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ABSTRACT

Viral contamination may occur at any stage of food processing.
The study aim was to develop a two-step reverse transcription (RT)-
recombinase polymerase amplification (RPA) assay and evaluate for
in-field duplex detection of hepatitis A virus (HAV) and norovirus in
oysters. The RNA expression plasmids were generated by amplifying
a fragment of the VP1 gene of HAV and norovirus through PCR and
cloning it into an expression vector. The RNAs were transcribed in
vitro from the plasmids and further used for reverse transcription.
The resulting single-stranded cDNAs were used as the purified or
spiking templates to determine the sensitivities of simplex and duplex
RT-RPA compared with RT-PCR, and RT-gqPCR assays. The
reproducibility and application of duplex RT-RPA in the field were also
evaluated. Our results showed that simplex RT-RPA was at least 100
times more sensitive than RT-PCR and RT-gPCR and even more than
duplex detection using purified targets. Unlike RT-PCR, the RT-RPA
reaction was unaffected by inhibitors found in food, allowing simple
sample preparation methods for detection within a fraction of the
time. The duplex assay detected HAV, norovirus, or both in 12/30
(40%) oyster samples tested. Duplex RT-RPA proved to be a rapid,
accurate, and reproducible method in a field test for detecting HAV
and norovirus. Thus, duplex RT-RPA should be suitable for use in
minimally equipped laboratories and field settings. If in-field RT-RPA
services are provided to oyster farmers, the technique can minimize
the risk of infection to consumers, thereby improving food safety.
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INTRODUCTION

Fresh and minimally processed foods are a known potential vehicle for
foodborne viruses. When cultured in polluted water, oysters can be a significant
source of foodborne viruses because they ingest particles from the water (Carter,
2005; Pinté et al., 2009). In addition to during primary production, viral
contamination may occur at any of the food processing stages of processing, storage,
distribution, and final preparation. The World Health Organization has estimated that
600 million individuals develop foodborne illnesses after eating contaminated food,
and 420,000 die every year (World Health Organization, 2022a). Among foodborne
viruses, hepatitis A virus (HAV) and norovirus are significant causes of foodborne
outbreaks globally. Norovirus is the primary cause of acute gastroenteritis in
developing countries, leading to 50,000 child deaths annually (Centers for Disease
Control and Prevention (CDC), 2021). On the other hand, HAV increases the risk of
acute hepatitis and even causes a greater mortality rate in persons >50 years old,
ranging from 1%-5.4% (Lemon et al., 2017), with an estimated 7,134 deaths in
2016 (World Health Organization, 2022b). Monitoring foods for viral contamination
at control points along the food supply chain helps prevent food contamination and
minimize the risk of foodborne illnesses. Therefore, sensitive and specific methods
are required to regularly monitor food contaminations from cultural practices and
consumer purchasing sources.

Several factors should be considered aside from sensitivity and specificity when
selecting a suitable food-contamination detection method. Although PCR-based
assays are highly sensitive, they require specialized technical knowledge and costly
equipment (Piepenburg et al., 2006). Furthermore, PCR-based approaches are
susceptible to PCR inhibitors present in the food matrix. Additionally, extraction of
highly purified nucleic acids from food samples is time-consuming and impracticable
in the field. On the other hand, loop-mediated isothermal amplification (LAMP) may
detect nucleic acids on-site but requires more effort to design primers (Yoda et al.,
2007). Several primers must be designed to bind to six places at a particular distance
in the target sequence for conducting the test. The primer design is more difficult for
highly variable genome sequences of viruses. The recommended temperature for
amplification is 65°C and the reaction temperature typically ranges from 30 to 60
min. In addition, turbidity or color intensity to visualize the results may not be
appropriate for multiplex detection.

Another isothermal nucleic acid amplification approach is recombinase
polymerase amplification (RPA), which can detect nucleic acids in 15-20 min at a
constant temperature of 37°C-42°C (Li et al., 2018) with a lower reaction
temperature and only a pair of primer oligonucleotides (Lobato and O’Sullivan, 2018).
A reduced need of complicated designed primers and time makes RPA more attractive
than LAMP. Unlike PCR, the reactions are unaffected by inhibitors found in food,
enabling immediate detection in a very short time (Rajiuddin et al., 2020). Moreover,
the sensitivity and specificity of RPA have been shown to be comparable to those of
conventional PCR assays (Daher et al., 2016). RT-RPA has been successfully used in
the diagnosis of bovine coronavirus, bovine viral diarrhea virus (Aebischer et al.,
2014), human norovirus (Han et al., 2020; Moore and Jaykus, 2017), and murine
norovirus (Ma et al., 2018). In nature, more than one pathogen might coexist in a
single food sample at low concentrations. Hence, it is necessary to identify multiple
foodborne pathogens with a speedy, highly sensitive, and specific detection
approach. Several investigators have developed multiplex RPA assays to detect
foodborne pathogens, such as bacteria in food (Ma et al., 2020; Tran et al., 2022),
intestinal protozoa (Crannell et al., 2016), and viruses in clinical samples (Li et al.,
2021). So far, only a few reports on multiplex detection of foodborne viruses have
been published.

