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Abstract

Foodborne hepatitis A infections have been considered as a major threat for public health worldwide. Increased incidences
of hepatitis A virus (HAV) infection has been associated with growing global trade of food products. Rapid and sensitive
detection of HAV in foods is very essential for investigating the outbreaks. Real-time RT-PCR has been most widely used
for the detection of HAV by far. However, the technology relies on fluorescence determination of the amplicon and requires
sophisticated, high-cost instruments and trained personnel, limiting its use in low resource settings. In this study, a robust,
affordable, and simple assay, reverse transcription loop-mediated isothermal amplification (RT-LAMP) assay in combination
with a bioluminescence-based determination of amplification in real-time (BART), was developed for the detection of HAV in
different food matrices, including green onion, strawberry, mussel, and milk. The efficiencies of a one-step RT-LAMP-BART
and a two-step RT-LAMP-BART were investigated for the detection of HAV in different food matrices and was compared
with that of real-time RT-PCR. The sensitivity of the RT-LAMP-BART assay was significantly affected by Mg>* concen-
tration (P <0.05), in addition to primer quality. The optimal Mg>* concentration was 2 mM for one-step RT-LAMP-BART
and 4 mM for two-step RT-LAMP-BART. Compared with cartridge-purified primers, HPLC-purified primers could greatly
improve the sensitivity of the RT-LAMP-BART assay (P <0.05). For detecting HAV in different food matrices, the perfor-
mance of two-step RT-LAMP-BART was comparable with that of real-time RT-PCR and was better than that of one-step
RT-LAMP-BART. The detection limit of the two-step RT-LAMP-BART for HAV in green onion, strawberry, mussel, and
milk was 8.3 x 10° PFU/15 g, 8.3 10! PFU/50 g, 8.3 x 10° PFU/5 g, and 8.3 x 10° PFU/40 mL, respectively. The developed
RT-LAMP-BART was an effective, simple, sensitive, and robust method for foodborne HAV detection.
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Introduction

Foodborne illnesses are usually caused by consumption of
food or water contaminated with harmful bacteria, viruses,
parasites or chemical substances (WHO, 2020). Human
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pathogenic viruses are the most frequent causative agents
and hepatitis A virus (HAV) is one of the greatest concerns
which has caused numerous foodborne disease outbreaks
in the world (Di Cola et al., 2021). HAV causes hepatitis
A disease that is an inflammation of liver. The symptoms
can range from mild to severe, including fever, malaise,
loss of appetite, diarrhea, nausea, abdominal discomfort,
dark-colored urine and jaundice (EFSA, 2014; Fleet et al.,
2000; Sanchez et al., 2002). It was estimated that 7134 peo-
ple died from hepatitis A worldwide in 2016 alone (WHO,
2021). Foodborne outbreaks of hepatitis A have been on
the rise in recent years because of increasing numbers of
international travelers, mass global migration, and the fast
growth of global food trade (Bhaskar, 2017; Bosch et al.,
2018; Cheftel, 2011; Hu et al., 2020; Kannan et al., 2020).
The worldwide increase in the occurrence of foodborne
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HAYV outbreaks has necessitated the development of novel
approaches for rapid identification of foods contaminated
with HAV, which is essential for implementing intervention
strategies to prevent and reduce illnesses caused by the virus.

Real-time RT-PCR was used in the ISO 15216-2:2019 as
a standard method for the detection of HAV in different food
matrices, such as food surface (bell pepper pieces), rasp-
berries, lettuce, green onion, oysters (Crassostrea gigas),
mussels (Mytilus edulis), and bottled water (ISO, 2019).
Although the method is reliable and accurate, it requires
trained personnel and sophisticated equipment which can
regulate temperature cycling and detect fluorescent signals
emitted from the excited fluorophore (Li et al., 2017). These
drawbacks restrict its widespread application in resource-
limited settings. It is hard to detect HAV in foods because
the viral contamination level may be low and significant
inhibitors in food can prevent real-time PCR assay from
working properly (Sanchez et al., 2007). Therefore, there is
a growing demand for devising a novel strategy for rapid,
robust, sensitive, and cost-effective detection of HAV in food
items using simple equipment.

The recent development of isothermal amplification
techniques for nucleic acid provides a variety of alterna-
tives of PCR-based methods (Zhou et al., 2014). Among the
methods, loop-mediated isothermal amplification (LAMP)
has shown to be the most promising due to its rapidity,
simplicity, high efficiency and specificity (Niessen et al.,
2013). LAMP assay was first described for the detection of
nucleic acids of hepatitis B virus (HBV) in 2000 (Notomi
et al., 2000). This method employs Bst DNA polymerase, an
enzyme derived from Geobacilus stearothermophilus (for-
mally Bacillus stearothermophilus), with strand displace-
ment activity (Nagamine et al., 2002; Notomi et al., 2000).
The amplification is conducted at a constant temperature
between 60 and 65 °C and does not need an expensive ther-
mal cycler. Aside from its isothermal character, LAMP has
several important features: (1) LAMP shows exquisite speci-
ficity because of the involvement of four primers: two inner
primers (FIP and BIP) and two outer primers (F3 and B3),
which can specifically recognize six regions of the target.
Additional primers, Loop primers (Nagamine et al., 2002),
and/or STEM primers (Gandelman et al., 2011), can be used
to accelerate the LAMP reaction; (2) the product of LAMP
consists of a mixture of stem-loop DNAs with various sizes,
giving rise to distinct ladder-like banding patterns on an aga-
rose gel (Notomi et al., 2000); (3) the LAMP reaction can
be easily detected by visual endpoint observation of a white
precipitate of magnesium pyrophosphate (Mori & Notomi,
2009), or of the color change of calcein (Tomita et al., 2008),
SYBR Green I (Njiru et al., 2012; Tao et al., 2011), hydrox-
ynaphthol blue (Goto et al., 2009; Vu et al., 2016), or phenol
red (Amaral et al., 2021) involved in the reaction; (4) LAMP
product can be monitored by a real-time measurement of

the turbidity of magnesium pyrophosphate, a byproduct
of DNA amplification (Mori et al., 2004); (5) the LAMP
reaction is more tolerant to substances that typically inhibit
PCR (Francois et al., 2011; Kaneko et al., 2007; Ou et al.,
2012); and (6) portable devices, such as coin-size microflu-
idic chips or smartphone-based mobile detection platform,
can be designed to fulfill the need for on-site detection using
the LAMP technique in remote areas where resources are
limited (Ahmad et al., 2011; Hsieh et al., 2012; Liu et al.,
2011; Lucchi et al., 2010; Song et al., 2018; Wang et al.,
2020; Wu et al., 2011; Yi et al., 2014). Due to these features,
LAMP assay has stimulated extensive research interest and
has been applied for food analysis, such as for the detection
of allergens (Mao et al., 2020; Sheu et al., 2018; Yuan et al.,
2018), genetically modified crops (Li et al., 2013; Zhou
et al., 2014), and for meat species identification (Aartse
et al., 2017; Abdulmawjood et al., 2014; Girish et al., 2020;
Kumari et al., 2020; Wang et al., 2019; Xiong et al., 2020;
Zahradnik et al., 2015). In addition, LAMP assay has been
widely used for the detection of viral, bacterial, fungal, and
parasitic pathogens (Cao et al., 2019; Ferrara et al., 2015;
Frisch & Niessen, 2019; Li et al., 2017; Mei et al., 2019;
Niessen et al., 2013).

