 30–60 min [31]. LAMP requires at least four to six primers which is not easy to design
for very limited conserved regions in RNA viruses [51]. Hitherto, three LAMP-based
assays for detection of FCoV were published. In one study, screening 71 samples with two
commercially available LAMP assays revealed sensitivities of 35.3% and 58.8% [30]. This
inferior clinical sensitivity of the RT-LAMP to the RT-PCR is consistent with the results of a
previously published study (around 50%) [52]. By contrast, the newly developed RT-RPA
assay was fast (main TT value 170 s) and sensitive (90.9%), relying on one primer pair.

Immunochromatography tests for the detection of FCoV antigen are commercially
available from various companies. The sensitivity and specificity in comparison to RT-
PCR is around 95% [53,54]. Unfortunately, the claimed diagnostic sensitivities were not
evaluated by an independent research group.

The standard molecular diagnostic methods for RNA virus detection remains real-
time RT-PCR. This method, however, is time-consuming and requires a well-equipped
laboratory, rendering it impractical as a routine point-of-need test. To overcome these
drawbacks, rapid PCR systems have been developed recently [55–57]. The high speed of
the PCR was achieved by changing the cycling protocol [57]. One research group optimized
the heat transfer to achieve fast thermal cycling with the use of a sample holder that quickly
dissipated excess heat due to its high thermal conductivity. The significant reduction of
the transition times (68% compared to commercial real-time PCR) leads to an increased
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speed of amplification [58]. A different approach to speed up PCR is the use of induction
heating [59]. All these techniques are still in the early stages of development and no
protocols for the detection of FCoV are available yet. In terms of applicability for point-of-
need testing, RPA shows clear advantages. The detection device is easy to transport and
operate via a solar battery. Results can be achieved in less than 15 min. Additionally, RPA
reagents are available in a dry pellet form. These advantages led to the implementation
of RPA in a mobile suitcase lab to make diagnosis possible in low-resourced settings for
several viruses [33,38,44,60].

One RPA assay for detection of FCoV was developed based on the membrane gene
as the target region [61], which was reported highly sensitive and specific. Unfortunately,
it was not possible to reproduce these results in our laboratory (Figure S6), which might
be due to a difference in the kits’ sources. To make sure that the current FCoV-RT-RPA
was compatible with kits from other producers, RT-RAA was performed following man-
ufacturer instructions using our molecular RNA standard and oligo mixes. Exactly the
same analytical sensitivity was achieved. That indicates the robustness of our assay. A
limitation of the study is that all samples were extracted by silica-based RNA extraction
kits before being tested in both real-time RT-PCR and RT-RPA. This step is time-consuming.
The inclusion of a simple preparation step will be necessary for field application. This
seems very realistic, as the RPA can tolerate inhibitors since crude samples have been used
directly in previous studies [62,63]. Furthermore, it is important to emphasize that the
designed assay is a good method for screening cat populations for FCoV infections, but is
not designed to confirm a FIPV infection.

To conclude, the FCoV-RT-RPA was proven a rapid and sensitive assay for the de-
tection of FCoV in the extracted samples. The deployment of rapid point-of-need tests
and following measures would lead to a significant reduction of FCoV in cat populations.
The easy handling of the RT-RPA assay makes repeated testing possible for identifying
intermittent shedders.

4. Materials and Methods
4.1. Clinical Samples and Ethical Statement

In total, 39 archived samples were used. Three samples were used from a pool of
archived samples from cats with an unknown infection status collected during a surveil-
lance study in Leipzig approved by the Landesdirektion Sachsen: A 19/17. A total of
36 fecal samples were collected during routine diagnosis. The owners had approved the
use of the leftovers from the samples for research purposes. To test for cross-detection,
inactivated viruses which were not available in our laboratory were provided by Friedrich
Loeffler Institute, Robert Koch Institute and Charité Berlin, Germany. Viral RNA from
all samples was extracted using the viral RNA Mini Kit (QIAGEN, Hilden, Germany)
according to the instructions of the manufacturer.

4.2. Molecular RNA Standard

RNA standard (3′ UTR of the 7b gene of FCoV, nucleotides 28,584 to 29,096 of the Gen-
Bank accession number DQ010921) was used to determine the assay’s analytical sensitivity.
First, a DNA strand was produced by Thermo Fisher Scientific GENEART (Regensburg,
Germany) with the T7 promotor attached at the 5′-end (5′–TAATACGACTCACTATAG–3′).
The DNA was transcribed into RNA using HiScribe T7 Quick High Yield RNA Synthesis
Kit (New England Biolabs GmbH, Frankfurt, Germany) following the manufacturer’s
instructions. DNase treatment was applied to remove the background DNA using DNase I
(2000 U/mL) (New England Biolabs GmbH, Frankfurt, Germany). RNA quantification was
performed by Qubit RNA BR Assay Kit from Thermo Fisher Scientific (Regensburg, Ger-
many). Ten-fold serial dilutions ranging from 107–100 RNA molecules/µL were prepared.
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4.3. Real-Time RT-PCR