The study aim was to develop a two-step reverse transcription (RT)-RPA for
duplex detection of HAV and norovirus and evaluate its performance in field
applications by using minimally processed in oyster samples. If in-field RT-RPA
services are provided along the food chain, the technique can minimize the risk of
infection to consumers, thereby improving food safety.
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MATERIALS AND METHODS

Samples

We bought fresh oysters with shells randomly from 2-3 shops selling oysters
at Ang sila, Chonburi. After scrubbing their outer surface with a stiff brush and rinsing
with water to remove any mud and sand, digestive glands were dissected,
homogenized, and pooled into a 2-g sample from each oyster for viral analysis.

Primer designs

On the recommendation of TwistAmp (TwistDX, UK), we designed five forward
and reverse RT-RPA primers specific to the conserved region of the coat protein gene,
VP1. The Oligonucleotide Properties Calculator (Kibbe, 2007) was used to check the
qualification of all HAV and norovirus primers, each of which was 35-bp long. A
perfect nucleotide match (100%) was set to ensure the RT-RPA primers’ capability
to detect all HAV and norovirus strains known to date. All primers had a guanine-
cytosine content between 29% and 57%. All primers were synthesized (Macrogen,
Seoul, South Korea) and screened for amplification efficiency. We selected 232- and
205-bp amplified products from norovirus and HAV, respectively, for further use in
duplex detection because of their clear separation of the DNA fragments by agarose
gel electrophoresis. The chosen primers were also tested for their specificity against
non-target enteric viruses, including hepatitis E virus, poliovirus, rotavirus,
enterovirus EV71, and coxsackievirus B5.

Construction of RNA expression plasmids

RNA expression plasmids, pET-HAV, and pET-norovirus were created by
amplifying a fragment of the VP1 gene of HAV (Accession No. EF207320), and
norovirus DNA fragments (Accession No. MG78678) through PCR (Figure 1).
Amplified fragments of 422 bp of HAV and 352 bp of norovirus were cloned at 5'Xbal
and 3'BIpl restriction sites into pET-28b(+) (SnapGene, San Diego, California, USA)
(Fang et al., 2018). Transformants growing on luria agar plates (LA) 50 upg/mL
kanamycin (KAN) were selected. All transformants were screened for insert identity
by double-enzyme digestion, PCR, and DNA sequencing before expression.

Xbal HAV VP1 Bipl
P Y

|

Xbal NeV VP1 Bip1
A

Cloning / \

Bipl Xbal Bipt Xbal

pBR322 ori

pBR322 ori

Figure 1. Schematic flow diagram of methods used to construct pET-HAV
and pET-norovirus.
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Preparation of RNA transcribed in vitro

RNAs were transcribed from pET-norovirus or pET-HAV by subjecting them to
a HiScribe T7 Quick High Yield RNA Synthesis kit (New England Biolabs, Hitchin, U.K.)
according to the manufacturer’s instructions. The reaction system was 20 L in total:
2 pL of T7 RNA Polymerase Mix, 10 uL of NTP buffer, and 1 pg of plasmids in 8 pL of
dH20. The reactants were incubated at 37°C for 4 h, followed by DNA elimination
with DNase I setting at 37°C for 15 min. The transcribed RNA was purified and
quantified. The integrity of RNA products was analyzed by denaturing RNA
electrophoresis.

Preparation of denaturing gel electrophoresis for RNA analysis

Eight microliters of transcribed products was mixed thoroughly with 2 pL of 10X
MOPS Buffer (200 mM MOPS, 50 mM sodium acetate, 10 mM EDTA-2H20, 10 mM
EGTA), and 10 pL formamide in a total of 20 pL. The mixtures were heated at 70°C
for 10 min and suddenly chilled on ice for 21 min before loading. The RNA mixtures
were added with 2 pL formaldehyde loading buffer (1 mM EDTA, pH 8.0, 0.4%
bromophenol blue, xylene cyanol, and 50% glycerol). The total mixtures were then
loaded in 1% agarose gel containing 1X MOPS Buffer and 37% (v/v) formaldehyde
and then electrophoresed at 50 V for 60 min. The RNA bands were stained with 1
Hg/mL ethidium bromide for 5 min and destained for 40 min.

