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Establishment of a reverse
transcription—recombinase
polymerase amplification—lateral
flow dipstick method for the dual
detection of Israeli acute paralysis
virus and chronic bee paralysis virus

Li Sun®, Yu Cheng!, Dongliang Fei?, Yueyu Ma? Mingxiao Ma*
and Ming Li*

!College of Animal Husbandry and Veterinary Medicine, Jinzhou Medical University, Jinzhou, China,
2Experimental Animal Center of Jinzhou Medical University, Jinzhou, China

Introduction: As an important social insect, honey bees play crucial roles in
agricultural production, sustainable development of agricultural production,
and the balance of the natural environment. However, in recent years, Israeli
acute paralysis virus (IAPV) and chronic bee paralysis virus (CBPV), the main
pathogens of bee paralysis, have continuously harmed bee colonies and caused
certain losses to the beekeeping industry. Some beekeeping farms are located
in wild or remote mountainous areas, and samples from these farms cannot
be sent to the laboratory for testing in a timely manner, thereby limiting the
accurate and rapid diagnosis of the disease.

Methods and results: In this study, we used a reverse transcription—recombinase
polymerase amplification—lateral flow dipstick (RT-RPA-LFD) method for
the dual detection of IAPV and CBPV. RPA primers and LFD detection probes
were designed separately for their conserved genes. Primers and probes
were screened, and the forward and reverse primer ratios, reaction times, and
temperatures were optimized. According to the results of the optimization tests,
the optimal reaction temperature for RT-RPA is 37°C, and when combined with
LFD, detection with the naked eye requires <20 min. The developed RPA-LFD
method specifically targets IAPV and CBPV and has no cross-reactivity with
other common bee viruses. In addition, the minimum detection limit of the RT-
RPA—-LFD method is 101 copies/pL.

Conclusion: Based this study, this method is suitable for the detection of clinical
samples and can be used for field detection of IAPV and CBPV.

KEYWORDS

IAPV, CBPV, RPA, LFD, dual detection

1 Introduction

Honey bees, the most widespread and economically significant pollinator in the world,
play a crucial role in agricultural production. Approximately one-third of global crop
production relies on bees for pollination. Honey bees not only directly affect the yield and
quality of various crops but also produce bee products that contain several bioactive
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ingredients with biological characteristics such as anti-inflammatory,
antibacterial, anticancer, antioxidative, antiapoptotic, antidiabetic,
antiallergic, hypolipidemic, hypotensive, and immune regulatory
effects (Ullah et al., 2021; Bakour et al., 2022; El-Seedi et al., 2022;
Giampieri et al., 2022; Sanyal et al., 2023); moreover, they provide
substances for use as raw materials and medicines (Bakour et al., 2022;
El-Seedi et al.,, 2022; Giampieri et al., 2022). Bee products have become
increasingly popular among consumers. In addition, bees protect and
restore the biodiversity of local wild plants and are widely used in
polluted areas to obtain valuable information about the environmental
presence of pollutants and their impact on human and ecosystem
health. However, in recent years, bee paralysis caused by Israeli acute
paralysis virus (IAPV) and chronic bee paralysis virus (CBPV) has
become one of the important factors leading to colony collapse
syndrome and substantial losses of worker bees (Dittes et al., 2020).

IAPV and CBPV are both single- and positive-stranded RNA
viruses that have become prevalent worldwide, particularly in Europe,
America, and Asia (Mullapudi et al.,, 2016; Ghorani et al., 2017;
Cirkovic et al., 2018; Budge et al., 2020; Fernandez de Landa et al,,
2020; Tlak Gajger et al., 2021). Moreover, clinical cases of IAPV and
CBPV infection have continued to increase in recent years (Dittes
et al,, 2021), which has seriously threatened the development of the
apiculture industry. Currently, the detection methods for IAPV and
CBPV include symptom diagnosis, electron microscopy observation,
serological testing, and routine molecular biology testing such as
reverse transcription—polymerase chain reaction (RT-PCR) and RT-
quantitative PCR (RT-qPCR). However, based on these methods, the
diagnosis of symptoms is not sufficiently precise, electron microscopy
observation and serological testing are time-consuming and laborious,
and conventional molecular biology diagnosis faces problems such as
the need for special experimental equipment and operational
difficulties and thus can only be used for laboratory testing. However,
because bees are raised according to their honey source, some
beekeeping farms are located in wild or remote mountainous areas,
where it is challenging to send infected bee samples to the laboratory
for testing and diagnosis in a timely manner, often leading to the
spread of the disease throughout the entire bee colony and causing
substantial losses. Therefore, there is an urgent need for developing a
method that can rapidly detect these two viruses in the nature.

