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Bovine coronavirus (BCoV) is a notable pathogen affecting newly born calves and adult cattle, increasing mortality rates among
calves and reducing productivity in meat and dairy industries, thereby causing substantial economic losses. Current primary
laboratory methods for detecting BCoV include RT-PCR assay, real-time RT-PCR assay, and ELISA. However, these methods are
time-consuming, require specialized technicians, and necessitate a laboratory environment. Consequently, there is an urgent need
for a rapid, sensitive, and easy to use diagnostic method to detect BCoV. This study introduces two innovative protocols: the real-
time fluorescent reverse transcription recombinase-aided amplification (RT-RAA) and the test strip RT-RAA (RT-RAA-LFD).
Our results indicate that real-time RT-RAA can complete the reaction in 20 min at 39°C, while RT-RAA-LFD can achieve
detection in just 17.5 min at 35°C. These new approaches offer higher specificity, with no cross-reactivity to other viruses, and
significantly enhanced sensitivity compared to existing methods (1.46 X 10" and 1.46 x 10> copies/uL, respectively). We evaluated
the performance of our methods using 242 clinical samples, and compared with RT-PCR and RT-qPCR. Both real-time RT-RAA
and RT-qPCR yielded similar detection rates, the detection rate of RT-RAA-LFD was better than RT-PCR. The RT-RAA methods
developed in this study effectively overcome the limitations associated with both RT-PCR and RT-qPCR by offering advantages
including a single, low reaction temperature that allows for room temperature operation. Both methods boast shorter reaction
times, simpler and more portable instrumentation, as well as reduced technical and environmental demands. Generally, both RT-RAA
methods established in this study offer new avenues for the rapid detection of BCoV, contributing significantly to the monitoring,
prevention, and control of the disease in global bovine industry.

1. Introduction

Bovine coronavirus (BCoV), a significant pathogen within
livestock industry, is known to cause both digestive and respi-
ratory diseases among cattle [1, 2]. Classified as a single-
stranded, positive-sense RNA virus, BCoV falls under a sub-
type of the p-coronavirus genus within the Coronaviridae
family. The virus has an encapsulated structure and appears

as a rounded, spine-like shape under electron microscopy.
Remarkably, BCoV has a genome size ranging between 27
and 32kb, making it the largest known RNA virus to date
[3, 4]. BCoV is implicated in a range of bovine diseases,
including calf diarrhea (CD) in young calves aged 1-3 weeks,
winter dysentery (WD) in adult cattle, and various respiratory
illnesses. These conditions lead to diminished productivity
in adult cattle, reduced milk production in dairy cows, and
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weight loss in cows raised for beef [5, 6]. BCoV is highly
contagious, spreading through both respiratory, and digestive
tracts. It is transmitted primary via the fecal-oral route, aero-
sols, and by asymptomatic carriers within herds. The virus is
detectable in various samples, including nasal swab, lung,
intestinal, and fecal specimens. BCoV strains are categorized
into respiratory and intestinal types based on their clinical
manifestations. Coinfects with other pathogens, such as bovine
enteroviruses (BEV), BVDYV, bovine rotavirus (BRV), E. colj,
Campylobacter, Salmonella, Clostridium perfringens, Crypto-
sporidium, Coccidioides, Ascaris, and various other bovine
diarrhea-causing, bovine respiratory syncytial virus (BRSV),
bovine parainfluenza virus type 3 (BPIV3), bovine epidemic
fever virus (BEFV), bovine infectious rhinotracheitis virus
(IBRV), Mycoplasma bovis, Pasteurella multocida, Mannhei-
mia haemolytica, and bovine herpesvirus type 1 (BHV-1), sig-
nificantly elevate the risk of mortality. These coinfections can
intensify disease severity, potentially leading to morbidity rates
as high as 100% and mortality rates up to 50% [7-13].

The genomes of the Coronaviridae family are susceptible
to mutations and recombination, which lead to genetic evo-
lution and the emergence of new strains. These genetic
changes can lead to altered host ranges, cross-species trans-
mission, and variations in viral tissue tropism [4, 14-16].
Notably, members of the f-coronavirus genus, such as the
BCoV, have demonstrated the ability to overcome interspe-
cies barriers, facilitating cross-species transmission [17-20].
A striking example of this interspecies transmission was
observed in 1988 when a coronavirus closely related to
BCoV was isolated from the diarrheal feces of a pediatric
patient in Germany, subsequently named Human Enteric
Coronavirus (HEC 4408) [21]. Further evidence of this inter-
species capability was seen in 1997, when Majhdi et al. [22]
isolated the elk coronavirus (ECV) which showed a high
degree of homology (99%) with BCoV in the nucleoprotein
gene sequences. In 2003, Saif and Jung’s [2] isolation of a
coronavirus from a giraffe revealed a bovine-like COVID-19
capable of transmission from wild ruminants to cattle, though
it exhibited some genetic differences from BCoV [23]. BCoV
has a remarkably broad host range, encompassing goats, cows,
horses, elk, giraffes, camels, dogs, cats, and humans [17, 18, 20].
To date, six human-infecting coronaviruses have been identi-
fied: HCoV-229E, HCoV-NL63, MERS-CoV, SARS-CoV,
HCoV-OC43, and HCoV-HKUI. Four of these, namely
MERS-CoV, SARS-CoV, HCoV-OC43, and HCoV-HKU1,
belong to the f-coronavirus family [24, 25]. Intriguingly,
BCoV and the common human cold coronavirus (HCoV-
OC43) share the same cell-binding receptor, N-acetyl-9-O-
acetylneuraminic acid. Evolutionary analyses have revealed a
96% homology between these two strains, suggesting a possi-
ble rodent origin for HCoV-OC43, which might have spread
to humans via cattle [26-28]. The significant risk BCoV poses
to the global cattle industry and its potential threat to public
health cannot be overstated. As such, early detection and
monitoring of BCoV in cattle farms are imperative to pre-
vent outbreaks and limit the virus’s spread. Therefore,
developing of efficient detection methods for BCoV is of
great importance.
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The recently developed reverse transcription recombinase-
aided amplification (RT-RAA) assay, known for its high sen-
sitivity and specificity, has been successfully employed in
detecting various pathogens. In the RT-RAA assay, RNA is
first reverse-transcribed into DNA by a reverse-transcriptase
enzyme. Subsequently, recombinase enzymes typically sourced
from bacteria or fungi, and primers are tightly bound to form
a recombinase—primer complex at room temperature. The
primer firmly binds to create a recombinase—primer complex,
which invades the double-stranded DNA nucleic acid template
and initiates the unwinding of the double helix. Concurrently,
single-stranded binding proteins attach to the now-exposed
single-stranded DNA, maintaining the DNA in the open-
stranded state. When the primer locates its perfectly matching
complementary sequence on the template, the recombinase—
primer complex disassembles, allowing the synthesis of a
new double-stranded DNA segment facilitated by DNA poly-
merase. This process results in the amplification of the target
gene (Figures 1(a) and 1(b)). The RAA assay can be integrated
with various technologies such as agarose gel electrophoresis,
fluorescent probes, lateral flow chromatography, CRISPR-Cas
systems, and microarrays, as noted in [29-31]. However, there
are no any reports on the detection of BCoV by real-time RT-
RAA assay and RT-RAA-LFD assay. Therefore, we established
real-time RT-RAA assay and RT-RAA-LFD assay for BCoV
detection.