In LAMP assay, the large amounts of DNA produced dur-
ing amplification lead to liberation of enormous concentra-
tion of a side product, inorganic pyrophosphate ions (PPi).
Each time a nucleotide base is added during the polymeri-
zation reaction, a molecule of PPi is released. The amount
of PPi produced is proportional to the amount of polynu-
cleotide synthesized, and hence the concentration of the
target template in the test material. The synthesized PPi can
be converted to ATP by ATP sulfurylase using adenosine
5’-phosphosulfate (APS) as the substrate. The ATP gener-
ated is simultaneously used by firefly luciferase to oxidize
its substrate luciferin to emit light. Based on this mechanism
as shown in Fig. 1, the dynamic changes of PPi, and hence,
the DNA amplification can be monitored by testing the light
output in a real-time mode. During DNA amplification, with
the increase of PPi liberated, the light signal increases rap-
idly firstly, and later the PPi molecules accumulated in the
reaction inhibit luciferase. Together with the depletion of
the substrate adenosine 5'phosphosulphate (APS) in the
reaction, the light output decreases. The time at which the
peak is detected (time-to-peak) is inversely proportional to
the concentration of the initial template (Gandelman et al.,
2010; Hardinge et al., 2020; Kiddle et al., 2012). The combi-
nation of LAMP reaction and bioluminescence assay in real-
time is described as LAMP-BART technique for the detec-
tion of DNA template; when RNA is the detection target,
the method is named RT-LAMP-BART (Gandelman et al.,
2010). This luminescence-based assay is more cost-effective
than a fluorescence-based assay such as real-time PCR, and
it is more tolerant to substances that typically inhibit PCR
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Fig. 1 Chemical mechanism of
LAMP-BART assay (Gandel-
man et al., 2010) (Color figure
online)
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PPi: Inorganic pyrophosphate
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ATP: Adenosine triphosphate

AMP: Adenosine monophosphate

(Kiddle et al., 2012). The LAMP-BART assay has been used
in the detection of genetically modified maize (Hardinge
et al., 2018; Kiddle et al., 2012), human parvovirus B19
(Mirasoli et al., 2018), and SARS-CoV-2 (severe acute res-
piratory syndrome coronavirus-2) during the COVID-19
pandemic (Fei et al., 2021).

In this study, we for the first time developed a RT-LAMP-
BART assay for rapid detection of HAV in different food
matrices including green onion, strawberry, mussel, and
milk, which have been associated with foodborne HAV out-
breaks (Wu et al., 2019, 2022).

Materials and Methods
Virus Propagation and Cell Line

The cytopathogenic HM175/24A strain of HAV was prop-
agated in fetal rhesus monkey kidney cells (FRhk-4), and
the virus was enumerated by a plaque assay as described
in our previous report (Wu et al., 2019). The viral titer was
expressed as plaque forming unit (PFU) per mL. The viral
stock was stored at — 80 °C until further analysis.

Food Sample Contamination

HAYV was inoculated onto solid foods including green onion
(15 g), strawberry (50 g), mussel (5 g), and into liquid food
(40 mL of cow milk) according to our previous report (Wu
et al., 2019, 2022). Briefly, HAV suspension (100 pL)
prepared in PBS (pH 7.4) containing 8.3 x 10°, 8.3 x 10°,
8.3x 10", or 8.3 x 10° PFU of viral particles were pipetted
evenly onto the surface of each solid food sample in a Petri
dish with 3 pL inoculated at each spot. The inoculum was
dried onto the surface of each solid food by leaving at room
temperature for 1 h. As to liquid food matrix (milk), 40 mL
of the milk in 50 mL centrifuge tube was inoculated with
100 pL of HAV dilutions (8.3 x 10°, 8.3x10% 8.3x 10!, or
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8.3 x 10° PFU) prepared in PBS (pH 7.4). The artificially
contaminated milk was mixed well and then left at room
temperature for 1 h. For all foods, each HAV dilution was
inoculated onto three independent samples, and one unin-
oculated sample was used as a negative control.

HAV Concentration and RNA Extraction

Viral particles on surface of each of the solid foods were
eluted using 50 mL of glycine buffer (0.05 M glycine,
0.14 M NaCl, 0.2% (v/v) Tween 20, pH 9.0) according to
our previous report (Wu et al., 2022). HAV particles in the
liquid milk samples and in the glycine buffer (collected from
the solid foods) were captured and concentrated by prota-
mine-coated magnetic nanoparticles (PMNPs) as described
previously (Wu et al., 2019, 2022). Viral RNA was extracted
from the concentrated samples using the QlIAamp MinElute
Virus Spin Kit (Cat. No. 57704, Qiagen, Toronto, ON, Can-
ada) according to the manufacturer's instructions. RNA was
eluted in 40 pL of RNase-free water (Cat. No. AM9937,
Applied Biosystems) and quantified using real-time RT-
PCR, RT-LAMP assay, and RT-LAMP-BART assay as
described in the sections below.

HAV RNA was also extracted from 200 pL of the
virus stock containing 8.3 x 10° PFU/mL of virus strain
HM175/24A. The RNA was serially diluted in tenfold incre-
ments and each dilution was subjected to real-time RT-PCR,
RT-LAMP assay, and RT-LAMP-BART assay.

Real-Time RT-PCR

HAV RNA was reverse transcribed to cDNA using the
High-capacity cDNA Reverse Transcription Kit (Cat. No.
4374966, Applied Biosystems) in accordance with the man-
ufacturer’s instructions. The cDNA was quantified by real-
time PCR using a ViiA 7 Real-Time PCR system (Applied
Biosystems) as described by Wu et al. (2019). The sequence
of primer pairs and TagMan probe are shown in Table 1. A
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Table 1 Details of primers used for HAV assays by real-time RT-PCR and RT-LAMP-BART

Assay Primer name Primer sequence (5'-3") Primer position Polarity References
Real-time Forward ATAGGGTAACAGCGGCGGATAT 448-469 + Gardner et al. (2003)
RT-PCR Reverse CTCAATGCATCCACTGGATGAG 516-537 -
Probe FAM-CCATTCAACGCCGGAGG-MGB 492-508 + This study
RT-LAMP-BART F3 GCATGGAGCTGTAGGAGTCT 293-312 + Yoneyama et al. (2007)
B3 CACTCAATGCATCCACTGGA 520-539 -
FIP F1C: ACCCGTAGCCTACCICTTGTGG 385406 -
F2: TGTTGGGAACGTCACCTTG 329-347 +
FIP031 F1C: ACCCGTAGCCTACCCCTTGTGG 385406 -
F2: TGTTTGGGACGTCGCCTTG 329-347 +
BIP B1C: TTGGATAGGGTAACAGCGGCG 444-464 +
B2: CTCCGGCGTTGAATG 493-507 -
FLOOP TGAAAGCCAAGTTAACACTG 348-367 -
BLOOP GATATTGGTGAGTTGTTAAGAC 465486 +

FIP and FIPO31 primers consisted of F1C plus F2 and BIP primer consisted of B1C plus B2. The different bases between primer FIP and
FIPO31 are highlighted and underlined. The positions of primers are in accordance with wild-type strain of HAV (GenBank accession number:

M14707.1)

tenfold dilution series of cNDA corresponding to a virus
titer ranging from 8.3 x 103 PFU/mL to 8.3 x 10° PFU/mL
was used for generation of the standard curve.

RT-LAMP Assay

The primers used for the RT-LAMP assay of HAV are shown
in Table 1. The RT-LAMP assay was performed using the
Loopamp RNA Amplification Kit (Cat. No. LMP244, Eiken
Chemical Co. Ltd., Tokyo, Japan) according to the manufac-
turer’s instructions. Briefly, a 25 pL-reaction was composed
of 12.5 puL of 2 X reaction mixture, 1 pL of enzyme mixture
containing 16 U Bst DNA polymerase and 2 U avian myelo-
blastosis virus (AMV) reverse transcriptase, 0.8 pM of each
of the FIP0O31 and FIP primer, 1.6 pM of BIP primer, 0.8 pM
of each of the FLOOP and BLOOP primer, 0.2 uM of each
of the F3 and B3 primer, and 5 pL of extracted RNA. The
reaction mixture was incubated using a GeneAmp PCR sys-
tem 9700 (Applied Biosystems) at 62.5 °C for 60 min, 80 °C
for 5 min, and then at 4 °C until further analysis (Yoneyama
et al., 2007). One reaction without RNA template was used
as a negative control.

The RT-LAMP products (3 pL) were resolved on 1% TAE
(Cat. No. 161-0743, Bio-Rad Laboratories Ltd.) agarose gel
containing 0.1 pg/mL of ethidium bromide (Cat. No. E1510,
Sigma-Aldrich) by electrophoresis at 75 V for 50 min, and
visualized and photographed over UV light, using an UV
transilluminator (Bio-Rad Laboratories Ltd.).