Reverse transcription (RT)

The first strand cDNAs were reverse transcribed using a Random Hexamer
RevertAid First Strand cDNA Synthesis kit (Thermo Scientific, Waltham,
Massachusetts, USA) following the manufacturer’s instructions. Briefly, the total
RNAs (0.1 ng-5 pg) was mixed with 1 pL of oligo dT Random Hexamer primer, 4 pL
of 5X Reaction Buffer, 1 uL of Ribolock RNase inhibitor (20 U/uL), 2 pL of 10 mM
dNTPs mix, and 1 pL of RevertAid M-MuLV RT (200 U/upL) in a total volume of
20 pL. The mixture was incubated at 25°C for 5 min, followed by 42°C, 60 min.
The reaction was then stopped after sitting at 70°C for 5 min. The resulting single-
stranded cDNAs were used as the templates for the downstream RPA, PCR, and qPCR
assays. The copy number was calculated according to the following formula:

mass of ssDNA (ng)* 6.0221 x 1023(

[N«330 (-5 )]« 1x 109(%)

mole

molecules)
mole

DNA copies (molecules) =

Recombinase polymerase amplification (RPA)

Then, 1 pL of cDNA templates was added to the simplex RPA reaction
TwistAmpBasic Kit (TwistAmp Ltd., Cambridge, UK) containing 0.42 uM forward and
reverse primers, 29.5 pL TwistAmp rehydrate buffer in a 47.5-uL reaction volume
(TwistAmp Ltd., Cambridge, UK.). The reaction was initiated by adding 2.5 pL of 14
mM Mg (Ac)z to the final reaction volume of 50 pL per sample. In duplex RPA
reactions, both sets of 0.7uM HAV and norovirus primers were added to a single
reaction containing 50 ng of each template and 18 mM Mg(Ac)2. Those reactions were
incubated in a water bath or heat block at 37°C for 20 min. The RPA end products
were purified using a GenepHlowTM Gel/PCR Kit (Geneaid, New Taipei City, Taiwan).
Then, the purified amplification products were analyzed on agarose gel
electrophoresis using 1% (w/v) agarose gels containing 1X SYBRO (Invitrogen by
Thermo Fisher Scientific, USA) in 1X Tris-Boric acid-EDTA (TBE) buffer.

Conventional PCR

Simplex PCR was performed in 50-uL reactions containing 1 pL of HAV or
norovirus cDNAs with 0.2 uM of each primer, 200 pM dNTP mix, 2 mM MgClz, and
1.25 U Phusion high-fidelity DNA polymerase (Thermo Scientific, USA). The reaction
condition was conducted for HAV, 94°C for 5 min for the initial denaturation, followed
by 35 cycles of 94°C for 30 s, 70°C for 30 s, 72°C for 1 min and one final extension
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of 72°C for 5 min. The reaction condition was carried out for norovirus at 94°C for a
5-min initial denaturation, followed by 35 cycles of 94°C for 30 s, 72°C for 1 min,
and one final extension of 72°C for 5 min on a thermocycler (T100 Thermal Cycler;
Bio-Rad, Hercules, California, USA).

The conditions for duplex PCR were screened by varying the annealing
temperature, primer, and template ratios. The optimal duplex PCR was established
in 50-uL reactions containing RNAs (50 ng of norovirus and 100 ng of HAV), primers
(0.1 pM norovirus primers and 0.2 uM HAV primers), 200 uM dNTP mix, 2 mM MgCla,
and 1.25 U of Phusion high-fidelity DNA polymerase (Thermo Scientific, USA). The
following PCR conditions were used: 94°C for 5 min for the initial denaturation,
followed by 35 cycles of 94°C for 30 s, 67°C for 30 s, 72°C for 2 min and one final
extension of 72°C for 5 min. Amplification products were analyzed by agarose gel
electrophoresis using 1% (w/v) agarose gels containing 1X SYBRO (Invitrogen by
Thermo Fisher Scientific, USA) in 1X TBE buffer.

Quantitative PCR (qPCR)

The Maxima SYBR Green gqPCR master mix kit was used for real-time PCR by
Applied Biosystems QuantStudio5 (Thermo Scientific, USA). The optimized reaction
contained 12.5 L of 2X Maxima SYBR Green gPCR Master Mix, 0.05 puL ROX solution,
1.5 pL UDG (1 unit/uL), 1.5 pyL UDG buffer, 1 yL of cDNA template, 0.75 pL of 10 uM
HAV forward and reverse primers or 2.25 L of 10 uM norovirus forward and reverse
primers, and 4.95 pL nuclease-free dH20 in 25 L total reaction volume. The reaction
steps were set as follows: UDG pretreatment at 50°C for 2 min, initial denaturation
at 98°C for 3 min, followed by amplification over 35 cycles at a denaturation
temperature of 98°C for 10 sec and an annealing temperature of 70°C (HAV) or 72°C
(norovirus) for 30 sec. Ten-fold serially diluted plasmids were used to generate the
standards. All standards and cDNA samples were run in triplicate, and the whole
assay was performed twice. The Ct value, which represents the number of PCR cycles
in which the reporter dye fluorescence was detectable above the fluorescence
threshold (Ct = 35), was computed automatically for each amplification cycle. The
gPCR results were considered positive for Ct > 35.