The real-time RT-PCR assay was performed using a published protocol [27] on the
Stratagene Mx3005p QPCR system (Agilent Technologies, Santa Clara, CA, United States)
using the QuantiTect Probe RT-PCR Kit (QIAGEN, Hilden, Germany). Briefly, the re-
action mix contained 10 µL of the 2x QuantiTect Probe RT-PCR Master Mix, 7.5 µL of
PCR clean water, 0.2 µL of the QuantiTect RT Mix, 0.5 µL of forward primer FCoV1128f-
5′-GATTTGATTTGGCAATGCTAGATTT-3′, 0.5 µL of reverse primer 5′-FCoV1229r 5′-
AACAATCACTAGATCCAGACGTTAGCT-3′ and 0.3 µL of the probe 5′-6FAM-TCCgCTATg
ACgAgCCAACAATggATMR-3′ (each 10 µM) [27]. Then 1 µL of the template was added.
The thermal profile was applied as follows: 50 ◦C for 30 min, 95 ◦C for 15 min, then
40 cycles of 94 ◦C/15 s and 60 ◦C/45 s.

4.4. Real-Time RT-RPA

Three forward and three reverse primers as well as Exo-probe (Table 3) were produced
by TIB Molbiol (Berlin, Germany) and Biomers (Ulm, Germany). Various oligonucleotide
combinations were tested to select the most sensitive RT-RPA assay. The optimal RT-RPA
reaction mix was conducted using TwistAmp Exo kit (TwistDx Ltd., Cambridge, UK) and
lyophilized Reverse Transcriptase RevertAid from Thermo Fisher Scientific (Regensburg,
Germany) as follows: 8.2 µL of Reverse Transcriptase (500 U per reaction), 29.5 µL of
rehydration buffer, 2.5 µL of magnesium acetate, 2.1 µL of 10 µM forward primer, 2.1 µL of
20 µM reverse primer, 0.6 µL of 10 µM probe and 5 µL of the RNA template were added
into the lid of the tube containing freeze-dried reaction pellets. In each RT-RPA run, one
tube with molecular biology grade water was used as a negative control. The tube was
closed, spun, mixed, and spun again (SMS). Thereafter, the tube was incubated into the
T8-ISO instrument (Axxin, Fairfield, Australia) at 42 ◦C for 15 min. After 230 s, a mixing
step by vortexing was performed. The FAM fluorescence signal intensities were measured
every 20 s. The run with the different kit was performed using our molecule standard and
oligo mixes with an RT-RAA nucleic acid amplification kit (Fluorescent Method, Jiangsu
Qitian Gene Technology Co., Ningbo, China) according to manufacturer instructions.

Table 3. List of RT-RPA oligonucleotides. BHQ = Black Hole Quencher, FAM = fluorescein amidite.

Names Sequences (5′-3′)

Forward primer 1 (FP1) TCATCGCGCTGCCTACTCTTGTACAGAATGGTAAG
Forward primer 2 (FP2) CCGATGTCTAAAACTTGTCTTTCCGAGGAATTAC
Forward primer 3 (FP3) ACTTGAAGCAATTCAGAAGCAAGAAGGTCTTCGAC
Reverse primer 1 (RP1) AATCTAGCATTGCCAAATCAAATCTAAACTTCCTA
Reverse primer 2 (RP 2) GTCATAGCGGATCTTTAAACTTCTCTAAATTACTA
Reverse primer 3 (RP 3) ACTAGATCCAGACGTTAGCTCTTCCATTGTTGGCTC

ExoProbe (P) ATCTAAACTTCCTAA (BHQ1-dT, Tetrahydrofuran and FAM-dT)
GCAATAGGGTTGCTTGTACCTCCTATTACACG–Phosphate

4.5. Analytical Sensitivity and Specificity

The analytical sensitivity of the RT-RPA assay was determined using serial dilution of
the molecular RNA standard (103–100 RNA copies per µL) as well as various concentrations
of viral whole-genome extracted from cell culture supernatant (1.7 × 106 to 4.5 ×100 RNA
copies per µL). Per reaction, 5 µL of the RNA was used. For determining the analytical
sensitivity, the viral RNA dilution series was tested with and without host background
nucleic acid extracted from real-time RT-PCR FCoV negative samples (nanodrop value:
26 ng/µL for DNA and 21.1 ng/µL for RNA). Using RStudio version 1.3.1093 (RStudio,
Boston, MA, United States) [64], a probit regression was performed and the limit of detec-
tion was calculated. The illustration was created using the ggplot2 package (v3.3.3; [65]).
To determine the cross-detection of the RT-RPA assay, the RNA/DNA of 19 viruses from
cell culture were tested (Table 1).
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4.6. RT-PCR and Sequencing