In this study, we developed two methods for detecting
BCoV: the real-time reverse transcription recombinase aid
amplification (RT-RAA) method and the RT-RAA-lateral
flow dipstick (LFD) method. These methods utilize primers
and probes tailored to the conserved sequences of the BCoV N
protein gene. We evaluated and compared the specificity, sen-
sitivity, and reproducibility of our RT-RAA methods against
the established reverse transcription polymerase chain reaction
(RT-PCR) and quantitative RT-PCR (RT-qPCR), which
employs SYBR Green I. Testing on 242 bovine fecal, nasal
swab, and tissue samples, we determined that both RT-RAA
methods could be completed in under 20 min. Furthermore,
the outcomes are easily discernible, either through fluores-
cence in real-time RT-RAA or via test strips in the RT-
RAA-LFD approach.

The primers and fluorescent probes used in the two RT-
RAA assays are specifically designed for their unique roles.
RT-RAA primers typically range from 28 to 35 bp, as primers
exceeding 45 nucleotides may produce secondary structures
and potential priming artifacts. The probes, approximately
46-52 nucleotides, incorporate tetrahydrofuran (THF), a
nucleic acid exonuclease recognition site, are strategically
positioned at a distance of at least 35 bases from the 5 end
and at least 15 bases from the 3" end. The fluorescent probe
(exo) of real-time RT-RAA needs to be labeled with a fluo-
rescent group and a quenching group upstream and down-
stream of the THEF site, respectively, with a blocker C3-spacer
designed at the 3" end. During the reaction, the nucleic acid
exonuclease IIT cleaves tetrahydrofuran in the fluorescent
probe, which releases fluorescent groups and quenching
groups to generate fluorescent signals (Figure 2(a)). For the
RT-RAA-LFD assay, the fluorescent probe (nfo) is modified
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FIGURE 1: Schematic diagram of the RT-RAA assays for the detection of BCoV N gene. (a) The flowchart outlines the process for the real-time
RT-RAA assay. (b) The RT-RAA-LFD test procedure. The fluorescent probe requires the insertion of an antigen marker, FAM, at the 5" end,
and a C3-spacer block at the 3’ end. An antigen marker, biotin, is also inserted at the 5’ end of the downstream primer. The amplified product
is labeled with both FAM and biotin. SSB, single-stranded binding protein; FAM-dT, thymidine nucleotide carrying fluorescein; THF,
tetrahydrofuran spacer; BHQ1-dT, thymidine nucleotide carrying black-hole Quencher-1; C3 spacer, polymerase extension blocking group;

FAM, antigenic marker carboxyfluorescein.

by adding a fluorescent antigen marker FAM at the 5 end
and design a blocker C3-spacer at the 3" end, as well as the
insertion of an antigen marker biotin at the 5 end of the
downstream primer, resulting in an amplification product
being labeled with both FAM and biotin (Figure 2(b)).

2. Materials and Methods

2.1. Samples and Viral Strains from Animals. To assess the
specificity of deployment methods, a number of commonly
implicated pathogens in bovine intestinal and respiratory
disorders were chosen for evaluation. In the sample test
results, BCoV was observed to be most frequently coinfected
with over two viral species, including BVDV, BEV, BRYV,
BEFV, and BPIV 3, etc. Notably, among these, BEV and bovine
@viral diarrhea virus (BVDV) emerged as two of the most
prevalent coinfecting viruses. Consequently, considering both
the existing literature [7-13] and the empirical findings
from the study, these specific viruses were selected as con-
trols. The BCoV positive reference strain, designated BCoV-
GX-NN190313 (GenBank accession number MK757492.1),
along with strains of BVDV, BEV, BRV, BEFV, and BPIV3,
were isolated and subsequently preserved in our laboratory.