Sensitivity tests

Serial 10-fold diluted templates were made using the cDNA synthesized from
transcribed RNA. One microliter of each diluted template was in RPA and conventional
PCR, and their amplified products were analyzed by agarose gel electrophoresis. Band
intensities of amplified products on agarose gel were measured in the Image J
program (developed by the National Institutes of Health and Laboratory for Optical
and Computational instrumentation). The standard curves were generated using the
Y-axis for band intensities and the X-axis for copies. Each dilution was tested in
duplicate, and the whole assay was performed twice.

Application of RT-RPA to virally contaminated oysters

Initially, all oysters were verified to be free of HAV and norovirus by RT-RPA.
In spiking experiments, 2 g of oysters were homogenized with 5 uL of 10-fold diluted
of HAV-RNAs or norovirus-RNAs for simplex reactions, and both HAV-RNAs and
norovirus-RNAs for duplex detection at 37°C for 1 h. Each spiked sample was then
added with 2 pL of 100 pg/mL proteinase K (Biotechrabbit, Hennigsdorf Germany).
After two consecutive shaking incubations at 37°C for 1 h and 60°C for 15 min,
the crude extracts were cleared by centrifugation at 14,000g for 5 min and filtered
by filter papers. RNAs in the extracts were used to amplify cDNAs by RT-RPA and
RT-PCR.

Our extraction method was compared with another detailed extraction method
that obtains more purified templates (Studier, 2005). All extraction steps were the
same for viral contamination testing in oysters but omitted the spiking step. The
duplex RT-RPA assays detected all samples. Purified RNAs yielding positive
amplification determined by RT-RPA were used as the positive control, whereas the
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negative control was the oyster extract free of HAV and norovirus. The whole assay
was performed twice.

DNA verification by sequencing

To test viral contaminations in oysters, amplified RT-RPA proucts were purified
from the agarose gel (GeneHlow Gel/PCR kit; Geneaid, New Taipei City, Taiwan) and
the identities confirmed by DNA sequencing (Macrogen, Seoul, South Korea).

Reproducibility of the tests. HAV-RNAs was added to every 2 g of oyster and
extracted for RT-RPA reactions. Intra-assay precision was assessed using five
replicates per assay on the same day, and inter-assay precision was assessed by
performing five assays on different days. The band intensity of RPA products on
agarose gel was measured by the Imagel program and estimated for molecule
numbers referenced to the standard curve. Inter- and intra-assay precision were
assessed to determine for statistical significance (P < 0.05).

Statistical analysis

The reproducibility of results was evaluated statistically using one-way analysis
of variance, and the level of statistical significance was set to P < 0.05. Standard
curves were generated and linear regression was used to test for equivalence of band
intensities versus quantitation (copies) of RT-RPA versus RT-PCR. Data with a
correlation co-efficiency of r? = 0.9 was considered to be acceptable for analysis.

RESULTS

Construction of plasmids. Expression plasmids, pPET-norovirus, and pPET-HAV
were constructed and their identities verified by double digestion, PCR, and DNA
sequencing. RNAs were synthesized by in vitro transcription to test their expression
ability. All plasmids were transcribed to RNAs, as visualized on 1% denaturing
agarose gel electrophoresis (data not shown).

RPA primer screening for RPA sensitivity and specificity. Five potential primer
pairings for HAV and norovirus VP1 genes were screened for strong amplification and
distinct sizes of products visible on agarose gel electrophoresis (Figure 2 and 3,
resepctively). Finally, one primer set was selected for each target region
(Table 1). These primers were also used to test their target specificity. Only RT-RPA
products were amplified from HAV and norovirus. In contrast, no amplification was
observed with other foodborne viruses (Figure 4), which showed no cross-reactivity
between the viral pathogens tested.

HAV primer

‘;flf\'?-\ QA;\V\T-.\ V“DX?-\ < b.*$j— Qc.’k?:}‘ ?mx?‘:b X?“B < b‘_\_\lfb 5XQ'5

<

R

100 bp

Figure 2. Screening primer pairs for amplification efficiency of the HAV
target by RPA assay. The primer pair, F4 and R1, yielding 205 bp amplified product,
were selected and further used in the assay. M, DNA marker (100 bp from the bottom
to top).
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Figure 3. Screening primer pairs for amplification efficiency of the norovirus
target by RPA assay. The primer pair, F2 and R2, yielding 232 bp amplified product,
were selected and further used in the assay. M, DNA marker (100 bp from the bottom
to top).