The sequencing of the 7b gene of three samples was conducted based on a previous
publication of Lin et al. [66] RT-PCR was performed using OneStep RT-PCR Kit from
(QIAGEN, Hilden, Germany). The reaction mix contained 5 µL of the 5xOneStep RT-
PCR Buffer, 10.5 µL of PCR clean water, 1 µL of the dNTP mix, 1.25 µL each of the
10 µM forward (7a–F1: 5′-CTGCGAGTGATCTTTCTAG-3′) and reverse primer (P211: 5′-
CACTAGATCCAGACGTTAGCTC-3′) and 1 µL of the OneStep RT-PCR Enzyme Mix.
Thereafter, 5 µL of the extracted sample was added. The following thermal profile was
used for RT-PCR: 50 ◦C for 30 min, 95 ◦C for 15 min, then 35 cycles of 94 ◦C/30 s, 56 ◦C/30 s
and 72 ◦C/1 min.

For electrophoresis, 8 µL of each sample was analyzed using a 1.5% agarose gel. The
amplicon was purified (NucleoSpin Gel and PCR Clean-up, Mini kit for gel extraction and
PCR clean up, MACHEREY-NAGEL, Dueren, Germany) and then sequenced by Eurofins
Genomics (Munich, Germany). Geneious prime (2 February 2020, Auckland, New Zealand)
was applied for data analysis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pathogens10101237/s1, Figure S1: Amplifications curves of RT-RPA testing different primer
combinations to achieve the highest sensitivity of the RT-RPA assay. Figure S2: Amplification curves
of the different primer combinations using molecular water as a template for control of unspecific
fluorescence signal. Figure S3: Amplification curves of RT-RPA using an extracted faecal sample
spiked with serial dilution of extracted RNA of feline coronavirus supernatant from cell culture.
Figure S4: Amplifications curves of RT-RAA runs using primer FP1 and RP3 designed in this study
with the molecular standard dilution range (106 to 10 copies/µL). Figure S5: Amplifications curves
of RT-RPA runs with DNA/RNA of 19 viruses extracted from cell culture that were tested in order to
determine the cross-detection of the assay. Figure S6: Amplifications curves of RPA runs using primer
and probes published in “Development of a recombinase polymerase amplification fluorescence
assay to detect feline coronavirus”. Figure S7: Alignment of FP1, RP3 and ExoProbe with the
genome sequences of different strains of (a) FCoVs and (b) FIPVs. Table S1: Summary of all samples
tested. Results are shown in Cycle Threshold (Ct) for real-time RT-PCR and Time Threshold (TT, s)
for RT-RPA.

Author Contributions: Conceptualization and methodology, R.M.K., A.C., U.T, A.A.E.W.; validation,
R.M.K., A.A.E.W.; formal analysis, R.M.K.; investigation, R.M.K., A.C., U.T., M.B., K.H., A.A.E.W.;
resources, M.B., K.H., U.T.; data curation, R.M.K.; writing—original draft preparation, R.M.K.,
A.A.E.W.; writing—review and editing, all coauthors; visualization, R.M.K., A.C.; supervision,
A.A.E.W., U.T.; project administration, A.A.E.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal experiment was externally approved by the
competent authority Landesdirektion Sachsen under reference number A 19/17.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data produced in the study is mentioned in the manuscript or
Supplementary Materials.

Acknowledgments: We thanks Uni Leipzig Open Access Office for covering the publication fees and
Manfred Weidmann from Midge Medical for collaboration.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. de Groot, R. Coronaviridae. Virus Taxonomy: Ninth Report of the International Committee on Taxonomy of Viruses; King, A.M.Q., Adams,

M.J., Carstens, E.B., Lefkowitz, E.J., Eds.; Coronaviridae; Elsevier Academic Press: London, UK, 2011; pp. 806–828.
2. Pedersen, N.C.; Boyle, J.F.; Floyd, K. Infection studies in kittens, using feline infectious peritonitis virus propagated in cell culture.

Am. J. Veter. Res. 1981, 42, 363–367.

https://www.mdpi.com/article/10.3390/pathogens10101237/s1
https://www.mdpi.com/article/10.3390/pathogens10101237/s1


Pathogens 2021, 10, 1237 10 of 12

3. Pedersen, N.C.; Boyle, J.F.; Floyd, K.; Fudge, A.; Barker, J. An enteric coronavirus infection of cats and its relationship to feline
infectious peritonitis. Am. J. Veter. Res. 1981, 42, 368–377.