One-Step RT-LAMP-BART Assay

The RT-LAMP-BART master mix was prepared by add-
ing 187.5 pL of 2 X Lumopol buffer (Lumora Ltd., Ely,

Cambridgeshire, UK) to the lyophilized RT-LAMP-BART-
master tube (Lumora Ltd., Ely, Cambridgeshire, UK). Each
reagent was kept on ice during the operation. Primer mix
was prepared using nuclease-free water (Cat. No. AM9937,
Life Technologies). The concentration of primers in the
primer mix was: 2.1 pM of each of FIP031 and FIP primer,
4.3 uM of BIP primer, 2.1 pM of each of FLOOP and
BLOOP primer, and 0.5 pM of each of F3 and B3 primer.
Then, equal volumes of the RT-LAMP-BART master mix
and primer mix were mixed together. The remaining RT-
LAMP-BART master mix was aliquoted and stored at
— 150 °C for later use.

RT-LAMP-BART reactions were run at 55 °C in 20 pL.
total volume containing 15 pL of the reagent mix and 5
pL of RNA template. Each sample was run in duplicate.
The reactions were performed in a 96-well plate (Cat. No.
14-230-232, Thermo Fisher Scientific). Each reaction was
covered with 20 pL of molecular grade mineral oil (Lumora
Ltd., Ely, Camridgeshire, UK) to prevent evaporation. The
final concentration of primers in each reaction was: 0.8 pM
of each of FIP031 and FIP primer, 1.6 pM of BIP primer,
0.8 pM of each of FLOOP and BLOOP primer, and 0.2 pM
of each of F3 and B3 primer. The luminescence was tested
at 1 min intervals using a Bison system (Lumora Ltd., Cam-
bridgeshire, UK). A standard curve was constructed by ana-
lyzing the time-to-peak of the tenfold serial dilutions of the
viral RNA.

The effect of different concentrations (2 mM, 3 mM, and
4 mM) of MgSO, on the one-step RT-LAMP-BART reaction
efficiency was tested. The effect was tested using two RNA
dilutions corresponding to the viral titers of 8.3 x 10° PFU/
mL and 8.3 x 10° PFU/mL. Each test was done in three rep-
licates. The efficiency of the reaction using primers purified
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with high-performance liquid chromatography (HPLC) and
cartridge technique was compared. HPLC-purified primers
were synthesized by Life Technologies Corporation (Burl-
ington, ON, Canada) and cartridge-purified primers were
obtained from Laboratory Services at the University of
Guelph (Guelph, ON, Canada). For testing HAV in food
samples, the cartridge-purified primers were used for green
onions and strawberries, while HPLC-purified primers were
used for mussels and milk.

Two-Step RT-LAMP-BART Assay

The LAMP-BART master mix was prepared by adding 187.5
pL of 2 X Lumopol buffer (Lumora Ltd., Ely, Cambridgesh-
ire, United Kingdom) to the lyophilized LAMP-BART-
master tube (Lumora Ltd., Ely, Cambridgeshire, UK) in a
similar way as for preparing the RT-LAMP-BART master
mix. Then, equal volumes of the LAMP-BART master mix
and primer mix were mixed together.

LAMP-BART reactions were run at 62 °C in 20 pL
total volume containing 15 pL of the reagent mix, 1 pL of
nuclease-free water, and 4 pL. of cDNA template. Each sam-
ple was run in duplicate. Each reaction was covered with
20 pL of molecular grade mineral oil (Lumora Ltd., Ely,
Camridgeshire, UK) to prevent evaporation. The final con-
centration of primers in each reaction was the same as that
used for one-step RT-LAMP-BART. The luminescence was
tested at 1 min intervals using a Bison system (Lumora Ltd.,
Cambridgeshire, UK). A standard curve was constructed by
analyzing the time-to-peak of the tenfold serial dilutions of
HAYV cDNA. The effect of different concentrations (0 mM,
2 mM, 3 mM, and 4 mM) of MgSO, on the two-step RT-
LAMP-BART reaction was tested. The effect was tested
using two cDNA dilutions corresponding to an initial viral

titer of 8.3 x 10> PFU/mL and 8.3 x 10* PFU/mL. Each test
was done in three replicates.

Statistical Analysis

Statistical analysis was performed using one-way analysis
of variance (ANOVA) with IBM SPSS Statistics (version
21; IBM Corporation, New York, USA). In all cases, dif-
ferences were considered significant when the P-value was
less than 0.05.

Results
Real-Time RT-PCR of HAV

A real-time RT-PCR was used to amplify tenfold serial dilu-
tions of HAV c¢DNA. The fluorescence intensity of 6-car-
boxyfluorescein (FAM) was recorded over time during the
amplification of cDNA templates (Fig. 2). The shape of the
amplification curve monitored by fluorescence in real-time
RT-PCR is different from the amplification curve measured
by luminescence in RT-LAMP-BART assay (Figs. 4, 5, 6).
The amplification curve for real-time RT-PCR is sigmoidal
whereas the curve for BART assay is with an identifiable
peak.

One-Step RT-LAMP Assay of HAV

As observed through agarose gel electrophoresis, ampli-
fication product of RT-LAMP was with a ladder-like pat-
tern (Fig. 3). This is due to the formation of a mixture of
stem-loop DNAs with various stem lengths (Notomi et al.,
2000). The detection limit of RT-LAMP assay was 8.3 x 10!

———Hpy 8.3E5 PFUSmML
m—Hpy 8. 3E4 PFUSmML
s=HpA 8.3E3 PFUSML
—Hpy 8 23E2 PFUSML
s——Hp 28.3E1 PFUSmML
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Fig.2 Amplification of HAV 2.300
c¢DNA in real-time RT-PCR
monitored by the measurement
of fluorescence (Color figure i
online) 1.900
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Fig.3 Analysis of RT-LAMP amplicon of HAV RNA by 1% agarose
gel electrophoresis. Lane M, 2-log DNA ladder (Cat. No. NO469L,
New England Biolab); Lane 1, no template control; Lane 2-7, HAV
RNA dilutions corresponding to 8.3x10°, 83x10% 8.3x10°
8.3x10% 8.3x10', and 8.3x 10° PFU/mL of the initial virus titer,
respectively

PFU/mL, which was higher than that of real-time RT-PCR
(8.3x10° PFU/mL).

Optimization of Mg?* Concentration in One-Step
and Two-Step RT-LAMP-BART Assay

The enzymatic reactions of RT-LAMP-BART assay were
complicated, as shown in Fig. 1. Optimization of the reac-
tion system is necessary to obtain higher sensitivity. For
the tested both RNA dilutions (Fig. 4A, B), the MgSO,
concentration at 2 mM demonstrated the optimal amplifi-
cation effect on one-step RT-LAMP-BART. It was appar-
ent that the time-to-peak of RT-LAMP-BART reaction
performed in the presence of 2 mM MgSO, was detected
earlier than those of the reaction performed with 3 mM or
4 mM MgSO,, indicating that with the increase of Mg>*
concentration, the reaction sensitivity decreased signifi-
cantly (P <0.05).

As shown in Fig. 5A, B, for both cDNA dilutions, the
MgSO, concentration at 4 mM showed the optimal ampli-
fication effect on two-step RT-LAMP-BART. The reac-
tion sensitivity increased significantly (P < 0.05) with the
increase of MgSO, concentration. Within the test time,
the MgSO, concentration of 0 mM failed to produce an
amplification signal for the cDNA dilution corresponding
to a viral titer of 8.3 x 10° PFU/mL (Fig. 5).

Comparison of HPLC-Purified and Cartridge-Purified
Primers in One-Step RT-LAMP-BART Assay

The effect of primers purified with HPLC and cartridge
technology on the efficiency of one-step RT-LAMP-BART

assay was investigated. It was found that HPLC-purified
primers produced more sensitive results than cartridge-
purified primers (Fig. 6). As shown in Fig. 6, for each
RNA dilution, the time-to-peak of the reaction using
HPLC-purified primers was earlier than that of the coun-
terpart reaction using cartridge-purified primers and the
difference is statistically significant (P < 0.05).

Sensitivity Analysis of One-Step and Two-Step
RT-LAMP-BART Assay

For one-step RT-LAMP-BART assay, a standard curve con-
structed by plotting the time-to-peak of the luminescence
signal against the logarithm of the concentration of tenfold
serial dilutions of virus titer is shown in Fig. 7. The results
showed that HAV RNA was detected to at least 10> dilution
corresponding to 2.1 PFU/reaction of the virus. The values
indicated that the concentration of HAV with the titer of
8.3 x 10! PFU/mL could be detected by the one-step RT-
LAMP-BART. This limit of detection was the same as that
for one-step RT-LAMP and was one log higher than that
obtained using real-time RT-PCR (Fig. 2).