A total of 242 samples, which included 162 samples of
diarrheal feces, 50 nasal swab samples, and 30 tissue samples,
were collected over a period from June 2021 to December
2023. The unique specialization of our laboratory predomi-
nantly involves the analysis of fecal samples from farms.
Given the prevalence of diarrheal diseases affecting cattle
production, fecal samples represent the most commonly sub-
mitted specimen for testing due to their higher incidence rate
of such conditions. In contrast, nasal swabs are less frequently
collected, and lung tissue samples are typically procured post-
mortem, which significantly reduces their availability for
study. These samples were sourced from local cattle farms
in the following cities: Nanning, Chongzuo, Guigang, and
Guilin, located in the Guangxi Zhuang Autonomous Region.
Samples were transported at 4°C and stored at —80°C.

2.2. Sample Processing and RNA Extraction. Stool samples
were mixed with PBS buffer at a ratio of either 1:5. Tissue
samples were clipped, ground, combined with PBS, and thor-
oughly mixed before being dispensed into EP tubes. All sam-
ples were vortexed for complete mixing and stored at —80°C.
The samples were then centrifuged at 8,000 rpm at 4°C for
10 min. Supernatant was extracted and prepared according
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FiGure 2: Principle of the probe design for the RT-RAA assay. (a) Principle of the probe design for real-time RT-RAA assay. Nuclease, nucleic
acid exonuclease. (b) Principle of the probe design for RT-RAA-LFD assay. Nuclease, nucleic acid nfonuclease.

to the manufacturer’s instructions for the viral DNA/RNA
extraction kit. All prepared RNA and DNA samples were
stored at —80°C.

2.3. Generation of RNA Molecular Standard. The BCoV N gene
(1440 bp) was amplified based on the BCoV-GX-NN190313
strain (GenBank accession number MK757492.1), and the
amplified products were ligated into the pGEM-T Easy vector
and transformed into DH5a cells (Sangong Bioengineering
Co., Ltd., Shanghai, China). The products were then sent for
sequencing analysis to confirm successful ligation to the vec-
tor. The RNA was transcribed in vitro using the SP6/T7 Tran-
scription Kit and quantified with the Quant-iTTM RiboGreen
RNA Assay Kit according to the manufacturer’s instructions.
The copy number of the plasmid was calculated as fol-
lows: copy number (copies/uL) = 6.02 X 10*> X concentration
(ng/uL) x 10~ /number of bases X 660. The standard plasmid
copy number was determined to be 1.46 x 10'° copies/uL.

2.4. Design of the RT-RAA Primers and Probes. To discern the
most highly conserved region of the N gene of BCoV, we
employed the DNAstar MegAlign software to compare the
full-length N gene sequences available in the GenBank data-
base. The n-terminal portion of the N gene was identified as
the most highly conserved region and was thus utilized as the
target for the formulation of primers. Three pairs of upstream
and downstream primers, as well as one fluorescent probe,
were designed using Oligo 7 and Primer Premier 5 software
(Table 1). Primers and probes for both methods were synthe-
sized by Shanghai Shengong Bioengineering Co., Ltd.

2.5. Screening and Optimization of Real-Time RT-RAA Reaction
Conditions. The real-time RT-RAA reaction kit (Hangzhou
Zhongmei Biological Co., Ltd., China) was used as per the
manufacturer’s instructions. The reaction system comprised
25 uL of A Buffer, 15.3 uL of ddH,O, 2.2 uL each of upstream
and downstream primers (10 M), 0.8 uL of fluorescent probe
(10uM), and 2.0 uL of template. Magnesium acetate (2.5uL)
was added dropwise to the cap of the reaction tube. All tubes
were gently mixed by inverting 812 times and then centrifuged
for 30 s. The tubes were placed in a Genchek real-time fluores-
cence thermostatic detector, and the reaction was conducted for
20 min at 39°C on the FAM channel. Fluorescence signals were
collected every 30 s (Figure 3(a)).

For optimization, a standard RNA template with a con-
centration of 1.46 X 10° copies/uL was used in the test, with
ddH,O serving as the negative control. We assessed nine
primer pairs by combining three upstream and three down-
stream primers. The lengths of the respective primer pairs
are as follows: F1/R1:175bp, F1/R2:202 bp, F1/R3:247 bp,
F2/R1: 166 bp, F2/R2 : 193 bp, F2/R3: 238 bp, F3/R1: 144 bp,
F3/R2:171bp, and F3/R3:216 bp. The optimal primer pairs
were selected based on their early peak times and high peak
values, indicating efficient amplification. Various tempera-
tures (33, 35, 37, 39, and 41°C), primer volumes (1.6, 1.8, 2.0,
2.2, and 2.4 uL), and probe volumes (0.2, 0.4, 0.6, 0.8, and
1.0 uL) were tested in this experiment.

2.6. Determination of RT-RAA-LFD Reaction Conditions.
According to the RT-RAA-LFD kit manual (Hangzhou
Zhongtai Biological Co., Ltd., China), a 50 L reaction system
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TasLE 1: The primers and probes, sequences of real-time RT-RAA primers and exo probe, RT-RAA-LFD primers and nfo probe.
Methods Primers Sequences (5'—3") Position of N (gene/bp)
ACCCAAGTAGCGATGAGGCTATTCCGAC[FAM-dT]A[THF .
Exo probe G[BHQ-dT]TTCCGCCTGGCACGG—[C3Spacer] HH 494-541 This study
F1 TATGGCACCGATATTGACGGAGTCTTCTGG 412441 This study
. R1 GAGCAGACCTTCCTGAGCCTTCAATATAGT 557-586 This study
Real-time RT-RAA ) GATATTGACGGAGTCTTCTGGGTCGCTAGT 421-450 This study
R2 ATGCGCGTGAAGTAGATCTGGAATTAGGAG 584-612 This study
F3 TCGCTAGTAACCAGGCTGATGTCAATACCC 442472 This study
R3 CAGAATTGGCTCTACTACGCGATCCTGCAC 629-658 This study
FAM)ACCCAAGTAGCGATGAGGCTATTCCGACTA[THE .
Nfo probe  FAM GTTTCCGCCTGGCACGG-C3Spacer — 494541 This study
RT-RAA-LFD F TCGCTAGTAACCAGGCTGATGTCAATACCC 442-472 This study
R (Biotin) GAGCAGACCTTCCTGAGCCTTCAATATAGT 557-586 This study
RT-PCR P1 GAGCGTCCTTTGGAAATCGT — [32]
P2 GCTTAGTTACTTGCTGTGGC — [32]
RT-qPCR P3 TCGTTCTGGTAATGGCATCCT — [33]
P4 AGTAGCAGTTTGCTTGGGTTGAG — [33]