4. Holzworth, J. Some important disorders of cats. Cornell Vet. 1963, 53, 157–160. [PubMed]
5. Klein-Richers, U.; Hartmann, K.; Hofmann-Lehmann, R.; Unterer, S.; Bergmann, M.; Rieger, A.; Leutenegger, C.; Pantchev, N.;

Balzer, J.; Felten, S. Prevalence of Feline Coronavirus Shedding in German Catteries and Associated Risk Factors. Viruses 2020,
12, 1000. [CrossRef] [PubMed]

6. Hohdatsu, T.; Okada, S.; Koyama, H. Characterization of monoclonal antibodies against feline infectious peritonitis virus type II
and antigenic relationship between feline, porcine, and canine coronaviruses. Arch. Virol. 1991, 117, 85–95. [CrossRef] [PubMed]

7. Benetka, V.; Kübber-Heiss, A.; Kolodziejek, J.; Nowotny, N.; Hofmann-Parisot, M.; Möstl, K. Prevalence of feline coronavirus
types I and II in cats with histopathologically verified feline infectious peritonitis. Veter. Microbiol. 2004, 99, 31–42. [CrossRef]
[PubMed]

8. Hohdatsu, T.; Okada, S.; Ishizuka, Y.; Yamada, H.; Koyama, H. The Prevalence of Types I and II Feline Coronavirus Infections in
Cats. J. Veter. Med Sci. 1992, 54, 557–562. [CrossRef]

9. Addie, D.D.; Schaap, I.; Nicolson, L.; Jarrett, O. Persistence and transmission of natural type I feline coronavirus infection. J. Gen.
Virol. 2003, 84, 2735–2744. [CrossRef]

10. Rottier, P.J. The molecular dynamics of feline coronaviruses. Veter. Microbiol. 1999, 69, 117–125. [CrossRef]
11. Pedersen, N. An Overview of Feline Enteric Coronavirus and Infectious Peritonitis Virus Infections. Feline Pract. 1995, 23, 7–20.
12. Addie, D.D.; Paltrinieri, S.; Pedersen, N.C. Secong international feline coronavirus/feline infectious peritonitis symposium

Recommendations from workshops of the second international feline coronavirus/feline infectious peritonitis symposium. J.
Feline Med. Surg. 2004, 6, 125–130. [CrossRef]

13. Cave, T.A.; Golder, M.C.; Simpson, J.; Addie, D.D. Risk factors for feline coronavirus seropositivity in cats relinquished to a UK
rescue charity. J. Feline Med. Surg. 2004, 6, 53–58. [CrossRef] [PubMed]

14. Pedersen, N.; Sato, R.; Foley, J.; Poland, A. Common virus infections in cats, before and after being placed in shelters, with
emphasis on feline enteric coronavirus. J. Feline Med. Surg. 2004, 6, 83–88. [CrossRef]

15. Pedersen, N.C. A review of feline infectious peritonitis virus infection: 1963–2008. J. Feline Med. Surg. 2009, 11, 225–258. [CrossRef]
16. Addie, D.D.; Jarrett, O. Use of a reverse-transcriptase polymerase chain reaction for monitoring the shedding of feline coronavirus

by healthy cats. Veter. Rec. 2001, 148, 649–653. [CrossRef]
17. Foley, J.E.; Poland, A.; Carlson, J.; Pedersen, N.C. Patterns of feline coronavirus infection and fecal shedding from cats in

multiple-cat environments. J. Am. Vet. Med Assoc. 1997, 210, 1307–1312. [PubMed]
18. Vogel, L.; Van Der Lubben, M.; Lintelo, E.G.T.; Bekker, C.P.; Geerts, T.; Schuijff, L.S.; Grinwis, G.; Egberink, H.; Rottier, P.J.

Pathogenic characteristics of persistent feline enteric coronavirus infection in cats. Veter. Res. 2010, 41, 71. [CrossRef]
19. Pedersen, N.C.; Allen, C.E.; Lyons, L. Pathogenesis of feline enteric coronavirus infection. J. Feline Med. Surg. 2008, 10, 529–541.

[CrossRef]
20. Chang, H.-W.; Egberink, H.; Halpin, R.; Spiro, D.J.; Rottier, P.J. Spike Protein Fusion Peptide and Feline Coronavirus Virulence.

Emerg. Infect. Dis. 2012, 18, 1089–1095. [CrossRef]
21. Addie, D.D.; Jarrett, O. A study of naturally occurring feline coronavirus infections in kittens. Veter. Rec. 1992, 130, 133–137.