A standard curve for two-step RT-LAMP-BART assay
was constructed by plotting the time-to-peak of the lumi-
nescence signal against the logarithm of the concentration
of the virus titer and is shown in Fig. 8. The results indicated
that the virus with a titer as low as 8.3 x 10° PFU/mL, cor-
responding to 0.083 PFU/reaction, could be detected by the
two-step RT-LAMP-BART assay. This limit of detection was
the same as that obtained using real-time RT-PCR and was
one log lower than that of one-step RT-LAMP-BART assay.

Comparison of Real-Time RT-PCR, One-Step
RT-LAMP-BART, and Two-Step RT-LAMP-BART Assay
for the Detection of HAV from Different Foods

HAV separated and concentrated from green onions, straw-
berries, mussels, and milk artificially contaminated with
different levels of the viral particles was analyzed using
real-time RT-PCR, one-step RT-LAMP-BART, and two-
step RT-LAMP-BART assay. The detection limit of the
three methods varies according to food type (Table 2). Any
food sample uncontaminated with the virus did not give an
amplification signal for any of the three detection methods.
For green onions, real-time RT-PCR, two-step RT-LAMP-
BART, and one-step RT-LAMP-BART assay demonstrated
a detection limit of 8.3 x 10° PFU/15 g, 8.3 x 10° PFU/15 g,
and 8.3 x 10! PFU/15 g, respectively. For strawberries, both
real-time RT-PCR and two-step RT-LAMP-BART were able
to detect HAV level as low as 8.3 x 10! PFU/50 g. The one-
step RT-LAMP-BART was apparently inferior to the other
two methods in terms of detection limit, with virus at the
inoculum level of 8.3 x 10! PFU/50 g or 8.3 x 10° PFU/50 g
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not detectable. As for mussels and milk, all three methods
showed a detection limit of 8.3 x 10° PFU/sample.

Discussion

Molecular techniques based on the amplification of genomic
DNA/RNA of microorganisms have been used for the spe-
cific and sensitive detection of pathogens in foods. The most
widely used detection method is real-time PCR, a technique
developed in the early 1990s (VanGuilder et al., 2008). Since

@ Springer

its invention, this technique has been improved dramatically.
For example, different real-time chemistries have been used
(e.g., SYBR green-based and TagMan-based detection), dif-
ferent formats of the instrument have been developed (e.g.,
ABI 7900HT, ViiA 7, and QuantStudio real-time PCR sys-
tem), and the master mix used in the technique has been
optimized to minimize the amplification time and enhance
tolerance to inhibitors. In spite of so much improvement, this
technique requires sophisticated equipment and is expensive,
making it impractical to be applied in resource-limited set-
tings. Therefore, there is a rapidly increasing demand for
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Fig.7 Standard curve of one-step RT-LAMP-BART assay generated
by testing the time-to-peak of tenfold serial dilutions of HAV RNA.
Each value is the mean of three independent replicates. Bars show
standard deviation. The assay was performed at 55 °C for 100 min
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Fig.8 Standard curve of two-step RT-LAMP-BART assay made by
testing the time-to-peak of tenfold serial dilutions of HAV cDNA.
Each value is the mean of three independent replicates. Bars show
standard deviation. The assay was performed at 62 °C for 100 min

more affordable alternatives providing speed, simplicity,
accuracy, and robustness in both molecular assay and the
equipment for detecting foodborne pathogens (e.g., HAV).

As an alternative to PCR technology strictly requiring
a sophisticated thermal cycler and fluorescence excitation
and emission measurement equipment, LAMP reaction is
conducted at a constant temperature, negating the need for
a thermocycler. Because of its simplicity, this technique has
provided a very convenient way for the detection of organ-
isms including bacteria, viruses, fungi, parasites, animals,
and plants (Aartse et al., 2017; Focke et al., 2013; Lalle
etal., 2018; Lietal., 2017; Niessen et al., 2013; Parida et al.,
2004; Sheu et al., 2018). Since its invention in 2000 (Notomi
et al., 2000), this technique has also been improved dramati-
cally. For example, conventional LAMP assay that was based
on gel electrophoresis of the amplification products has been
upgraded to real-time detection of the turbidity of magne-
sium pyrophosphate (Mori et al., 2004), of the fluorescence
of chelating reagents (Tomita et al., 2008), or of the biolumi-
nescence generated from PPi (Gandelman et al., 2010). The
LAMP assay coupled with the detection of bioluminescence
was named LAMP-BART in 2010 (Gandelman et al., 2010)
and has shown great performance in detecting Chlamydia
trachomatis (Gandelman et al., 2010), classical swine fever
virus (Gandelman et al., 2010), genetically modified maize
(Kiddle et al., 2012), human parvovirus B19 (Mirasoli et al.,
2018), and SARS-CoV-2 (Fei et al., 2021).

The optimization of reaction system is essential in achiev-
ing detection sensitivity. We optimized Mg** concentra-
tion in the current study to improve the sensitivity of RT-
LAMP-BART assay. The concentration of Mg?* has also
been optimized in previous studies. Liu et al. (2013) found

Table 2 Comparison of

. Food sample Method No. of positive samples / No. of tested samples at
real-time RT-PCR, one-step inoculation level (PFU) of
RT-LAMP-BART, and two-step
RT-LAMP-BART assays in 8.3x10° 8.3x10° 8.3x 10! 8.3x10°
detecting HAV in green onions,
strawberries, mussels, and milk Green onion Real-time RT-PCR 6/6 6/6 6/6 4/6
One-step RT-LAMP-BART 6/6 6/6 2/6 0/6
Two-step-RT LAMP-BART 6/6 6/6 2/6 2/6
Strawberry Real-time RT-PCR 6/6 6/6 6/6 0/6
One-step RT-LAMP-BART 6/6 4/6 0/6 0/6
Two-step-RT LAMP-BART 6/6 6/6 4/6 0/6
Mussel Real-time RT-PCR 6/6 6/6 4/6 2/6
One-step RT-LAMP-BART 6/6 6/6 4/6 4/6
Two-step-RT LAMP-BART 6/6 6/6 2/6 2/6
Milk Real-time RT-PCR 6/6 6/6 4/6 2/6
One-step RT-LAMP-BART 6/6 6/6 6/6 6/6
Two-step-RT LAMP-BART 6/6 6/6 6/6 2/6

For each food, virus was recovered on three distinct occasions and detection of viral RNA by real-time
RT-PCR, one-step RT-LAMP-BART, and two-step RT-LAMP-BART was performed in duplicate result-
ing in six determinations for each load of virus. Virus inoculum level per food sample was 8.3 10° PFU,
8.3%x10° PFU, 8.3x 10' PFU, or 8.3 x 10° PFU. The RT-LAMP-BART assay was performed for 130 min
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that 5.75 mM of Mg?* was optimal in detection of Leif-
sonia xyli subsp. xyli in sugarcane using LAMP. Liu et al.
(2011) reported that the optimal concentration of Mg?* in
using LAMP to detect Bacillus cereus in milk was 2 mM.
Nie (2005) reported that 6-8 mM of Mg>* were optimal in
detecting Potato virus Y using LAMP. Aside from Mg>* con-
centration, other factors influencing the sensitivity of LAMP
reaction, such as primer concentration, dNTP (deoxyribonu-
cleotide triphosphate) concentration, enzyme concentration,
reaction temperature, and reaction time, were also optimized
in these studies. However, Mg?* concentration was found
to be the most critical factor when optimizing LAMP reac-
tion (Liu et al., 2011, 2013). The concentration of Mg2+ is
important to the RT-LAMP-BART reaction because Mg>*
serves the cofactor of the enzymes used in the RT-LAMP-
BART assay, such as reverse transcriptase, Bst polymerase,
ATP sulfurylase, and luciferase (Cowan, 2002). ATP can
only become active upon binding with Mg+ (Cowan, 2002;
Nakatsu et al., 2006), increasing the production of lumines-
cence. Thus, inadequate Mg?" in the reaction could lead to
inactive enzymes and ATP and hence slow down chemi-
cal reaction rates. On the other hand, too much Mg>* can
bring many drawbacks to chemical reactions in RT-LAMP-
BART, such as decreasing fidelity and specificity of DNA
polymerase, interfering with complete denaturation of DNA
strands during amplification, leading to primers annealing
to incorrect sites of DNA template and causing nonspecific
amplified products, as well as inhibiting DNA amplification
through chelation by dNTPs (Goto et al., 2009; Kuffel et al.,
2021). In this study, 2 mM Mg?* and 4 mM Mg>* was the
optimal concentration for one-step RT-LAMP-BART and
two-step RT-LAMP-BART, respectively.