As a new type of isothermal amplification technology,
recombinase polymerase amplification (RPA) allows the reaction to
proceed at a constant temperature under the action of three enzymes
without the need for an expensive thermocycler. Reactions can
proceed under conditions of 23°C-45°C, with an optimal temperature
range of 37°C-42°C (i.e., amplification can occur at room temperature
and detection can be achieved within 20min) (Olaf et al., 2006).
Lateral flow test strips (LFD) (Shahin et al., 2018) represent an
extremely simple and rapid detection method that usually requires
only 5-10 min to obtain results; moreover, the results are visible to the
naked eye. RPA-LFD not only avoids the possibility of cross-
contamination but also eliminates the need for bulky laboratory
equipment and cumbersome handling steps; thus, it is suitable for
rapid on-site detection. In this study, we described a detection method
involving RPA and LFD. We designed probes and primers for IAPV
and CBPYV, respectively, and optimized the reaction system for their
rapid detection. The sensitivity and specificity of our detection method
were also evaluated. We successfully established an RT-RPA-LFD
detection method that can simultaneously detect IAPV and CBPV and
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evaluated its application in the detection of infected worker bee
samples. Beekeepers can use this method to detect infected bee
colonies and achieve early and rapid diagnosis of IAPV and CBPV.

2 Materials and methods
2.1 Viruses and primary reagents

The purified samples of IAPV, CBPV, acute bee paralysis virus
(ABPV), Chinese sacbrood virus (CSBV), deformed wing virus
(DWV), and black queen cell virus (BQCV) were stored in our
laboratory. Escherichia coli DH50 and FlyCut® HindIIl were
purchased from TransGen Biotech (Beijing, China). The RNA
Constant Temperature Rapid Amplification Kit (Colloidal Gold Test
Strip Type) was purchased from Amplification Future (Jiangsu,
China). HybriDetect 2-T Dipsticks were purchased from Milenia
Biotec GmbH (Giessen, Germany). The worker bees were provided by
the Experimental Animal Center of Jinzhou Medical University.

2.2 Standard plasmid construction

Based on CBPV (GenBank: KU950353.1, RNA1) and IAPV
(GenBank: MZ269472.1) isolated in our laboratory, genes with highly
conserved regions (CBPV RNA-dependent RNA polymerase (RdRp)
and IAPV RdRp) of approximately 300bp were selected as target
genes, and HindIII restriction sites were inserted upstream and
downstream of the targets. IAPV and CBPV were synthesized and
inserted into the pUC57 plasmid by Sangon Biotech Shanghai Co.,
Ltd. (Shanghai, China) to obtain a quality control plasmid.

2.3 Design and optimization of primers and
probes

According to the principle of RPA primer design, primers were
designed and screened using the primer-BLAST function of the
National Center for Biotechnology Information. We designed four
pairs of primers and one probe for the conserved region of the IAPV
RdRp gene (6195-6,495nt, GenBank: MZ269472.1). We selected the
conserved region of the CBPV RNA1 RdRp gene (1607-1957nt,
GenBank: KU950353.1) and designed five pairs of primers and one
probe for this conserved region (Supplementary Table 1). RPA was
performed using the primers listed in Supplementary Table 1. Buffer
A (29.5pL) was mixed with 1.2 pL each of forward (F) and reverse (R)
primers (final concentration of 10pM), 1 pL of the control plasmid,
0.6 pL of the probe, 47.5pL of diethylpyrocarbonate (DEPC) water,
and 2.5pL of buffer B. After thorough mixing, the samples were
isothermally amplified at 37°C for 20 min. The amplified products
were analyzed via 1.5% agarose gel electrophoresis. The optimal
primers and probes were then labeled and prepared. The probe was
prepared as follows: 5-carboxyfluorescein (FAM) at the 5-end,
tetrahydrofuran (THF) in the middle, and a C3-spacer at the 3"-end
of the probe. The reverse primer was prepared as follows: biotin at the
5’-end of CBPV-R and digoxin at the 5”-end of IAPV-R. All primers
and probes were synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China).
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2.4 Selection of the optimal primer ratio for
RT-RPA-LFD