[CrossRef] [PubMed]
22. Ritz, S.; Egberink, H.; Hartmann, K. Effect of feline interferon-omega on the survival time and quality of life of cats with feline

infectious peritonitis. J. Vet. Intern. Med. 2007, 21, 1193–1197. [CrossRef]
23. Dickinson, P.J.; Bannasch, M.; Thomasy, S.M.; Murthy, V.; Vernau, K.M.; Liepnieks, M.; Montgomery, E.; Knickelbein, K.E.;

Murphy, B.; Pedersen, N.C. Antiviral treatment using the adenosine nucleoside analogue GS-441524 in cats with clinically
diagnosed neurological feline infectious peritonitis. J. Veter. Intern. Med. 2020, 34, 1587–1593. [CrossRef]

24. Addie, D.; Covell-Ritchie, J.; Jarrett, O.; Fosbery, M. Rapid Resolution of Non-Effusive Feline Infectious Peritonitis Uveitis with an
Oral Adenosine Nucleoside Analogue and Feline Interferon Omega. Viruses 2020, 12, 1216. [CrossRef]

25. Doenges, S.J.; Weber, K.; Dorsch, R.; Fux, R.; Hartmann, K. Comparison of real-time reverse transcriptase polymerase chain
reaction of peripheral blood mononuclear cells, serum and cell-free body cavity effusion for the diagnosis of feline infectious
peritonitis. J. Feline Med. Surg. 2016, 19, 344–350. [CrossRef]

26. Dye, C.; Helps, C.R.; Siddell, S.G. Evaluation of real-time RT-PCR for the quantification of FCoV shedding in the faeces of
domestic cats. J. Feline Med. Surg. 2008, 10, 167–174. [CrossRef]

27. Gut, M.; Leutenegger, C.M.; Huder, J.B.; Pedersen, N.C.; Lutz, H. One-tube fluorogenic reverse transcription-polymerase chain
reaction for the quantitation of feline coronaviruses. J. Virol. Methods. 1999, 77, 37–46. [CrossRef]

28. Herrewegh, A.A. Detection of feline coronavirus RNA in feces, tissues, and body fluids of naturally infected cats by reverse
transcriptase PCR. J. Clin. Microbiol. 1995, 33, 684–689. [CrossRef] [PubMed]

29. Barker, E.N.; Stranieri, A.; Helps, C.R.; Porter, E.L.; Davidson, A.D.; Day, M.J.; Knowles, T.; Kipar, A.; Tasker, S. Limitations
of using feline coronavirus spike protein gene mutations to diagnose feline infectious peritonitis. Veter. Res. 2017, 48, 1–14.
[CrossRef]

30. Günther, S.; Felten, S.; Wess, G.; Hartmann, K.; Weber, K. Detection of feline Coronavirus in effusions of cats with and without
feline infectious peritonitis using loop-mediated isothermal amplification. J. Virol. Methods 2018, 256, 32–36. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/13961523
http://doi.org/10.3390/v12091000
http://www.ncbi.nlm.nih.gov/pubmed/32911718
http://doi.org/10.1007/BF01310494
http://www.ncbi.nlm.nih.gov/pubmed/1706593
http://doi.org/10.1016/j.vetmic.2003.07.010
http://www.ncbi.nlm.nih.gov/pubmed/15019109
http://doi.org/10.1292/jvms.54.557
http://doi.org/10.1099/vir.0.19129-0
http://doi.org/10.1016/S0378-1135(99)00099-1
http://doi.org/10.1016/j.jfms.2003.12.009
http://doi.org/10.1016/j.jfms.2004.01.003
http://www.ncbi.nlm.nih.gov/pubmed/15123148
http://doi.org/10.1016/j.jfms.2003.08.008
http://doi.org/10.1016/j.jfms.2008.09.008
http://doi.org/10.1136/vr.148.21.649
http://www.ncbi.nlm.nih.gov/pubmed/9143535
http://doi.org/10.1051/vetres/2010043
http://doi.org/10.1016/j.jfms.2008.02.006
http://doi.org/10.3201/eid1807.120143
http://doi.org/10.1136/vr.130.7.133
http://www.ncbi.nlm.nih.gov/pubmed/1313617
http://doi.org/10.1111/j.1939-1676.2007.tb01937.x
http://doi.org/10.1111/jvim.15780
http://doi.org/10.3390/v12111216
http://doi.org/10.1177/1098612X15625354
http://doi.org/10.1016/j.jfms.2007.10.010
http://doi.org/10.1016/S0166-0934(98)00129-3
http://doi.org/10.1128/jcm.33.3.684-689.1995
http://www.ncbi.nlm.nih.gov/pubmed/7751377
http://doi.org/10.1186/s13567-017-0467-9
http://doi.org/10.1016/j.jviromet.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/29540320