FAM-dT: thymidine nucleotide carrying fluorescein; THF: tetrahydrofuran spacer; BHQ1-dT: thymidine nucleotide carrying black-hole Quencher-1; C3

spacer: polymerase extension blocking group; FAM: carboxyfluorescein.
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FIGURE 3: Procedure for the RT-RAA assays. (a) Procedure for real-
time RT-RAA assay. (b) Procedure for RT-RAA-LFD assay. (c) The
leading end of the strip carries a gold nanoparticle, with a FAM
antibody on the C-line and a biotin antibody on the T line. C,
quality control line; T, test line; Anti-FAM, anti-FAM antigen
marker; Anti-Biotin, anti-biotin antigen marker.

was prepared, as shown in Table 2. The system included 25 yL
of A Bulffer, 15.9 uL of ddH,O, 2.0 uL each of upstream and
downstream primers (2 xM), and 0.6 L of fluorescent probe
(2 uM). All reagents were mixed, and 2.0 uL of the template
was added to the reaction tube, along with 2.5 L of acetic acid
to the cap. The tube was inverted 8-12 times and briefly
centrifuged for 30s at room temperature. The sample was
then incubated at 35°C for 12.5min. After incubation, the
reaction product was transferred to a device equipped with
test strips. Results were observed 5min after applying firm
pressure to the handle of the device (Figure 3(b)).

The device comprises a fixing mechanism for the reac-
tion tank, a vial of buffer to dilute the reaction product, a
blade to cut the reaction tank, a needle to puncture the buffer
vial, a test strip, and a cotton pad. The EP tube, carrying the
reaction product, was initially affixed to the fixing device,
which was then placed inside an airtight container holding
the test strip. Both the EP tube and the buffer vial were
punctured by forcefully pressing the handle, enabling the
reaction product and buffer to flow onto the test strip via
the cotton pad. The LFD has gold nanoparticles with FAM
antibody on the front control line (C) and biotin antibody on
the test line (7). When the product is dropped onto the test
strip, the FAM motif at the C line is bound to the FAM
antibody, and the biotin antibody at the T line is bound to
the biotin on the amplified product. Eventually, the captured
product shows a red band on the C and T lines, and the
uncaptured product shows a red band on the C line. The
results were interpreted based on the appearance of the
T line and C line. A result was considered positive when both
T and C lines turned red; negative when only the C line was
visible; and invalid if the C line did not appear (Figure 3(c)).

LFD assays were conducted using the primer pairs
selected from the previous screening to optimize primer con-
centration, reaction temperature, and reaction time. The
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TaBLE 2: Real-time RT-RAA optimal reaction system and RT-RAA-LFD optimal reaction system.
Real-time RT-RAA RT-RAA-LFD
Reagent Volume (uL) Reagent Volume (uL)
A buffer 25 A buffer 25
ddH,O 15.3 ddH,O 15.9
Upstream primer (10 uM) 22 Upstream primer (2 uM) 2.0
Downstream primer (10 M) 2.2 Downstream primer (2 uM) 2.0
Exo probe (10 uM) 0.8 Nfo probe (2 uM) 0.6
Template 2 Template 2
B buffer 2.5 B buffer 2.5
Total 50 Total 50

reaction template was consistent with the one used earlier.
Primer and probe concentrations were tested at five different
levels (2, 4, 6, 8, and 10 uM), temperatures were set at six
different points (33, 35, 37, 39, 41, and 43°C), and reaction
times were assessed at seven intervals (5, 7.5, 10, 12.5, 15,
17.5,and 20 min).

2.7. Real-Time RT-RAA Sensitivity, Specificity, and Reproducibility
Assays. To analyze the sensitivity of real-time RT-RAA, the
prepared standard RNA concentration was diluted in ranging
from 1.46 x 10" to 1.46 x 10° copies/uL. Concentrations rang-
ing from 146X 107 to 1.46 x 10° copies/uL were selected as
templates and ddH,O as the negative control, the optimized
system was employed to perform real-time RT-RAA experi-
ments. The sensitivity of the three methods was evaluated by
comparing the real-time RT-RAA results with those of RT-
PCR and RT-qPCR.

For the specificity assessment of the real-time RT-RAA
assay, the potential for cross-reactivity was evaluated by
detecting RNA or DNA of BCoV, BVDV, BEV, BRV, BEFV,
and BPIV3.

Reproducibility was assessed using standard RNA con-
centrations of 1.46 X 107, 1.46 x 10°, and 1.46 x 10> copies/uL.
Each concentration was repeated three times with ddH,O
serving as the negative control, and the reproducibility of
the results was evaluated.