In the current study, the primers used in RT-LAMP-
BART and real-time RT-PCR for the detection of HAV were
selected from the same conserved region (5’-UTR) of HAV
genome. The specificity of primers used in LAMP for HAV
detection has been examined by testing several genotypes
of HAV and other enteric viruses, and they only amplify
HAV target sequences (Yoneyama et al., 2007). For LAMP
primers, the inner primers generate hairpin loops, and the
outer primers displace the DNA strands. Aside from inner
and outer primers, the use of loop primers (Nagamine et al.,
2002) or stem primers (Gandelman et al., 2011) could accel-
erate the speed of amplification, and improve sensitivity
of the reaction. We found that the sensitivity of the assay
could also be improved by primer quality. HPLC-purified
primers were used in some reports (Luo et al., 2011; Yang
et al., 2011), and there were others using cartridge-purified
primers (Yoda et al., 2007) in the LAMP assay. By compar-
ing the results from HPLC-purified and cartridge-purified
primers, we found that HPLC-purified primers demonstrated
improved sensitivity of RT-LAMP-BART reaction. For
primer synthesis, the longer the sequence, the higher the
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error rate and a larger number of failed truncated sequences
are produced. HPLC can not only remove impurities such
as salt and organic solvent, but also eliminate truncated
sequences to a greater extent than cartridge purification
technique, producing primers with higher yield and purity
(Biolegio, https://www.biolegio.com/products-services/purif
ication/). The inner primers (~40 bases) used in LAMP reac-
tion are at least twice as long as the primers (~ 20 bases)
used in PCR. HPLC technique could guarantee the lower
error rate in inner primer sequences. Hardinge et al. (2018)
reported that primer quality significantly affected the ampli-
fication performance of LAMP-BART assay in detection of
DNA from genetically modified maize. They concluded that
using HPLC-purified primers was very important because
they could especially give reliable amplification of low copy
number of DNA in a reaction.

The sensitivity of one-step and two-step RT-LAMP-
BART assay were measured by testing tenfold serial dilu-
tions of RNA obtained from a viral stock or cDNA. It was
found that the limit of detection of two-step RT-LAMP-
BART and one-step RT-LAMP-BART was 0.083 PFU/
reaction and 2.1 PFU/reaction of HAV, respectively. The
two-step RT-LAMP-BART showed higher sensitivity than
one-step RT-LAMP-BART. The amplification temperature
for LAMP assay is usually between 60 and 65 °C (Kokkinos
et al., 2014). In the current study, the amplification tem-
perature for two-step RT-LAMP-BART was 62 °C, but for
one-step RT-LAMP-BART, the amplification temperature
was 55 °C. This is because the reverse transcriptase in the
RT-LAMP-BART-master developed by Lumora Ltd. was not
stable above 60 °C. This lower amplification temperature
might contribute to the lower sensitivity of the one-step RT-
LAMP-BART in our experiment. The sensitivity of two-step
RT-LAMP-BART and real-time RT-PCR used in our study
were the same: 0.083 PFU/reaction, corresponding to the
virus titer of 8.3 x 10° PFU/mL. Compared with the limited
published data, the value was lower than the 0.5 PFU/reac-
tion reported by Jothikumar et al. (2005) who used TagMan
real-time PCR, lower than 1 PFU/reaction reported by El
Galil et al. (2004) for using molecular-beacon real-time
RT-PCR, lower than 2 PFU/reaction reported by Jean et al.
(2002) for using nucleic acid sequence-based amplification
(NASBA) method, and lower than 0.1 PFU/reaction reported
by Hu and Arsov (2014) for using nested real-time PCR for
the detection of HAV RNA.

HAV seeded on green onions, strawberries, mussels, or
in milk, was detected using real-time RT-PCR, one-step
RT-LAMP-BART and two-step RT-LAMP-BART. The
sensitivities of two-step RT-LAMP-BART and real-time
RT-PCR were comparable in testing HAV in each food
(Table 2). One-step RT-LAMP-BART assay showed better
performance in testing HAV in mussels and milk than in
green onions and strawberries, which might be due to the
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fact that primers purified with different methods were used
when detecting HAV in different foods. The cartridge-puri-
fied primers were used for testing HAV in green onions and
strawberries, while HPLC-purified primers were used for
testing the virus in mussels and milk. For strawberries, HAV
at an inoculum level of 8.3 x 10° PFU/50 g was not detect-
able by any of the three methods, which might be due to
the low efficiency of the virus separation and concentration
step or the strong inhibition of the reactions from strawberry
compounds. The detection limit of RT-LAMP-BART assay
developed in the current study may be able to satisfy the
need for diagnostic purpose, because HAV infectious dose is
presumably between 10 and 100 viral particles and the con-
tamination level of virus is low in food (Sanchez et al., 2007;
Yezli & Otter, 2011). The detection limit of HAV in different
foods obtained in our study using PMNP separation and con-
centration method coupled with RT-LAMP-BART is com-
parable with or better than that reported by other research
groups using different virus detection methods (Table 3).
The amplification time of the RT-LAMP-BART
(130 min) was longer than that of real-time RT-PCR
(40 min) used in the current study. The reaction system for
PCR, including reagents and instrument, has been improved
considerably since the method was invented. For example,
in our previous study, we used ABI 7900HT Fast Real-Time
PCR System coupled with Absolute QPCR ROX mix to
detect HAV (Wu et al., 2022). The amplification time was
100 min with the use of this system, while the amplification
time was reduced to 40 min with the application of ViiA 7
system and TagMan Fast Advanced Master Mix (Wu et al.,
2022). RT-LAMP-BART assay is a relatively novel technol-
ogy and the amplification time can also be reduced through
optimizing the reaction conditions, such as the master mix

and equipment. It was reported that the LAMP amplification
time could be reduced by about 50% when the new Bst 2.0
or Bst 2.0 WarmStart DNA polymerase was used (Tanner
et al., 2012) compared to the use of the wild-type Bst DNA
polymerase. In future, the components of the master mix
used for the RT-LAMP-BART reaction may be optimized
to further improve the sensitivity, speed, and robustness of
the method.

The RT-LAMP-BART assay has several advantages over
real-time RT-PCR. The instrument used for RT-LAMP-
BART and the software used for data interpretation are sim-
ple, because RT-LAMP-BART relies on the time-to-peak
of light output not the absolute light intensity (Gandelman
et al., 2010). An instrument containing a heating block
capable of controlling temperature and a photodiode or a
charge-coupled device (CCD) camera for detecting light can
satisfy the requirements of the method (Gandelman et al.,
2010). Real-time PCR is based on the detection of absolute
fluorescence intensity during a thermal cycling reaction and
requires an instrument consisting of a light-emitting diode
(LED) for emitting a broad spectrum of light, filters for
selecting the excitation and emission wavelength of specific
fluorophores, mirrors for reflecting light, a photodiode, CCD
or photomultiplier tube for detecting emitted light, and a
device for heating and cooling the reaction plate. The instru-
ment can only be operated by trained personnel and needs to
be calibrated frequently to guarantee accurate experimental
results. Instead, any person can operate the Bison system
(Lumora Ltd.) used for RT-LAMP-BART assay after a short
training session and the maintenance of the instrument is
simple and easy. The instrument software used for real-time
PCR protocol setup, data collection, and data analysis are
much more complicated than that for RT-LAMP-BART.