Pathogens 2021, 10, 1237 11 of 12

31. Notomi, T.; Okayama, H.; Masubuchai, H.; Yonekawa, T.; Watanabe, K.; Amino, N.; Hase, T. Loop-mediated isothermal
amplification of DNA. Nucleic Acids Res. 2000, 28, E63. [CrossRef] [PubMed]

32. Li, J.; Macdonald, J.; von Stetten, F. Review: A comprehensive summary of a decade development of the recombinase polymerase
amplification. Anal. 2019, 144, 31–67. [CrossRef]

33. El Wahed, A.A.; El-Deeb, A.; El-Tholoth, M.; El Kader, H.A.; Ahmed, A.; Hassan, S.; Hoffmann, B.; Haas, B.; Shalaby, M.A.; Hufert,
F.T.; et al. A Portable Reverse Transcription Recombinase Polymerase Amplification Assay for Rapid Detection of Foot-and-Mouth
Disease Virus. PLoS ONE. 2013, 8, e71642. [CrossRef]

34. El Wahed, A.A.; Patel, P.; Heidenreich, D.; Hufert, F.T.; Weidmann, M. Reverse Transcription Recombinase Polymerase Amplifica-
tion Assay for the Detection of Middle East Respiratory Syndrome Coronavirus. PLoS Curr. 2013, 5, 5. [CrossRef]

35. Euler, M.; Wang, Y.; Heidenreich, D.; Patel, P.; Strohmeier, O.; Hakenberg, S.; Niedrig, M.; Hufert, F.T.; Weidmann, M. Development
of a Panel of Recombinase Polymerase Amplification Assays for Detection of Biothreat Agents. J. Clin. Microbiol. 2013, 51,
1110–1117. [CrossRef]

36. Euler, M.; Wang, Y.; Nentwich, O.; Piepenburg, O.; Hufert, F.T.; Weidmann, M. Recombinase polymerase amplification assay for
rapid detection of Rift Valley fever virus. J. Clin. Virol. 2012, 54, 308–312. [CrossRef]

37. Euler, M.; Wang, Y.; Otto, P.; Tomaso, H.; Escudero, R.; Anda, P.; Hufert, F.T.; Weidmann, M. Recombinase Polymerase
Amplification Assay for Rapid Detection of Francisella tularensis. J. Clin. Microbiol. 2012, 50, 2234–2238. [CrossRef]

38. El Wahed, A.A.; Weidmann, M.; Hufert, F.T. Diagnostics-in-a-Suitcase: Development of a portable and rapid assay for the
detection of the emerging avian influenza A (H7N9) virus. J. Clin. Virol. 2015, 69, 16–21. [CrossRef] [PubMed]

39. Holland, J.; Spindler, K.; Horodyski, F.; Grabau, E.; Nichol, S.; Vandepol, S. Rapid evolution of RNA genomes. Science. 1982, 215,
1577–1585. [CrossRef]

40. Vennema, H.; Heijnen, L.; Rottier, P.J.; Horzinek, M.C.; Spaan, W.J. A novel glycoprotein of feline infectious peritonitis coronavirus
contains a KDEL-like endoplasmic reticulum retention signal. J. Virol. 1992, 66, 4951–4956. [CrossRef] [PubMed]

41. Dunbar, D.; Kwok, W.; Graham, E.; Armitage, A.; Irvine, R.; Johnston, P.; McDonald, M.; Montgomery, D.; Nicolson, L.; Robertson,
E.; et al. Diagnosis of non-effusive feline infectious peritonitis by reverse transcriptase quantitative PCR from mesenteric lymph
node fine-needle aspirates. J. Feline Med. Surg. 2019, 21, 910–921. [CrossRef] [PubMed]

42. Kipar, A.; Baptiste, K.; Barth, A.; Reinacher, M. Natural FCoV infection: Cats with FIP exhibit significantly higher viral loads than
healthy infected cats. J. Feline Med. Surg. 2006, 8, 69–72. [CrossRef] [PubMed]

43. TwistDx™. TwistAmp®DNA Amplification Kits Assay Design Manual. Available online: https://www.twistdx.co.uk (accessed
on 4 August 2021).