2.8. RT-RAA-LFD Sensitivity, Specificity, and Reproducibility
Assays. The prepared standard RNA concentrations ranging
from 1.46 X 107 to 1.46 X 10° copies/uL were selected as tem-
plates. With ddH,O as a negative control, RT-RAA-LFD
assays were performed, and the results were compared
with those of RT-PCR and RT-qPCR to assess the detection
sensitivity. The specificity and reproducibility of the RT-
RAA-LFD assay were subsequently evaluated using the
approach, as described in Section 2.6.

2.9. BCoV RT-PCR and RT-qPCR Sensitivity Assays. Sensi-
tivity tests for RT-PCR and RT-qPCR were reported in the
previous article [32-33]. For the RT-PCR assay, the follow-
ing upstream primer P1(5-GAGCGTCCTTTGGAAA-
TCGT-3) and downstream primer P2 (5-GCTTAGT-
TACTTGCTGTGGC-3") were utilized to generate an
amplified fragment of 730 bp in length. The total reaction
volume employed was 25 uL, comprising 12.5 uL of 2x Es

Taq MasterMix (Dye), 1 uL each of upstream and down-
stream primers (10 uM), 2ul of template, and 8 uL of
ddH,O. The PCR reaction conditions were as follows: pre-
denaturation at 95°C for 3 min, denaturation at 95°C for
305, annealing at 56°C for 30, and extension at 72°C for
10 min for 32 cycles. Results were visualized by electropho-
resis on a 1.5% agarose gel.

For the RT-qPCR assay, the following upstream primer
P3 (5-TCGTTCTGGTAATGG-CATCCT-3) and down-
stream primer P4 (5-AGTAGCAGTTTGCTTGGGTT-
GAG-3). The targeted amplification product was assessed
to be 100 base pairs in length. The total reaction volume
employed was 20 uL, comprising 10 uL of 2 X SYBR Premix
Ex Taq II, 0.5uL of upstream and downstream primers
(10 uM), ddH,O 7 uL. The reaction conditions were prede-
naturing 95°C 305, 95°C denaturing 5s, and 60°C annealing
extension for 30 s for 40 cycles. The melting curve is 95°C 5 s,
62°C 605, and 95°C continuous; the last 50°C 30's ends the
reaction. The temperature conversion rate was 20°C/s and
the fluorescence signal was detected at the end of the exten-
sion of each cycle.

2.10. Clinical Sample Detection. Both RT-RAA methods,
along with RT-PCR and RT-qPCR, were used to detect BCoV
in 162 fecal samples, 50 nasal swab samples, and 30 tissue
samples. The concordance rates of the results obtained from
the various methods were calculated and compared. The con-
sistency of the two RT-RAA methods was statistically ana-
lyzed by Cohen’s “kappa” (k) and P-value analysis.

3. Results

3.1. Optimization of Reaction Conditions for Real-Time RT-
RAA Assays. Nine pairs of primers (F1R1, F1R2, F1R3, F2R1,
F2R2, F2R3, F3R1, F3R2, and F3R3) were screened, and their
respective amplification curves are visualized in Figure 4(a).
Nine primer pairs were tested for amplification, with the
efficiency varying significantly among them. Notably, the
F3R2 pair exhibited a fluorescence signal within 3 min and
had the highest amplification efficiency. Consequently, the
F3R2 primer pair was selected for further experimentation.
As indicated in Figures 4(b) and 4(c), the strongest fluores-
cence signal and highest amplification efficiency were observed
when the primer volume was set at 2.2uL and the probe
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FIGURE 4: Optimization of reaction conditions for real-time RT-RAA experiments with BCoV. (a) Primer pairs screening, three pairs of
upstream primers, and three pairs of downstream primers were designed to form primer pairs F1/R1, F1/R2, F1/R3, F2/R1, F2/R2, F2/R3,
F3/R1, F3/R2, and F3/R3. DNAzyme-free water was used as a negative control. The primer screening revealed that the F2/R3 pair had the
highest amplification efficiency. (b) Primer volume optimization: The primer volume was tested at five different gradients 1.6, 1.8, 2.0, 2.2,
and 2.4 uL with the optimal volume determined to be 2.2 uL. (c) Probe volume optimization: The probe volume was also tested at five
different gradients 0.2, 0.4, 0.6, 0.8, and 1.0 uL with the optimal volume identified as 0.8 uL. (d) Reaction temperature optimization: The
reaction temperature was evaluated at five different gradients 33, 35, 37, 39, and 41°C with the optimal temperature determined to be 39°C.

The results could be observed after a 20 min reaction period.

volume at 0.8 uL. These conditions constituted our optimized
real-time RT-RAA reaction system, as summarized in Table 2.
Temperature wise, when set within the range of 33—41°C, the
amplification efficiency increased as the temperature rose.
However, gains in efficiency became marginal upon reaching
39°C. Therefore, 39°C was chosen as the temperature for sub-
sequent experiments, as shown in Figure 4(d).

3.2. Optimize Reaction Conditions for RT-RAA-LFD Assays.
In RT-RAA-LFD assay, the concentration of primer and probe
was examined, as depicted in Figure 5(a). At concentrations

of 2 and 4uM for both the primer and probe, the positive
bands were clearly visible and no negative bands appeared.
However, at concentrations ranging from 6 to 10 uM, negative
bands and false positives emerged, becoming more pronounced
as the concentration increased.