Table 3 Detection limit of HAV in different foods using different detection methods

Food Detection method

Detection limit

Reference

Real-time RT-PCR
RT-PCR

Nested real-time PCR
Real-time RT-PCR

Green onion
Green onion
Green onion
Green onion

10? PFU/25 g

1 TCIDs, (approximately 1.4 PFU)/25 g
1 PFU/25 ¢

Not determined

Zheng and Hu (2017)
Guevremont et al. (2006)
Hu and Arsov (2014)
Lowther et al. (2019)
This study

1.2 TCIDs, (approximately 1.7 PFU)/15 g
8.3x 10! PFU/50 g (10 RT-PCR unit/50 g)
10° TCID, (approximately 1.4 PFUY/1.5 g
10° TCID, (approximately 1.4 PFUY/1 g

25 TCIDs (approximately 35 PFU)/25 g

Green onion RT-LAMP-BART 8.3x10° PFU/15 g
Strawberry RT-PCR 10* RT-PCR unit/90 g
Strawberry Real-time RT-PCR

Strawberry RT-LAMP-BART

Shellfish Real-time RT-PCR

Shellfish RT-PCR

Shellfish RT-PCR 1.5PFU/3.75 g
Shellfish Real-time RT-PCR

Shellfish Real-time RT-PCR Not determined
Shellfish RT-LAMP-BART 8.3x10° PFU/5 g
Milk RT-LAMP-BART 8.3 % 10° PFU/40 mL

Rzezutka et al. (2006)
Butot et al. (2007)

This study
Ko et al. (2018)
Ko et al. (2015)

Kingsley and Richards (2001)
Casas et al. (2007)
Lowther et al. (2019)

This study
This study
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Moreover, due to the isothermal characteristic of the reac-
tion, the RT-LAMP-BART instrument has the potential to be
miniaturized to become a portable device that is suited for
field applications. But PCR can only be applied in the labo-
ratory and not on-site. Various formats of portable devices
have been designed to perform the LAMP reaction in remote
areas where resources are limited. A portable ESE Quant
tube scanner has been used for detection of fluorescence
signal of SYBR Green I in the amplification of the genome
of Vibrio parahaemolyticus and malaria using LAMP (Luc-
chi et al., 2010; Surabattula et al., 2013; Yi et al., 2014).
It was also reported that the LAMP reaction could be per-
formed on a silicon chip for the detection of virulence genes
of Listeria monocytogenes, Escherichia coli, and Salmonella
(Duarte et al., 2013). Microfludic devices have also been
developed for the detection of foodborne pathogens such as
Campylobacter jejuni, Shigella, Salmonella Typhimurium,
and Vibrio cholerae using the LAMP technique (Hsieh et al.,
2012; Tourlousse et al., 2012). All these portable devices
are based on fluorescence detection. The portable device for
RT-LAMP-BART will be easier to design because lumines-
cence detection is much simpler than fluorescence. Lumora
Ltd. has manufactured a portable instrument capable of
testing eight samples at one time to enable the RT-LAMP-
BART technique to be performed in the field (Kiddle et al.,
2012). Song et al. (2018) designed a smartphone-based
mobile detection platform for rapid detection of Zika virus
in urine and saliva and HIV in blood using BART-LAMP
technology. The platform is suitable for use at home and in
the field. With the great potential of pathogen specific and
ready-to-use reagent (e.g., detection kit) to be developed and
the applicability of less expensive and easy-to-use portable
devices, the RT-LAMP-BART technique is a promising
new tool in detection of foodborne pathogens (e.g., HAV)
in future.

In conclusion, RT-LAMP-BART showed good perfor-
mance in the detection of HAV concentrated from different
foods including green onions, strawberries, mussels, and
milk in the current study. The developed methods need to be
compared with the procedures in ISO 15216 for foodborne
HAV detection in future. RT-LAMP-BART showed compa-
rable sensitivity with real-time RT-PCR for detecting HAV
in different foods. The reaction time of the RT-LAMP-BART
may be dramatically reduced through optimizing the master
mix in the future. The short testing time in combination with
the miniaturized simple instruments may make this tech-
nique very powerful in detection of foodborne pathogens.

Acknowledgements The authors gratefully acknowledge the research
funding provided by Ontario Ministry of Agriculture, Food & Rural
Affairs (OMAFRA). The authors wish to thank Prof. Eva Nagy and Dr.
Li Deng at Department of Pathobiology, University of Guelph, for their
technical assistance in HAV plaque assay, Dr. Rocio Morales-Rayas at
Canadian Research Institute for Food Safety (CRIFS) for her assistance

@ Springer

in real-time PCR, and Dr. Hany Anany and Dr. Lubov Brovko at CRIFS
for their assistance in BART-LAMP. The authors also extend our appre-
ciation to Lumora Ltd. for scientific equipment.

Funding Funding was provided by Ontario Ministry of Agri-
culture, Food and Rural Affairs (Grant Number FS080739).

Data Availability The data used to support the findings of this
study are provided in full in the results section of this paper.

References

Aartse, A., Scholtens, I. M. J., Boersma-Greve, M. M., Prins, T. W.,
van Ginkel, L. A., Kok, E. J., & Bovee, T. F. H. (2017). Evaluation
of a loop-mediated isothermal amplification (LAMP) method for
rapid on-site detection of horse meat. Food Control, 81, 9-15.

Abdulmawjood, A., Grabowski, N., Fohler, S., Kittler, S., Nagengast,
H., & Klein, G. (2014). Development of loop-mediated isothermal
amplification (LAMP) assay for rapid and sensitive identification
of ostrich meat. PLoS ONE, 9(6), e100717.

Ahmad, F., Seyrig, G., Tourlousse, D. M., Stedtfeld, R. D., Tiedje, J.
M., & Hashsham, S. A. (2011). A CCD-based fluorescence imag-
ing system for real-time loop-mediated isothermal amplification-
based rapid and sensitive detection of waterborne pathogens on
microchips. Biomedical Microdevices, 13(5), 929-937.

Amaral, C., Antunes, W., Moe, E., Duarte, A. G., Lima, L. M., Santos,
C., Gomes, I. L., Afonso, G. S., Vieira, R., & Teles, H. S. S. J. S.
R. (2021). A molecular test based on RT-LAMP for rapid, sensi-
tive and inexpensive colorimetric detection of SARS-CoV-2 in
clinical samples. Scientific Reports, 11(1), 1-12.

Bhaskar, S. V. (2017). Foodborne diseases—Disease burden. In R.
K. Gupta, Dudeja, & M. Singh (Eds.), Food Safety in the 21st
Century (pp. 1-10). San Diego.

Biolegio. Oligo purification. https://www.biolegio.com/products-servi
ces/purification/.

Bosch, A., Gkogka, E., Le Guyader, F. S., Loisy-Hamon, F., Lee, A.,
van Lieshout, L., Marthi, B., Myrmel, M., Sansom, A., Schultz,
A. C., Winkler, A., Zuber, S., & Phister, T. (2018). Foodborne
viruses: Detection, risk assessment, and control options in food
processing. International Journal of Food Microbiology, 285,
110-128.

Butot, S., Putallaz, T., & Sanchez, G. (2007). Procedure for rapid con-
centration and detection of enteric viruses from berries and vege-
tables. Applied and Environmental Microbiology, 73(1), 186—192.

Cao, X., Zhao, L., Zhang, J., Chen, X., Shi, L., Fang, X., Xie, H.,
Chang, Y., & Wang, L. (2019). Detection of viable but noncultur-
able Vibrio parahaemolyticus in shrimp samples using improved
real-time PCR and real-time LAMP methods. Food Control, 103,
145-152.

Casas, N., Amarita, F., & de Maranon, I. M. (2007). Evaluation of an
extracting method for the detection of hepatitis A virus in shellfish
by SYBR-Green real-time RT-PCR. International Journal of Food
Microbiology, 120(1-2), 179-185.

Cheftel, J. C. (2011). Emerging risks related to food technology. In
M. Hefnawy (Ed.), Advances in food protection (pp. 223-254).
Dordrecht.

Cowan, J. A. (2002). Structural and catalytic chemistry of magnesium-
dependent enzymes. BioMetals, 15(3), 225-235.

Di Cola, G., Fantilli, A. C., Pisano, M. B., & Ré, V. E. (2021). Food-
borne transmission of hepatitis A and hepatitis E viruses: A


https://www.biolegio.com/products-services/purification/
https://www.biolegio.com/products-services/purification/

Food and Environmental Virology (2023) 15:144-157

155

literature review. International Journal of Food Microbiology,
338, 108986.

Duarte, C., Salm, E., Dorvel, B., Reddy, B., & Bashir, R. (2013). On-
chip parallel detection of foodborne pathogens using loop-medi-
ated isothermal amplification. Biomedical Microdevices, 15(5),
821-830.

EFSA. (2014). Tracing of food items is connection to the multinational
hepatitis A virus outbreak in Europe. EFSA Journal, 12(9), 3821.