44. El Wahed, A.A. Suitcase Lab for rapid detection of SARS-CoV-2 based on recombinase polymerase amplification assay. Anal.
Chem. 2021, 93, 2627–2634. [CrossRef] [PubMed]

45. Horsburgh, B.C.; Brierley, I.; Brown, T.D.K. Analysis of a 9.6 kb sequence from the 3′ end of canine coronavirus genomic RNA. J.
Gen. Virol. 1992, 73, 2849–2862. [CrossRef] [PubMed]

46. Vennema, H.; Rossen, J.; Wesseling, J.; Horzinek, M.; Rottier, P. Genomic organization and expression of the 3′ end of the canine
and feline enteric coronaviruses. Virology 1992, 191, 134–140. [CrossRef]

47. De Groot, R.J.; Ter Haar, R.J.; Horzinek, M.C.; Van Der Zeijst, B.A.M. Intracellular RNAs of the Feline Infectious Peritonitis
Coronavirus Strain 79-1146. J. Gen. Virol. 1987, 68, 995–1002. [CrossRef] [PubMed]

48. E Barlough, J.; A Stoddart, C.; Sorresso, G.P.; Jacobson, R.H.; Scott, F.W. Experimental inoculation of cats with canine coronavirus
and subsequent challenge with feline infectious peritonitis virus. Lab. Anim. Sci. 1984, 34, 592–597.

49. Graham, R.L.; Baric, R.S. Recombination, Reservoirs, and the Modular Spike: Mechanisms of Coronavirus Cross-Species
Transmission. J. Virol. 2010, 84, 3134–3146. [CrossRef]

50. Bonney, L.C.; Watson, R.J.; Afrough, B.; Mullojonova, M.; Dzhuraeva, V.; Tishkova, F.; Hewson, R. A recombinase polymerase
amplification assay for rapid detection of Crimean-Congo Haemorrhagic fever Virus infection. PLOS Negl. Trop. Dis. 2017,
11, e0006013. [CrossRef]

51. El Wahed, A.A.; Patel, P.; Faye, O.; Thaloengsok, S.; Heidenreich, D.; Matangkasombut, P.; Manopwisedjaroen, K.; Sakuntabhai,
A.; Sall, A.A.; Hufert, F.T.; et al. Recombinase Polymerase Amplification Assay for Rapid Diagnostics of Dengue Infection. PLoS
ONE. 2015, 10, e0129682. [CrossRef]

52. Stranieri, A.; Lauzi, S.; Giordano, A.; Paltrinieri, S. Reverse transcriptase loop-mediated isothermal amplification for the detection
of feline coronavirus. J. Virol. Methods 2017, 243, 105–108. [CrossRef]

53. tamaVet GmbH. tamaVet®Schnelltests für Katzen—Coronavirus. Available online: https://www.tamavet-diagnostics.com/
produkte/schnelltests/katze (accessed on 4 August 2021).

54. Fassisi GmbH. Fassisi ParCo. Available online: https://www.fassisi.de/produkte/kleintiere/hunde-katzen-parco/ (accessed on
4 August 2021).

55. Shirato, K.; Nao, N.; Matsuyama, S.; Kageyama, T.; Kazuya, S. Ultra-Rapid Real-Time RT-PCR Method for Detecting Middle East
Respiratory Syndrome Coronavirus Using a Mobile PCR Device, PCR1100. Jpn. J. Infect. Dis. 2020, 73, 181–186. [CrossRef]

56. Kim, B.; Kim, J.; Kim, S.; Kim, M.; Truong, A.T.; Cho, K.; Yoon, B. Detection of chronic bee paralysis virus using ultra-rapid PCR
and nested ultra-rapid PCR. J. Apic. Res. 2018, 58, 133–140. [CrossRef]

57. Hilscher, C.; Vahrson, W.; Dittmer, D.P. Faster quantitative real-time PCR protocols may lose sensitivity and show increased
variability. Nucleic Acids Res. 2005, 33, e182. [CrossRef]

http://doi.org/10.1093/nar/28.12.e63
http://www.ncbi.nlm.nih.gov/pubmed/10871386
http://doi.org/10.1039/C8AN01621F
http://doi.org/10.1371/journal.pone.0071642
http://doi.org/10.1371/currents.outbreaks.62df1c7c75ffc96cd59034531e2e8364
http://doi.org/10.1128/JCM.02704-12
http://doi.org/10.1016/j.jcv.2012.05.006
http://doi.org/10.1128/JCM.06504-11
http://doi.org/10.1016/j.jcv.2015.05.004
http://www.ncbi.nlm.nih.gov/pubmed/26209370
http://doi.org/10.1126/science.7041255
http://doi.org/10.1128/jvi.66.8.4951-4956.1992
http://www.ncbi.nlm.nih.gov/pubmed/1321279
http://doi.org/10.1177/1098612X18809165
http://www.ncbi.nlm.nih.gov/pubmed/30407137
http://doi.org/10.1016/j.jfms.2005.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16213766
https://www.twistdx.co.uk
http://doi.org/10.1021/acs.analchem.0c04779
http://www.ncbi.nlm.nih.gov/pubmed/33471510
http://doi.org/10.1099/0022-1317-73-11-2849
http://www.ncbi.nlm.nih.gov/pubmed/1431811
http://doi.org/10.1016/0042-6822(92)90174-N
http://doi.org/10.1099/0022-1317-68-4-995
http://www.ncbi.nlm.nih.gov/pubmed/3033137
http://doi.org/10.1128/JVI.01394-09
http://doi.org/10.1371/journal.pntd.0006013
http://doi.org/10.1371/journal.pone.0129682
http://doi.org/10.1016/j.jviromet.2017.01.009
https://www.tamavet-diagnostics.com/produkte/schnelltests/katze
https://www.tamavet-diagnostics.com/produkte/schnelltests/katze
https://www.fassisi.de/produkte/kleintiere/hunde-katzen-parco/
http://doi.org/10.7883/yoken.JJID.2019.400
http://doi.org/10.1080/00218839.2018.1517999
http://doi.org/10.1093/nar/gni181