Temperature optimization is illustrated in Figure 5(b). At
temperature between 33 and 39°C, distinct positive bands
were observed. In contrast, as temperatures increased from
39 to 43°C, the clarity of the positive bands diminished and
nonspecific amplification occurred in the negative bands.
Considering the high amplification efficiency and clarity of
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FiGURe 5: Optimizing reaction conditions for BCoV RT-RAA-LFD assay. (a) Optimization of primer and probe concentration. Primer
concentrations were tested at five levels 2, 4, 6, 8, and 10 uM as were probe concentrations. The optimal concentration for both primer and
probe was found to be 2 uM. RT-RAA-LFD experiments conducted with higher concentrations of primer and probe yielded false-positive
results. (b) Optimization of reaction temperature. Temperatures were set at six gradients 33, 35, 37, 39, 41, and 43°C. The optimal
temperature was determined to be 35°C, with observable results after 12.5min of reaction time. When the temperature exceeded 39°C,
the negative control group exhibited specific amplification. Additionally, as the temperature increased, the color intensity of the T line on the
test strip for the negative control group became more pronounced, while that of the positive test strip gradually lightened. (c) Optimization of
reaction time. Reaction times were tested at seven intervals 5, 7.5, 10, 12.5, 15, 17.5, and 20 min. Bands began to appear at 7.5 min and were

clearest at 12.5 min.

the positive bands specifically at 35°C, this temperature was
selected for subsequent assays.

Reaction time optimization is presented in Figure 5(c).
Bands began to appear at a reaction time of 7.5min. Up
to 12.5min, the bands became clearer as the temperature
increased. Beyond 12.5 min, the positive bands did not show
significant changes. Therefore, the optimal reaction conditions
were determined to be a temperature of 35°C for a duration of
12.5 min.

3.3. Real-Time RT-RAA Sensitivity, Specificity, and Reproducibility
Assays. The sensitivity of real-time RT-RAA assay is depicted in
Figure 6(a). The lowest detection level achieved was 1.46 X 10"
copies/uL. The specificity test, as illustrated in Figure 6(b),
revealed that only BCoV was specifically amplified by real-
time RT-RAA; no fluorescence was observed for other viruses
and negative controls. Importantly, the assay did not cross-
react with BVDV, BEV, BPIV3, BEFV, and BRV. The repro-
ducibility of the real-time RT-RAA assay is presented in
Figure 6(c), demonstrating good assay reproducibility.

3.4. Results of RT-RAA-LFD Sensitivity, Specificity, and
Reproducibility Assays. The sensitivity of the RT-RAA-LFD
experiment is illustrated in Figure 7(a), where the lowest
detectable concentration was 1.46 X 10> copies/uL. The spec-
ificity test is depicted in Figure 7(b); the results indicate that
only BCoV was specifically amplified by RT-RAA-LFD. No

amplification was observed for other viruses or the negative
control. The method showed no cross-reactivity with BVDV,
BEV, BPIV3, BEFV, and BRV. The reproducibility of the RT-
RAA-LFD experiments is depicted in Figure 7(c), which
demonstrates consistent and reliable results across trials.

3.5. RT-PCR and RT-qPCR Sensitivity Assays. The sensitivity
of the RT-PCR assay is illustrated in Figure 8(a) [32], where
the lowest detection level was 1.46 X 10* copies/uL. Similarly,
the sensitivity of the RT-qPCR assay is depicted in Figure 8(b)
[33], with a lowest detection level of 1.46 X 10" copies/uL. The
results from both the RT-PCR and RT-qPCR assays are con-
sistent with previously reported data.

3.6. Clinical Sample Detection. In this study, 242 samples were
tested using four different methods, as outlined in Table 3.
The results of real-time RT-RAA and RT-RAA-LFD were
consistent with those obtained via RT-PCR and RT-qPCR,
as presented in Table 4. Real-time RT-RAA and RT-qPCR
each identified 34 positive samples, yielding a positive detec-
tion rate of 14.05% (34/242). RT-RAA-LFD identified 31
positive samples, with a positive detection rate of 12.81%
(31/242). In contrast, RT-PCR detected only 26 positive sam-
ples, resulting in a positive detection rate of 10.74% (26/242).
The detection rates for real-time RT-RAA and RT-RAA-LFD
were higher than that of RT-PCR but were similar to that of
RT-qPCR. The kappa value of comparing real-time RT-RAA



Transboundary and Emerging Diseases

14,000 +
12,000
10,000
8,000 ~

6,000

Fluorescence (F)

4,000

2,000 -

Time (min)
107 10?
10° —o— 10!
10° —— 10°
10* NTC
10°
(a)
14,000 —
12,000
& 10,000 -
ot
2 8,000
9
S 6,000
]
3
= 4,000
2,000 -
0 I e e
0 2 4 6
107
10*

9
14,000 —
12,000
= 10,000 +
8
2 8,000
8
8 6,000 -
IS
=
— 4,000
2,000
0 - i S
0 2 4 6 8§ 10 12 14 16 18 20
Time (min)
BCoV BEFV
BVDV BRV
BEV NTC
BPIV3
(b)
= T T T T v
10 12 14 16 18 20
Time (min)
10°
—e— NTC

(©)

FiGure 6: BCoV real-time RT-RAA sensitivity, specificity, and reproducibility assays. (a) Sensitivity assay. The prepared standard RNA was
diluted to concentrations ranging from 1.46 X 10’ to 1.46 x 10° copies/uL. Water without DNAzyme served as the negative control. Real-time
RT-RAA was able to detect as low as 1.46 X 10* copies/uL. (b) Specificity assay. Nucleic acids from BCoV, BVDV, BEV, BPIV3, BEFV, and
BRV were used as templates. Water without DNAzyme was used as a negative control. Real-time RT-RAA demonstrated specific amplifica-
tion only for BCoV. (c) Reproducibility Assay. Reproducibility experiments were conducted using three standard plasmid dilutions: 1.46 x 107,

1.46 x 10, and 1.46 X 10° copies/uL.

with RT-PCR and RT-qPCR are, respectively, 0.848 and 1,
the kappa value of RT-RAA-LFD, comparing RT-PCR and
RT-qPCR are 0.901 and 0.947, the kappa value >0.8,
P<0.001, both RT-RAA methods provided accurate detec-
tion results.