Table 1. Primer sets used in this study.

Oligo name Oligo sequence (5' to 3') Tm (°C)
HAV_F4 TCTACTGAGCAGAATGTTCCTGATCCCCAAGTCGG 76.9
HAV_R1 CTGATGTATGTCTAAACTCTCCAGGTTTCAATTCA 70.9
NOROVIRUS_F2 GCACCTGTAGCGGGCCAACAAAATGTAATTGACCC 76.9
NOROVIRUS_R2 CTGTGAACGCGTTCCTCACTAGAATTACCTGCACT 74.9
A B
HAV primers NoV primers

12345678 9 123456 789

100bp 10 by

e 1321

Rl S

Figure 4. Specificity of the HAV and norovirus primer pairs to their targets.
HAV F4 and R1 primers binding to HAV (A) and norovirus F2 and R2 primers binding
to norovirus (B). Lane 1, DNA marker (100 bp from the bottom to top); lane 2, HAV
and norovirus, respectively; lane3, norovirus and HAV, respectively; lane 4,
rotavirus; lane 5, EV71, enterovirus EV71; lane 6, coxsackievirus B5; lane 7, hepatitis
E virus; lane 8, poliovirus; lane 9: the negative control without the template. The
arrows on the right indicate the expected RPA amplification products of HAV and
norovirus, respectively. The images represent results from two independent
experiments.
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Comparison of simplex RT-RPA, RT-PCR, and RT-gPCR assays. The specified cDNA
templates were amplified by RPA and compared with those of the conventional PCR
using the same RPA primers. RT-RPA could detect HAV RNAs with 4.54 x 10 copies
with visible amplification from the non-diluted sample to a dilution of 1 x 10-8 (Figure
5). However, RT-PCR detected the HAV templates in the range of 107 copies/reaction
(Table 2). The findings showed that RT-RPA was at least 1,000 times more sensitive
than the conventional RT-PCR assay. The R? values obtained over 0.98,
demonstrating that RT-RPA and RT-PCR were equivalent (Figure 6).

. <
n 2 ) a 5 » o & ] o S
MW e I R I R N S

100 bp

205 hp

Figure 5. The simplex RT-RPA detection limits for HAV RNA transcripts. The
dilutions are indicated on top of individual lanes and the negative control without the
template. The images shown are representatives of two independent experiments.
The arrow on the right of each figure indicates the expected RT-RPA amplification
products of HAV. M, DNA marker (100 bp from the bottom to top).
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Figure 6. The equivalence of RT-RPA and RT-PCR using ten-fold serial
dilutions of HAV RNAs. Band intensities of RT-RPA and RT-PCR amplified products
on agarose gel were measured by program ] (developed by the National Institutes of
Health and Laboratory for Optical and Computational instrumentation). Linear
Regress was used to test for the equivalence with the R? values over 0.98.

To determine the sensitivity of qPCR, 10-fold serially diluted recombinant
plasmids were amplified to generate the amplification plot. The standard curve was
constructed by plotting the cycle threshold (Ct) value on the Y-axis and the known
log-dilution of DNA in 10-fold dilutions on the X-axis. (Figure 7). Our results showed
that the primers could detect (Ct values < 35) HAV cDNA as low as 8.90 x 10°6
copies/reaction and norovirus at 1.26 x 108 copies/reaction. These results indicated
that RT-RPA was 100 times more sensitive than RT-qPCR (Table 2).
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Figure 7. The sensitivity of qPCR. The standard curve generated from the cycle
threshold of each of ten-fold serially diluted pET-HAV (A) and pET-norovirus (B). The
melt curve plots derived from figure A and B illustrate in C and D, respectively.

Table 2. Comparison of RT-RPA, RT-PCR and RT-gPCR assays.

Reaction Methods Targets Purification Spiking contamination
Dilution LOD? Dilution LOD?
(molecules) (molecules)
Simplex RT-RPA HAV 108 4.54 x 104 102 1.89x10°
(Ma et al., 2018)
RT-PCR HAV 106 4.54x107 10t 1.89x1012
(Ma et al., 2018)
gRT-PCR  HAV 101 8.90x 106 NDb
norovirus 102 2.36x107
Duplex RT-RPA HAV 10 4.45 x 108 4.45 x 1012
norovirus 103 3.93 x 10° 9.83 x 10
RT-PCR HAV 8.90 x 101 NDP
norovirus 1.97 x 10!