El Galil, K. H. A., El Sokkary, M. A., Kheira, S. M., Salazar, A. M.,
Yates, M. V., Chen, W., & Mulchandani, A. (2004). Combined
immunomagnetic separation-molecular beacon-reverse transcrip-
tion-PCR assay for detection of hepatitis A virus from environ-
mental samples. Applied and Environmental Microbiology, 70(7),
4371-4374.

Fei, Z., Wei, R., Cheng, C., & Xiao, P. (2021). A novel approach to
the bioluminescent detection of the SARS-CoV-2 ORFlab gene
by coupling isothermal RNA reverse transcription amplification
with a digital PCR approach. International Journal of Molecular
Sciences, 22(3), 1017.

Ferrara, M., Perrone, G., Gallo, A., Epifani, F., Visconti, A., & Susca,
A. (2015). Development of loop-mediated isothermal amplifica-
tion (LAMP) assay for the rapid detection of Penicillium nordi-
cum in dry-cured meat products. International Journal of Food
Microbiology, 202, 42-47.

Fleet, G. H., Heiskanen, P., Reid, 1., & Buckle, K. A. (2000). Food-
borne viral illness—Status in Australia. International Journal of
Food Microbiology, 59(1), 127-136.

Focke, F., Haase, 1., & Fischer, M. (2013). Loop-mediated isothermal
amplification (LAMP): Methods for plant species identification
in food. Journal of Agricultural and Food Chemistry, 61(12),
2943-2949.

Francois, P., Tangomo, M., Hibbs, J., Bonetti, E. J., Boehme, C. C.,
Notomi, T., Perkins, M. D., & Schrenzel, J. (2011). Robustness of
a loop-mediated isothermal amplification reaction for diagnostic
applications. Fems Immunology and Medical Microbiology, 62(1),
41-48.

Frisch, L. M., & Niessen, L. (2019). Development and optimization of
a group-specific loop-mediated isothermal amplification (LAMP)
assay for the detection of patulin-producing Penicillium species.
International Journal of Food Microbiology, 298, 20-30.

Gandelman, O. A., Church, V. L., Moore, C. A., Kiddle, G., Carne, C.
A., Parmar, S., Jalal, H., Tisi, L. C., & Murray, J. A. H. (2010).
Novel bioluminescent quantitative detection of nucleic acid ampli-
fication in real-time. PLoS ONE, 5(11), e14155.

Gandelman, O., Jackson, R., Kiddle, G., & Tisi, L. (2011). Loop-
mediated amplification accelerated by stem primers. International
Journal of Molecular Sciences, 12(12), 9108-9124.

Gardner, S. N., Kuczmarski, T. A., Vitalis, E. A., & Slezak, T. R.
(2003). Limitations of TagMan PCR for detecting divergent viral
pathogens illustrated by hepatitis A, B, C, and E viruses and
human immunodeficiency virus. Journal of Clinical Microbiol-
ogy, 41(6), 2417-24217.

Girish, P. S., Barbuddhe, S. B., Kumari, A., Rawool, D. B., Karabasa-
navar, S., Muthukumar, M., & Vaithiyanathan, S. (2020). Rapid
detection of pork using alkaline lysis- Loop Mediated Isother-
mal Amplification (AL-LAMP) technique. Food Control, 110,
107015.

Goto, M., Honda, E., Ogura, A., Nomoto, A., & Hanaki, K. I. (2009).
Colorimetric detection of loop-mediated isothermal amplifica-
tion reaction by using hydroxy naphthol blue. BioTechniques,
46(3), 167-172.

Guevremont, E., Brassard, J., Houde, A., Simard, C., & Trottier,
Y. L. (2006). Development of an extraction and concentration
procedure and comparison of RT-PCR primer systems for the
detection of hepatitis A virus and norovirus GII in green onions.
Journal of Virological Methods, 134(1-2), 130-135.

Hardinge, P., Baxani, D. K., McCloy, T., Murray, J. A., & Castell, O.
K. (2020). Bioluminescent detection of isothermal DNA ampli-
fication in microfluidic generated droplets and artificial cells.
Scientific Reports, 10(1), 1-14.

Hardinge, P., Kiddle, G., Tisi, L., & Murray, J. A. (2018). Optimised
LAMP allows single copy detection of 35Sp and NOSt in trans-
genic maize using Bioluminescent Assay in Real Time (BART).
Scientific Reports, 8(1), 1-17.

Hsieh, K. W., Patterson, A. S., Ferguson, B. S., Plaxco, K. W., &
Soh, H. T. (2012). Rapid, sensitive, and quantitative detection
of pathogenic DNA at the point of care through microfluidic
electrochemical quantitative loop-mediated isothermal ampli-
fication. Angewandte Chemie-International Edition, 51(20),
4896-4900.

Hu, X., Collier, M. G., & Xu, F. (2020). Hepatitis A outbreaks in devel-
oped countries: Detection, control, and prevention. Foodborne
Pathogens and Disease, 17(3), 166—-171.

Hu, Y., & Arsov, L. (2014). A rapid single-tube protocol for HAV detec-
tion by nested real-time PCR. Food and Environmental Virology,
6(3), 189-195.

1SO. (2019). Microbiology of the food chain—Horizontal method for
determination of hepatitis A virus and norovirus using real-time
RT-PCR - Part 2: Method for detection. ISO 15216-2:2019. Inter-
national Organization for Standardization, Geneva.

Jean, J., Blais, B., Darveau, A., & Fliss, I. (2002). Simultaneous
detection and identification of hepatitis A virus and rotavirus by
multiplex nucleic acid sequence-based amplification (NASBA)
and microtiter plate hybridization system. Journal of Virological
Methods, 105(1), 123-132.

Jothikumar, N., Cromeans, T. L., Sobsey, M. D., & Robertson, B. H.
(2005). Development and evaluation of a broadly reactive TagMan
assay for rapid detection of hepatitis A virus. Applied and Envi-
ronmental Microbiology, 71(6), 3359-3363.

Kaneko, H., Kawana, T., Fukushima, E., & Suzutani, T. (2007). Tol-
erance of loop-mediated isothermal amplification to a culture
medium and biological substances. Journal of Biochemical and
Biophysical Methods, 70(3), 499-501.

Kannan, P., Ruban, W., & Quintoil, M. (2020). Foodborne pathogens
and nanoparticles as a tool for quality assurance and intervention
of foodborne pathogens. In M. N. Khalaf, M. O. Smirnov, P. K.,
& A. K. Haghi (Eds.), Environmental technology and engineering
techniques basic concepts and health interventions (1st ed., pp.
133-153). New York.

Kiddle, G., Hardinge, P., Buttigieg, N., Gandelman, O., Pereira, C.,
McElgunn, C. J., Rizzoli, M., Jackson, R., Appleton, N., Moore,
C., Tisi, L. C., & Murray, J. A. H. (2012). GMO detection using
a bioluminescent real time reporter (BART) of loop mediated
isothermal amplification (LAMP) suitable for field use. BMC
Biotechnology, 12, 15.

Kingsley, D. H., & Richards, G. P. (2001). Rapid and efficient extrac-
tion method for reverse transcript ion-PCR detection of hepatitis A
and norwalk-like viruses in shellfish. Applied and Environmental
Microbiology, 67(9), 4152-4157.

Ko, S. M., Cho, S. Y., Oh, M. J., Kwon, J., Vaidya, B., & Kim, D.
(2018). Application of concanavalin A-linked magnetic beads for
the detection of hepatitis A virus. Journal of Food Protection,
81(12), 1997-2002.

Ko, S. M., Vaidya, B., Kwon, J., Lee, H. M., Oh, M. J., Shin, T. S.,
Cho, S. Y., & Kim, D. (2015). Detection of hepatitis A virus
in seeded oyster digestive tissue by ricin A-linked magnetic
separation combined with reverse transcription PCR. Journal
of Food Protection, 78(5), 1046—1051.

Kokkinos, P. A., Ziros, P. G., Bellou, M., & Vantarakis, A. (2014).
Loop-mediated isothermal amplification (LAMP) for the detec-
tion of Salmonella in food. Food Analytical Methods, 7(2),
512-526.

@ Springer



156

Food and Environmental Virology (2023) 15:144-157

Kuffel, A., Gray, A., & Daeid, N. N. (2021). Impact of metal ions on
PCR inhibition and RT-PCR efficiency. International Journal of
Legal Medicine, 135(1), 63-72.