4. Discussion

Since its initial isolation from diarrheic calves in the United
States in 1972, BCoV has been identified in several regions
worldwide, including Europe, America, Oceania, Asia, and
Africa. Studies have reported the disease in various countries
including Italy, Sweden, the United Kingdom, Belgium, the
Netherlands, Australia, Canada, Argentina, Korea, Japan,
France, and China [11, 13, 34-37]. Genetic evolutionary

analyses of reported BCoV and BCoV-like strains indicate
the formation of three major evolutionary branches: the
Americas—Asia subcluster, the European subcluster, and
the vaccine subcluster (comprising prototype strains) [38].
These findings demonstrate the global distribution of BCoV.
The economic implications of the disease are significant,
impacting the treatment and prevention costs, loss of live-
stock, and the international trade of beef and dairy products,
causing substantial economic losses to farmers worldwide
[39-41]. In China, the Ministry of Agriculture and Rural
Affairs (MARA) categorizes BCoV as a category three animal
disease, referring to commonly occurring diseases that can
cause significant economic losses and require control mea-
sures. Given the absence of a specific therapeutic drug for
BCoV, the development of precise detection methods becomes
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Ficure 7: BCoV RT-RAA-LFD sensitivity, specificity, and reproducibility assays. (a) Sensitivity assay. A dilution series ranging from
1.46X107-1.46 X 10" copies/uL. was used, with water free of DNAzyme serving as a negative control. RT-RAA-LFD was able to detect as
low as 1.46 x 10* copies/uL. (b) Specificity assay. RNA or DNA of BCoV, BVDV, BEV, BPIV3, BEFV, and BRV were used as templates. Water
without DNAzyme served as a negative control. Only BCoV showed specific RT-RAA-LFD amplification. (c) Reproducibility assay.
Reproducibility experiments were conducted using three standard RNA dilutions: 1.46 x 107, 1.46 x 10, and 1.46 X 10 copies/uL.
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FiGURE 8: BCoV RT-PCR and RT-qPCR sensitivity assays. (a) RT-PCR sensitivity assay. A dilution series ranging from 1.46 x 10’—1.46 X
10° copies/uL was used, and water without DNAzyme served as the negative control. The RT-PCR assay was capable of detecting as low as 1.46 X

10* copies/uL. (b) RT-qPCR sensitivity assay. Dilutions ranged from 1.46 x 10°-1.46 X 10° copies/uL, and water without DNAzyme was used as a
negative control. The RT-qPCR assay could detect as low as 1.46 x 10" copies/uL.

critically important. This revision aims to maintain a formal
and clear exposition of BCoV’s history, impact, and the impor-
tance of detection in managing the disease.

Traditional BCoV detection methods are broadly classi-
fied into serological and molecular biology categories. Sero-
logical methods include enzyme-linked immunosorbent
assays (ELISA), fluorescent antibody techniques (FA), virus
neutralization tests, and immunocolloidal gold techniques
[42, 43]. On the other hand, molecular biology approaches

comprise techniques such as PCR, qPCR, multiplex PCR,
and loop-mediated isothermal amplification (LAMP) [44-46].
Despite their prevalent use, these methods have limitations.
ELISA, for example, does not require high temperatures but
involves intricate processes and lengthy incubation periods, typ-
ically 3—4 hr, and is prone to variability and a significant number
of false results. Molecular biology methods require costly
equipment and involve thermal cycling, with procedures last-
ing 1-2 hr. LAMP, while efficient, demands precise primers
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TasLE 3: The results of real-time RT-RAA, RT-RAA-LFD, RT-PCR, and RT-qPCR assays in detecting suspected cases of BCoV infection in

clinical samples.

Real-time RT-RAA RT-RAA-LFD RT-PCR RT-qPCR
Sample Total » . » ) » ) » .
Positive Negative Positive Negative Positive Negative Positive Negative
Fece 162 17 145 16 146 14 148 17 145
Swab 50 11 39 10 40 9 41 11 39
Tissue 30 6 24 5 25 3 27 6 24
Total 242 34 208 31 211 26 216 34 208

TasLE 4: Coincidence rate of real-time RT-RAA, RT-RAA-LFD, RT-PCR, and RT-qPCR methods for BCoV detection.

RT-PCR RT-qPCR
Positive Negative Total Positive Negative Total
Real-time RT-RAA 26 8 34 (14.05%) 34 0 34 (14.05%)
Positive 0 208 208 0 208 208
Negative 26 (10.74%) 216 242 34 (14.05%) 208 242
Kappa=0.848 Kappa=1
Total P<0.001 P20,001
RT-RAA-LFD 26 5 31 (12.81%) 31 0 31 (12.81%)
Positive 0 211 211 3 208 211
Negative 26 (10.74%) 216 242 34 (14.05%) 208 242
Kappa=0.901 Kappa=0.947
Total Ep<o.001 1I;p<0.001

and is susceptible to aerosol contamination that may result in
false positives, alongside requiring relatively high temperatures
for amplification, usually exceeding 60°C. Both serological and
molecular biology methods typically demand sophisticated
instrumentation and skilled personnel, considered to be
time-consuming and labor-intensive.