Note: 2LOD, The limit of detection
°ND, Not determined

Comparison of the duplex RT-RPA dectection limits for HAV- and norovirus-
RNAs

To test the sensitivity of the duplex RT-RPA, 10-fold serial dilutions of purified
RNAs were prepared. At the highest dilution of 1 x 107>, the cDNA bands were still
observed (Figure 8). As a result, the detection limits for the simultaneous detection
of HAV- and norovirus-RNAs were as low as 4.45 x 10° and 3.93 x 10°
copies/reaction, respectively (Table 2).
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M 10 102 104 10 10 100 107 &

Figure 8. The duplex RT-RPA detection limits for HAV-and norovirus-RNAs.
RT-RPA amplified ten-fold serial dilutions of HAV-and norovirus-RNAs. The dilutions
are indicated on top of the lane and the negative control without the template. The
arrows on the right show the expected RT-RPA amplification products of HAV and
norovirus of 205 and 232 bp, respectively. The images represent results from two
independent experiments. M, DNA marker (100 bp from the bottom to top).

Quantitation of RPA products. The Imagel program showed that the band
intensities of the cDNAs intensified on agarose gel as the amounts of RNAs were
increased and the molecules detected were shown to be equivalent (data not shown),
with good correlation between band intensities and starting copies
(R?> 0.95) (Figure 9).
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5 5888
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Figure 9. The equivalence of band intensities of RT-RPA amplified products
and the number of molecules. RT-RPA amplified ten-fold serial dilutions of purified
HAV RNA and their band intensities on agarose gel were measured by program J]
(developed by the National Institutes of Health and Laboratory for Optical and
Computational instrumentation). Linear Regress was used to test for the equivalence
with R?2 > 0.95.

Reproducibility of the RT-RPA assay

The reproducibly of RT-RPA was also determined by performing the reaction
with five samples on each five consecutive days. No statistically significant
(P < 0.05) differences were observed between the intra- and inter-reproducibilities
(P = 0.45 and P = 0.14, respectively), demonstrating that the RT-RPA assay was
highly reproducible.

Spiking experiments

The RT-RPA limit of detection was also tested in spiked food samples. The
sensitivity of simplex RT-RPA could not be compared with that of RT-PCR utilizing the
direct extraction method because RT-PCR produced amplicons only from purified
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genetic materials. However, RT-RPA was 1,000 times more sensitive than RT-PCR
(1.89 x 10° vs. 1.89 x 10'? copies) when using the alternative extraction method to
acquire more refined genetic materials (Table 2).

Field tests

Duplex RT-RPA was evaluated to detect HAV and norovirus contaminations
using oyster samples. Their identities were confirmed by DNA sequencing. The results
showed that 12/30 (40%) of the oysters were contaminated. HAV was found in 2
(6.67%) of 30 samples, norovirus in 1 (3.33%) of 30 samples, and both HAV and
norovirus in 9 (30%) of the oyster samples. Further sequencing results showed that
those isolated VP1 gene fragments all belonged to genotype 1 and shared 98%-99%
of the homology with the reference HAV LP014 strain (Figure 10) and 89%-92% with
the norovirus GII strain (Figure 11), which were the predominant circulating strains
in Thailand (Barameechai et al., 2008; Chuchaona et al., 2019).
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DISCUSSION

It is well-known that norovirus and HAV are major enteric viruses linked to
foodborne outbreaks that pose food safety risks. In nature, multiple pathogens often
coexist in actual food samples. The lack of a multiplex, sensitive, and field-based tool
is the main factor that Ilimits routine food safety testing. RT-PCR and
RT-gPCR are widely used sensitive techniques for multiplex detection of foodborne
pathogens in food and shellfish (Lee et al., 2018). However, their uses in a field
setting are restricted because of the need for expensive reagents and equipment
(a thermal cycler or a real-time PCR machine), long processing times, and skilled,
trained personnel. RT-LAMP is one of the favorite on-site methods because the
reaction amplifies the target gene at isothermal conditions. RT-LAMP assays often
require six primers, resulting in longer amplicons and making primer design more
complicated, especially when identifying RNA viruses with significant genomic
diversity (Yoda et al., 2007). We chose the RT-RPA assay over RT-LAMP and
RT-PCR because it has a shorter analysis times of 15-20 min at a lower temperature
(37°C-42°QC), it require less precision control and uses dried pellets, which are
possible field advantages (Wang et al., 2020). Moreover, RPA primers have a strong
tolerance for mismatch pairing (Daher et al., 2015). RT-RPA should be suitable for
detecting viruses that exhibit enhanced mutation rates.