To eliminate false-positive results in RPA-LFD, we adjusted the
proportion of upstream and downstream primers in the reaction
system. When the total number of primers remained unchanged, the
forward and reverse primers were allowed to react in a ratio of 1:1 to 6:1
to determine the optimal primer ratio. HybriDetect 2T Dipsticks
(Milenia Biotec GmbH, Giessen, Germany) were inserted into the PCR
tube, and the results were interpreted upon the appearance of the
control line.

2.5 Optimization of the RT-RPA-LFD
detection temperature

The established reaction system comprised 29.5 pL of buffer A,
2.4pL of primer-IAPV, 2 pL of RNA, 0.6 puL of probe-IAPV, 2.4 uL of
primer-CBPYV, 0.6 pL of probe-CBPV, 47.5 L of DEPC water, and
2.5pL of buffer B. RT-RPA-LFD reactions were performed at
10°C, 15°C, 20°C, 25°C, 30°C, 37°C, 42°C, and 50°C. The
experimental results were analyzed to determine the detection
temperature range.

2.6 Optimization of the RT-RPA-LFD
reaction time

Using 37°C as the optimal reaction temperature, the reaction was
terminated at 1, 3, 5, 10, 15, 20, 25, and 30 min to determine the
optimal and minimum detection time.

2.7 RT-RPA-LFD specificity experiment

Using previously stored purified of IAPV, CBPV, ABPV, CSBV,
DWYV, and BQCYV as templates, RT-RPA-LFD reaction was performed
under optimal conditions.

2.8 Sensitivity determination of RT-RPA-
LFD reaction

Following the method of Wang et al. (2016), recombinant
plasmids pET28a-MS2-IAPV harboring the IAPV RdRp gene
pET28a-MS2-CBPV
harboring CBPV RdRp gene fragment were synthesized using
armored RNA technology. pET28a-MS2-IAPV and pET28a-MS2-
CBPYV plasmids were expressed and purified to prepare IAPV-VLPs
and CBPV-VLPs. The IAPV-VLP was diluted by 10-fold in
nuclease-free water to obtain a series of concentrations ranging
from 1x 107 to 1x10° copies/pL. The CBPV-VLP was diluted by
10-fold in nuclease-free water to obtain a series of concentrations

fragment and recombinant plasmids

ranging from 1 x 107 to 1 x 10° copies/pL. These solutions were used
as the reaction templates for RPA-LFD and stored at —20°C before
use. The RPA-LFD reaction was performed under the previously
described optimal conditions.
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2.9 Clinical sample testing

Sixty worker bee samples were tested using RT-RPA-LFD, and the
results were verified via RT-qPCR (Morfin et al., 2023). The
coincidence rate between the results of RT-RPA-LFD and RT-
qPCR was obtained, and the accuracy of the former method
was determined.

3 Results

3.1 Selection of optimal primers for
RT-RPA-LFD

Among the four pairs of IAPV-specific primers and five pairs of
CBPV-specific primers designed, IAPV-F4/IAPV-R and CBPV-F4/
CBPV-R4 showed the brightest and clearest target bands under
identical conditions without nonspecific bands (Figure 1),
indicating their higher amplification efficiency than that of other
primer pairs. Therefore, IAPV-F4/IAPV-R4 and CBPV-F4/
CBPV-R4 were selected as the optimal primers for the RT-RPA-
LED reaction.

3.2 Optimal primer ratio for RT-RPA-LFD

When the ratio of upstream and downstream primers in IAPV
and CBPV was 5:1 (Figure 2) and 6:1 (Figure 3), respectively, no false-
positive bands were detected. Therefore, the abovementioned ratios
were selected for upstream and downstream primers in IAPV
and CBPV.