The BCoV genome comprises five structural proteins:
nucleocapsid protein (N), hemagglutinin-esterase protein
(HE), spike protein (S), envelope protein (E), and membrane
protein (M). Notably, the N protein plays a crucial role in
viral replication, transcription, and translation. It is rich in
antigens for virus-infected cells. Genetic analyses have indi-
cated that the gene encoding the N protein is more consid-
erably conserved compared to the other four structural
genes, with N genes of different BCoV strains exhibiting
over 96% similarity, compared to 93%-95% similarity for
the other genes. Given these findings, the N gene is frequently
utilized as a target in viral nucleic acid detection. In this study,
we have developed rapid detection methods based on real-
time RT-RAA and RT-RAA-LFD, targeting the conserved
BCoV N gene.

In this study, we evaluated the sensitivities of two newly
established RT-RAA assays. The real-time RT-RAA assay
exhibited sensitivity up to 1.46 x 10" copies/uL, while the
RT-RAA-LFD could detect up to 1.46 X 10 copies/uL. In
comparison to RT-PCR and RT-qPCR assays, RT-RAA
showed a 2—4 fold increase in sensitivity over RT-PCR and
was comparable to RT-qPCR. RT-RAA-LFD was slightly less
sensitive than RT-qPCR. We tested the specificity of both
RT-RAA methods, against a variety of bovine viruses,
including BVDV, BEV, BEFV, BPIV3, and BRV. In all cases,

we found that only BCoV generated fluorescent signals, indi-
cating its high specificity without cross-reactions. We further
assessed the performance of these methods using 242 Bovine
samples. Both real-time RT-RAA and RT-qPCR identified
34 positive samples, yielding a positive detection rate of
14.05%. RT-RAA-LFD identified 31 positive samples, for a
rate of 12.81%, while RT-PCR detected 26, corresponding to
a 10.74% positive rate. Notably, the specificity of real-time
RT-RAA was 100% consistent with RT-qPCR results from
clinical samples.

The real-time RT-RAA fluorescence instrument, weigh-
ing merely 1.5 kg, offers portability and a cost advantage over
RT-PCR and RT-qPCR instruments. Conversely, the RT-
RAA-LFD method does not need for specialized instrumen-
tation; relying instead on a simple heating device, such as a
water bath, with results that can be interpreted using test
strips. Temperature profiling for both methods revealed that
real-time RT-RAA achieved high amplification efficiency
between 39 and 41°C, consistent with previous reports. RT-
RAA-LFD, shows increasing amplification efficiency from 33
to 39°C, however, temperatures above 39°C lead to nonspe-
cific amplification in the negative controls. We speculate that
enzyme activity may be adversely affected at elevated tem-
peratures. Both assays were functional at 33°C, although the
reaction was slower and signal intensity weaker. Optimal con-
ditions for real-time RT-RAA were found to be 39°C for
20 min, and for RT-RAA-LFD, 35°C for 17.5 min. Although
RT-RAA-LFD was slightly less sensitive than real-time RT-
RAA, its optimal reaction temperature was 4°C lower, and its
reaction time was shorter. Given that RT-RAA-LFD does not
require specialized equipment, it may even be possible to use
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body heat to initiate the reaction, making it an ideal choice for
deployment in remote or under-resourced areas. However,
the use of RNA as the reaction template in the RT-RAA
method remains a limitation, as it restricts the broader appli-
cation and field testing of the method. Presently, this tech-
nique is more appropriate for the grassroots laboratories in
remote areas equipped with rudimentary instruments such as
centrifuges and water baths. Nonetheless, the practical appli-
cation of the RT-RAA method for on-site detection is a nec-
essary development direction that requires further research
and development, which to a certain extent, forms the foun-
dation for future advancement.

RT-RAA effectively overcomes several limitations of RT-
PCR and RT-qPCR methods. Employing lyophilization tech-
nology, the dry powder reagent offers enhanced stability and
extended shelf-life, making it well-suited for transportation
and preservation, and also avoids the loss caused by repeated
freezing and thawing. Unlike RT-PCR and RT-qPCR, RT-
RAA eliminates the need for a reverse transcription process,
allowing RNA to directly participate in the reaction. Signifi-
cantly, RT-RAA reduces the reaction time to less than
20 min, a substantial improvement over the 1-2 hr typically
required by RT-PCR and real-time RT-PCR, thus offering a
time efficiency of approximately 3-8 fold. Moreover, expen-
sive instrumentation is not required for detection, in contrast
to the equipment needed for RT-PCR and RT-qPCR. The
results are also readily visualized. Real-time RT-RAA allows
for fluorescence signal observation within 5 min, while RT-
RAA-LFD enables direct result observation via a test strip.
Both the real-time RT-RAA and RT-RAA-LFD assays ensure
that the amplification product remains isolated with air until
the end of the reaction. This eliminates the need for subse-
quent electrophoresis, purification, or other manipulations,
thus minimizing the risk of cross-contamination. This is
particularly important for achieving reliable visualization of
the results. In terms of detection time, temperature require-
ments, specificity, and sensitivity, RT-RAA emerges as a
novel rapid detection method.

5. Conclusions

In conclusion, the two RT-RAA assays developed in this
study represent a significant advancement over traditional
laboratory-based diagnostic methods. These innovative
assays have the potential to enable the accurate detection
of BCoV in resource-limited settings equipped, increasing
accessibility to this vital diagnostic tool. They utilize com-
pact, portable instruments, and feature straightforward oper-
ational procedures, thereby reducing the demand for highly
specialized technical expertise among testing required per-
sonnel. Given their numerous advantages, RT-RAA methods
are poised to set a new standard in rapid nucleic acid detec-
tion technology, potentially replacing traditional PCR meth-
ods. Their adaptability makes them particularly beneficial for
use in remote or resource-limited settings. Moreover, it offers
a reliable alternative for the detection and early diagnosis of
BCoV, which is critical for effective monitoring, prevention,
and control of BCoV disease.
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