One out of five pairs of primers (HAV or norovirus) was selected to amplify the
resulting single-stranded cDNA products and compare all three methods
(RPA, conventional PCR, and gPCR). Although the one-step RT-RPA was quicker to
set up and required less sampling handling, reducing pipetting errors. Two-step
RT-RPA has many advantages over one-step RT-RPA. An RT reaction in a separate
tube produces more stable cDNA than mRNA for later uses and greater flexibility to
select the RT enzyme, thus improving reaction sensitivity (Euler et al., 2012). Since
the same RT enzyme and conditions were used in this study, the detection limits of
the three methods could be reliably estimated and compared.

Compared with conventional RT-PCR, simplex RT-RPA had greater sensitivity,
possibly because RPA primers were used. The ideal length for PCR primers is around
18-25 bases. The shorter the primer, the more efficiently it will bind or anneal to the
target. On the other hand, the longer the primer, the slower it will hybridize. The 35-
bp long primer for the PCR reaction may affect the melting temperature that is critical
for PCR. However, longer primers (28-35 bases) work better with highly variable
viral genomes, such as norovirus. In addition, the relatively short amplicons produced
in the RT-RPA reaction in this study may have increased the sensitivity of RT-
RPA(Lobato and O’Sullivan, 2018). In RT-gPCR, development of standard curves and
reaction efficiency is crucial for obtaining correct results. Although the standard
regression lines showed relatively high correlation (R? = 0.935 vs. 0.978) the slopes
(—4.864 and —3.562) affected the reaction efficiency (60.543% and 90.885%),
which may affect the detection limit of RT-gPCR by making it less sensitive than
RT-RPA. In other words, performing RT-gPCR requires highly skilled personnel and
precise control.

Multiplex PCR has been widely used to detect foodborne pathogens(Lee et al.,
2018; Sheng et al., 2018). Compared with the simplex reaction, multiplex technology
can minimizing the number of operational steps and reagents required to produce
simultaneous multiple detections in a single reaction. The reduced cost, time, and
labor make multiplexing an ideal strategy for pathogen identification. However, in
multiplex PCRs, preferential amplification of one target sequence over another is a
well-known phenomenon (Polz and Cavanaugh, 1998). The multiplex RT-PCR
reaction using purified RNA performed amplification better for norovirus than for HAV,
reflecting the competitive nature of the reaction. In this study, we optimized the
reaction temperature, the concentration of template, and the primer concentration
ratio of the norovirus target by reducing to half those of HAV. Thus, the reaction
requires precisely controlled reaction components and conditions to obtain
amplification efficiencies equivalent for all targets. However, optimizing multiplex
PCRs can be tricky, resulting in low sensitivity or specificity (Polz and Cavanaugh,
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1998). Similarly, the amplification efficiency of multiplex RT-LAMP was also limited
by the many primers added to the reaction.

Unlike multiplex RT-PCR and RT-LAMP, multiplex RT-RPA has more flexibility
regarding reaction conditions. RT-RPA has an added advantage in that tight
temperature control is not required. In this study, duplex RT-RPA showed
amplification efficiencies similar to those of HAV and norovirus with an equal amount
of template targets and primers when using purified targets. However, in spiking
tests, duplex RT-RPA showed superior amplification performance for norovirus than
for HAV. Therefore, the concentrations of reaction components required adjustment,
such as the concentration of Mg (Ac)2, and the ratios of the primers used. The
majority of the developed multiplex RPA tests run in the temperature range of 37°C-
41°C for 20 min. Long incubation times are not typically recommended because
recombinase consumes all available ATP within 25 min. However, because many
primers and targets are present in the same mixture, a longer amplification time may
be required in the case of a multiplex reaction.

In the food matrix, enteric viruses are contaminants that threaten human
health even though they are present in very low amounts. Before applying RT-RPA
to on-site detection of foodborne viruses in under-equipped situations, it is also
necessary to facilitate procedures for nucleic acid extraction. RT-RPA was shown to
be tolerant to highly impure samples (Rajiuddin et al., 2020). Unlike RT-RPA,
RT-PCR did not tolerate inhibitory compounds present in the oyster extract. Using
our direct extraction method, RT-PCR obtained false-negative results. When using
the detailed extraction protocol to obtain more purified targets (Beuret et al., 2003),
RT-PCR could detect nucleic acids extracted from oysters but was less sensitive than
RT-RPA. Comparing the two extraction methods showed that our extraction method
saves 80% of the food processing time on average. Our extraction method will
probably result in fewer steps and less dependence on the instrument, ultimately
obtaining result within 2.5 hours.