3.3 Optimization of the RT-RPA-LFD
detection temperature

By expanding the temperature range, the upper and lower limits
of the allowed reaction detection temperature as well as optimal
temperature were tested, as shown in Figure 4. When the reaction
temperature was 20°C, the test line was colored. As the temperature
increased, the color of the test line gradually deepened, with the most
intense color appearing at 37°C. When the temperature reached 42°C,
the color intensity of the test line decreased, and the color was
extremely light at 50°C. This phenomenon may have occurred due to
the inactivation of enzymes in the reaction system caused by high
temperature. The optimal reaction temperature was determined to
be 37°C.

3.4 Optimal reaction time for RT-RPA-LFD

Reaction time is a key factor in RT-RPA-LFD detection. The
reaction time was optimized using the optimal primer ratios and
a reaction temperature of 37°C (Figure 5). LFD detection occurred
after 5 min of reaction initiation, and the LFD test line began to
show color. As time progressed, the color intensity of the LFD test
line gradually increased. The color was most intense at 15 min,
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A

FIGURE 1

combinations. (A) IAPV. (B) CBPV. M: 2,000 bp DNA marker; 1: primer 1, 2:

Screening of the optimal primers for detection. A 1.5% agarose gel electrophoresis of RPA products was performed, which revealed different primer

bp
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primer 2, 3: primer 3, 4: primer 4, 5: primer 5.

control —> —
IAPV —> =

FIGURE 2

The optimal primer ratio for IAPV. The forward and reverse primers
were allowed to react in a ratio of 1:1 to 6:1 to determine the optimal
primer ratio. (A) 1-6, 1:1-6:1. (B) Reaction results using the optimal
primer ratio of 5:1, 1: IAPV, 2: Healthy worker bees, 3: water.

and no further color intensification was observed after this time
point. Thus, we determined that 15min was the optimal
reaction time.

3.5 Specificity of the RT-RPA—-LFD reaction

Six bee viruses were used to test the specificity of the RT-RPA-
LFD reaction under optimal experimental conditions (Figure 6). The
LFD results showed that for all viruses, except for IAPV and CBPV,
the LFD produced only control lines, indicating negative results. In
contrast, the test lines for IAPV and CBPV showed a distinct color.

Frontiers in Microbiology

A B
1 2 3 4 5 6 1 2 3
14444
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CBPV —> =

FIGURE 3

The optimal primer ratio for CBPV. The forward and reverse primers
were allowed to react in a ratio of 1:1 to 6:1 to determine the optimal
primer ratio. (A) 1-6, 1:1-6:1. (B) Reaction results using the optimal
primer ratio of 6:1, 1: CBPV, 2: Healthy worker bees, 3: water.

Therefore, the results revealed that the developed RT-RPA-LFD test
was specific for APV and CBPV.

3.6 Sensitivity determination of the RT—
RPA-LFD reaction

Experiments were performed using IAPV-VLPs and CBPV-VLPs
to evaluate the detection sensitivity of the RT-RPA-LFD reaction. The
lowest detection limit for both APV and CBPV was 1 x 10" copies/pL
(Figure 7).
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control

"IAPV -

CBPV-——>

FIGURE 4

Optimization of RT-RPA-LFD detection temperature. The reactions
were performed at 10°C-50°C, the color of the test line was most
intense at 37°C. 1: 10°C, 2: 15°C, 3: 20°C, 4: 25°C, 5: 30°C, 6: 37°C, 7:
42°C, 8: 50°C.

control «—»

IAPV

.CBPV

FIGURE 5
Optimization of RT-RPA-LFD reaction time. 1: 1 min, 2: 3min, 3:
5min, 4: 10 min, 5: 15min, 6: 20 min, 7: 25min, 8: 30 min.

3.7 Clinical sample testing

A total of 60 suspected clinical samples were tested, and the RT-
RPA-LFD test results were consistent with those of the RT-qPCR test
with 100% accuracy: 26 samples were positive and 34 were negative
for IAPV; 13 samples were positive and 47 were negative for CBPV. The
results revealed a mixed infection of two samples (Table I,
Supplementary Figure S1). The results indicated the high accuracy of
the RT-RPA-LFD detection method, encouraging its use for
clinical testing.