Pathogens 2021, 10, 1237 12 of 12

58. Gregorini, M.; Mikutis, G.; Grass, R.N.; Stark, W.J. Small-Size Polymerase Chain Reaction Device with Improved Heat Transfer
and Combined Feedforward/Feedback Control Strategy. Ind. Eng. Chem. Res. 2019, 58, 9665–9674. [CrossRef]

59. Zhou, L.; Peng, N.; Hu, F. Temperature-uniformity study on transverse flux induction heating applied to rapid PCR. In IOP
Conference Series: Earth and Environmental Science; IOP Publishing: Bristol, UK, 2019; Volume 242, p. 032009.

60. Shalaby, M.A.; El-Deeb, A.; El-Tholoth, M.; Hoffmann, D.; Czerny, C.-P.; Hufert, F.T.; Weidmann, M.; El Wahed, A.A. Recombinase
polymerase amplification assay for rapid detection of lumpy skin disease virus. BMC Veter. Res. 2016, 12, 1–6. [CrossRef]

61. Hu, X.; Xiao, L.; Cong, X.; Zhu, Y.; Huang, B.; Cong, F. Development of a recombinase polymerase amplification fluorescence
assay to detect feline coronavirus. Mol. Cell. Probes. 2020, 54, 101669. [CrossRef]

62. Liljander, A.; Yu, M.; O’Brien, E.; Heller, M.; Nepper, J.; Weibel, D.B.; Gluecks, I.; Younan, M.; Frey, J.; Falquet, L.; et al.
Field-Applicable Recombinase Polymerase Amplification Assay for Rapid Detection of Mycoplasma capricolum subsp. caprip-
neumoniae. J. Clin. Microbiol. 2015, 53, 2810–2815. [CrossRef] [PubMed]

63. Daher, R.K.; Stewart, G.; Boissinot, M.; Bergeron, M.G. Recombinase Polymerase Amplification for Diagnostic Applications. Clin.
Chem. 2016, 62, 947–958. [CrossRef] [PubMed]

64. R.C. Team. R: A Language and Environment for Statistical Computing. 2013. Available online: http://r.meteo.uni.wroc.pl/web/
packages/dplR/vignettes/intro-dplR.pdf (accessed on 4 November 2020).

65. Hadley, W. Ggplot2: Elegrant Graphics for Data Analysis; Springer: Berlin/Heidelberg, Germany, 2016.
66. Lin, C.-N.; Su, B.-L.; Huang, H.-P.; Lee, J.-J.; Hsieh, M.-W.; Chueh, L.-L. Field strain feline coronaviruses with small deletions in

ORF7b associated with both enteric infection and feline infectious peritonitis. J. Feline Med. Surg. 2009, 11, 413–419. [CrossRef]
[PubMed]

http://doi.org/10.1021/acs.iecr.9b01209
http://doi.org/10.1186/s12917-016-0875-5
http://doi.org/10.1016/j.mcp.2020.101669
http://doi.org/10.1128/JCM.00623-15
http://www.ncbi.nlm.nih.gov/pubmed/26085615
http://doi.org/10.1373/clinchem.2015.245829
http://www.ncbi.nlm.nih.gov/pubmed/27160000
http://r.meteo.uni.wroc.pl/web/packages/dplR/vignettes/intro-dplR.pdf
http://r.meteo.uni.wroc.pl/web/packages/dplR/vignettes/intro-dplR.pdf
http://doi.org/10.1016/j.jfms.2008.09.004
http://www.ncbi.nlm.nih.gov/pubmed/19013091

	Introduction 
	Results 
	Selection of RPA Primers and Probe 
	Analytical Sensitivity and Specifity 
	Clinical Samples 
	Sequencing 

	Discussion 
	Materials and Methods 
	Clinical Samples and Ethical Statement 
	Molecular RNA Standard 
	Real-Time RT-PCR 
	Real-Time RT-RPA 
	Analytical Sensitivity and Specificity 
	RT-PCR and Sequencing 

	References