The absence of virus-derived nucleic acids was a major limitation of this study.
However, field evaluation of RT-RPA and sequence verification with DNA sequencing
proved that RT-RPA had high sensitivity, specificity, and reliability. With the capability
of direct detection of viruses in shellfish in a relatively short time and a reduced need
for high analytical expertise, RT-RPA can be a promising alternative to RT-PCR-based
or other isothermal methods in duplex testing for HAV and norovirus in shellfish. In
this study, the sensitivities of all reactions, including RT-RPA, were much higher than
those reported by other studies (Magro et al., 2017; Ming et al., 2015; Rames and
Macdonald, 2019). It is probably due to the variation of spectrophotometry and
cuvettes used to assess the concentration of RNA, which is the starting material.
Moreover, end products were detected by agarose gel electrophoresis, with its
sensitivity varying with the type of staining used. Using a fluorescence-labeled probe
in the lateral flow assay to visualize the amplicons on the lateral flow strips increases
the detection limits relative to RT-RPA alone (Hou et al., 2018; Xi et al., 2019). It is
also more practical for on-site application than detecting end products by agarose
gel electrophoresis. However,analysis of RT-RPA products carried out by agarose gel
electrophoresis showed significant correlations between the band intensities of
amplicons measured by the Imagel program and the numbers of molecules. This
result indicated that RT-RPA was suitable for quantification, but our finding was
inconsistent with a previous repost in which RT-RPA produced non-linear curve (Ma
et al., 2018).

This study demonstrated that the duplex RT-RPA assay was suitable for the
primary screening of foodborne pathogens in shellfish products. The direct multiplex
RPA assay was successfully applied to food samples (oysters) without sample
processing, a significant advantage for field applications with limited resources.
If used to analyze oyster farm samples by a trained professional, especially during
primary production, which is a critical stage of food processing, the technique can
minimize the risk of infection to consumers, thereby improving food safety.
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	Several factors should be considered aside from sensitivity and specificity when selecting a suitable food-contamination detection method. Although PCR-based assays are highly sensitive, they require specialized technical knowledge and costly equipmen...
	Another isothermal nucleic acid amplification approach is recombinase polymerase amplification (RPA), which can detect nucleic acids in 15–20 min at a constant temperature of 37 C–42 C (Li et al., 2018) with a lower reaction temperature and only a pai...
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	Primer designs
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	Construction of RNA expression plasmids
	RNA expression plasmids, pET-HAV, and pET-norovirus were created by amplifying a fragment of the VP1 gene of HAV (Accession No. EF207320), and norovirus DNA fragments (Accession No. MG78678) through PCR (Figure 1). Amplified fragments of 422 bp of HAV...
	Figure 1.  Schematic flow diagram of methods used to construct pET-HAV and pET-norovirus.
	Preparation of RNA transcribed in vitro
	RNAs were transcribed from pET-norovirus or pET-HAV  by subjecting them to a HiScribe T7 Quick High Yield RNA Synthesis kit (New England Biolabs, Hitchin, U.K.) according to the manufacturer’s instructions. The reaction system was 20 µL in total: 2 µL...
	Preparation of denaturing gel electrophoresis for RNA analysis
	Eight microliters of transcribed products was mixed thoroughly with 2 µL of 10X MOPS Buffer (200 mM MOPS, 50 mM sodium acetate, 10 mM EDTA∙2H2O, 10 mM EGTA), and 10 µL formamide in a total of 20 µL. The mixtures were heated at 70 C for 10 min and sudd...
	Reverse transcription (RT)
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	Recombinase polymerase amplification (RPA)
	Then, 1 µL of cDNA templates was added to the simplex RPA reaction TwistAmpBasic Kit (TwistAmp Ltd., Cambridge, UK) containing 0.42 µM forward and reverse primers, 29.5 µL TwistAmp rehydrate buffer in a 47.5-µL reaction volume (TwistAmp Ltd., Cambridg...
	Conventional PCR
	Simplex PCR was performed in 50-µL reactions containing 1 µL of HAV or norovirus cDNAs with 0.2 µM of each primer, 200 µM dNTP mix, 2 mM MgCl2, and 1.25 U Phusion high-fidelity DNA polymerase (Thermo Scientific, USA). The reaction condition was conduc...
	The conditions for duplex PCR were screened by varying the annealing temperature, primer, and template ratios. The optimal duplex PCR was established in 50-µL reactions containing RNAs (50 ng of norovirus and 100 ng of HAV), primers (0.1 µM norovirus ...
	Quantitative PCR (qPCR)
	The Maxima SYBR Green qPCR master mix kit was used for real-time PCR by Applied Biosystems QuantStudio5 (Thermo Scientific, USA). The optimized reaction contained 12.5 µL of 2X Maxima SYBR Green qPCR Master Mix, 0.05 µL ROX solution, 1.5 µL UDG (1 uni...
	Sensitivity tests
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	Application of RT-RPA to virally contaminated oysters
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	Our extraction method was compared with another detailed extraction method that obtains more purified templates (Studier, 2005). All extraction steps were the same for viral contamination testing in oysters but omitted the spiking step. The duplex RT-...
	DNA verification by sequencing
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