4 Discussion

Compared with PCR, RPA technology has the advantages of
constant reaction temperature, minimal requirement of

Frontiers in Microbiology

FIGURE 6

Specificity of the RT-RPA-LFD reaction. Six bee viruses were used to
test the specificity of the RPA-LFD reaction, only IAPV and CBPV
showed colors on the testing line. 1: IAPV and CBPV, 2: ABPV, 3:
CSBV, 4: DWV, 5: BQCV, 6: negative control.

FIGURE 7

Sensitivity determination of the RT-RPA-LFD reaction. To determine
the detection limit of the RT-RPA-LFD assay, 10-fold serial dilutions
of IAPV-VLPs and CBPV-VLPs were performed from 1x 107 to 1 x 10°
copies/pL. IAPV: 1-8: 1 x 107-1x 10° copies/pL, 9: negative control.
CBPV: 1-8: 1x107-1 % 10° copies/pL, 9: negative control.

equipment (metal or water bath), shorter reaction time (<30 min),
and rapid detection suitable for simple outdoor conditions. In
this study, the RPA-LFD method was developed for rapid visual
detection of IAPV and CBPV. To ensure the normal progression
and specificity of the reaction, a probe and multiple pairs of
primer combinations were designed based on the conserved
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TABLE 1 Analysis of detection results for clinical samples using RT-RPA-LFD and qPCR.

Method Number of samples IAPV CBPV IAPV+ CBPV
Positive Negative Positive Negative Positive

RT-RPA-LFD 60 26 34 13 47 2 ‘

RT-qPCR 60 26 34 13 47 2 ‘

regions of IAPV and CBPV genes, respectively, and the most Author contributions

suitable primers and probes for the amplification reaction were

screened. To achieve simultaneous detection of [APV and CBPYV, LS: Methodology, Writing — original draft, Writing - review &

the detection probe was labeled with FAM, and downstream  editing, Data curation, Project administration, Validation. YC:

primers were labeled with digoxin and biotin. To eliminate false- Data curation, Methodology, Writing - review & editing,

positive results and ensure the accuracy of the results, we analyzed ~ Validation. DF: Methodology, Validation, Writing - review &

the proportion of upstream and downstream primers and editing. YM: Data curation, Methodology, Validation, Writing -

ultimately revealed that false-positive results could be eliminated =~ review & editing. MM: Methodology, Writing - review & editing.

when the ratio of upstream to downstream primers was 5:1 for ~ ML: Methodology, Writing - review & editing, Writing - original

IAPV and 6:1 for CBPV. The RT-RPA-LFD assay established in  draft, Data curation.

the present study had a wide detection temperature range,

ranging from 20°C to 50°C, and the optimal reaction temperature

was 37°C. The RT-RPA-LFD demonstrated remarkable FuNdI ng

sensitivity and specificity (10* copies/pL). In addition, the RT-

RPA-LFD method showed no cross-reactivity with other The author(s) declare that financial support was received for the

common bee viruses. The clinical sample test results were  research, authorship, and/or publication of this article. This work was

consistent with those of the RT-qPCR test, with high accuracy.  supported by grants from the National Natural Science Foundation of

Therefore, the newly developed RT-RPA-LFD method can  China (Nos. 31972626 and 32172789), and the Natural Science Fund

be used for clinical testing. of the Liaoning province (No. 2022-MS-385), and Science and
Currently, the main detection methods for IAPV and CBPV  Technology Research Project of Educational Department of Liaoning
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prolonged reaction times, complex steps, and extensive requirements The authors declare that the research was conducted in the

of instruments and equipment. absence of any commercial or financial relationships that could
The IAPV and CBPV dual RT-RPA-LFD detection method  be construed as a potential conflict of interest.

established in this study can be conducted within a short time

and has high sensitivity. Combined with a rapid RNA extraction

kit, field detection of IAPV and CBPV can be completed within Publisher's note

30 min. The test results can be directly interpreted through test

strips, providing accurate and reliable means for the rapid All claims expressed in this article are solely those of the authors

diagnosis of IAPV and CBPV infection in the field. This facilitates  and do not necessarily represent those of their affiliated organizations,
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