Kumari, S., Kumar, R. R., Mendiratta, S. K., Kumar, D., Kumar, A.,
Kumar, D., Rana, P., & Jawla, J. (2020). On-site detection of tis-
sues of buffalo origin by loop-mediated isothermal amplification
(LAMP) assay targeting mitochondrial gene sequences. Food Ana-
Iytical Methods, 13(5), 1060-1068.

Lalle, M., Possenti, A., Dubey, J. P., & Pozio, E. (2018). Loop-medi-
ated isothermal amplification-lateral-flow dipstick (LAMP-LFD)
to detect Toxoplasma gondii oocyst in ready-to-eat salad. Food
Microbiology, 70, 137-142.

Li, Q. C, Fang, J. H., Liu, X,, Xi, X., Li, M. J., Gong, Y. F., & Zhang,
M. Z. (2013). Loop-mediated isothermal amplification (LAMP)
method for rapid detection of cry/Ab gene in transgenic rice
(Oryza sativa L.). European Food Research and Technology,
236(4), 589-598.

Li, Y. M., Fan, P. H., Zhou, S. S., & Zhang, L. (2017). Loop-mediated
isothermal amplification (LAMP): A novel rapid detection plat-
form for pathogens. Microbial Pathogenesis, 107, 54—61.

Liu, J., Xu, L. P., Guo, J. L., Chen, R. K., Grisham, M. P., & Que, Y. X.
(2013). Development of loop-mediated isothermal amplification
for detection of Leifsonia xyli subsp xyli in sugarcane. Biomed
Research International, 357692.

Liu, Z. G, Fang, G. L., Li, Q., Zhou, G. P, Li,R., Fu, Y. J., Li, H., &
Qu, S. (2011). Detection of Bacillus cereus containing voitoxin in
food by loop-mediated isothermal amplification method. Journal
of Food Safety, 31(3), 313-319.

Lowther, J. A, Bosch, A., Butot, S., Ollivier, J., Mide, D., Rutjes, S.
A., Hardouin, G., Lombard, B., & in’t Veld, P., & Leclercq, A.
(2019). Validation of EN ISO method 15216 - Part —Quantifica-
tion of hepatitis A virus and norovirus in food matrices. Interna-
tional Journal of Food Microbiology, 288, 82-90.

Lucchi, N. W., Demas, A., Narayanan, J., Sumari, D., Kabanywanyi,
A., Kachur, S. P, Barnwell, J. W., & Udhayakumar, V. (2010).
Real-time fluorescence loop mediated isothermal amplification
for the diagnosis of malaria. PLoS ONE, 5(10), e13733.

Luo, L., Nie, K., Yang, M. J., Wang, M., Li, J., Zhang, C., Liu, H. T.,
& Ma, X. J. (2011). Visual detection of high-risk human Papil-
lomavirus genotypes 16, 18, 45, 52, and 58 by loop-mediated
isothermal amplification with hydroxynaphthol blue dye. Journal
of Clinical Microbiology, 49(10), 3545-3550.

Mao, R., Xie, K., Zhao, M., Li, M. J,, Lu, L., Liu, Y., Wu, Q., Chen,
Y., Zhang, T., & Diao, E. (2020). Development and evaluation
of a loop-mediated isothermal amplification (LAMP) assay for
rapid detection of pistachio (Pistacia vera) in food samples. Food
Analytical Methods, 13(3), 658-666.

Mei, X., Zhai, X., Lei, C., Ye, X., Kang, Z., Wu, X., Xiang, R., Wang,
Y., & Wang, H. (2019). Development and application of a visual
loop-mediated isothermal amplification combined with lateral
flow dipstick (LAMP-LFD) method for rapid detection of Salmo-
nella strains in food samples. Food Control, 104, 9-19.

Mirasoli, M., Bonvicini, F., Lovecchio, N., Petrucci, G., Zangheri, M.,
Calabria, D., Costantini, F., Roda, A., Gallinella, G., Caputo, D.,
de Cesare, G., & Nascetti, A. (2018). On-chip LAMP-BART reac-
tion for viral DNA real-time bioluminescence detection. Sensors
and Actuators b: Chemical, 262, 1024—1033.

Mori, Y., Kitao, M., Tomita, N., & Notomi, T. (2004). Real-time turbi-
dimetry of LAMP reaction for quantifying template DNA. Journal
of Biochemical and Biophysical Methods, 59(2), 145-157.

Mori, Y., & Notomi, T. (2009). Loop-mediated isothermal amplifi-
cation (LAMP): A rapid, accurate, and cost-effective diagnostic
method for infectious diseases. Journal of Infection and Chemo-
therapy, 15(2), 62—69.

@ Springer

Nagamine, K., Hase, T., & Notomi, T. (2002). Accelerated reaction
by loop-mediated isothermal amplification using loop primers.
Molecular and Cellular Probes, 16(3), 223-229.

Nakatsu, T., Ichiyama, S., Hiratake, J., Saldanha, A., Kobashi, N.,
Sakata, K., & Kato, H. (2006). Structural basis for the spectral
difference in luciferase bioluminescence. Nature, 440(7082),
372-376.

Nie, X. Z. (2005). Reverse transcription loop-mediated isothermal
amplification of DNA for detection of Potato virus Y. Plant Dis-
ease, 89(6), 605-610.

Niessen, L., Luo, J., Denschlag, C., & Vogel, R. F. (2013). The applica-
tion of loop-mediated isothermal amplification (LAMP) in food
testing for bacterial pathogens and fungal contaminants. Food
Microbiology, 36(2), 191-206.

Njiru, Z. K., Yeboah-Manu, D., Stinear, T. P., & Fyfe, J. A. M. (2012).
Rapid and sensitive detection of Mycobacterium ulcerans by use
of a loop-mediated isothermal amplification test. Journal of Clini-
cal Microbiology, 50(5), 1737-1741.

Notomi, T., Okayama, H., Masubuchi, H., Yonekawa, T., Watanabe, K.,
Amino, N., & Hase, T. (2000). Loop-mediated isothermal ampli-
fication of DNA. Nucleic Acids Research, 28(12), e63.

Ou, S. C., Giambrone, J. J., & Macklin, K. S. (2012). Comparison of
a TagMan real-time polymerase chain reaction assay with a loop-
mediated isothermal amplification assay for detection of Gallid
herpesvirus 1. Journal of Veterinary Diagnostic Investigation,
24(1), 138-141.

Parida, M., Posadas, G., Inoue, S., Hasebe, F., & Morita, K. (2004).
Real-time reverse transcription loop-mediated isothermal ampli-
fication for rapid detection of West Nile virus. Journal of Clinical
Microbiology, 42(1), 257-263.

Rzezutka, A., D’Agostino, M., & Cook, N. (2006). An ultracentrif-
ugation-based approach to the detection of hepatitis A virus in
soft fruits. International Journal of Food Microbiology, 108(3),
315-320.

Sanchez, G., Bosch, A., & Pint6, R. M. (2007). Hepatitis A virus detec-
tion in food: Current and future prospects. Letters in Applied
Microbiology, 45(1), 1-5.

Séanchez, G., Pint6, R. M., Vanaclocha, H., & Bosch, A. (2002). Molec-
ular characterization of hepatitis A virus isolates from a transcon-
tinental shellfish-borne outbreak. Journal of Clinical Microbiol-
ogy, 40(11), 4148-4155.

Sheu, S. C., Tsou, P. C, Lien, Y. Y., & Lee, M. S. (2018). Develop-
ment of loop-mediated isothermal amplification (LAMP) assays
for the rapid detection of allergic peanut in processed food. Food
Chemistry, 257, 67-74.

Song, J., Pandian, V., Mauk, M. G., Bau, H. H., Cherry, S., Tisi, L. C.,
& Liu, C. (2018). Smartphone-based mobile detection platform
for molecular diagnostics and spatiotemporal disease mapping.
Analytical Chemistry, 90(7), 4823-4831.

Surabattula, R., Vejandla, M. P., Mallepaddi, P. C., Faulstich, K., &
Polavarapu, R. (2013). Simple, rapid, inexpensive platform for the
diagnosis of malaria by loop mediated isothermal amplification
(LAMP). Experimental Parasitology, 134(3), 333-340.

Tanner, N. A., Zhang, Y. H., & Evans, T. C. (2012). Simultaneous
multiple target detection in real-time loop-mediated isothermal
amplification. BioTechniques, 53(2), 81-89.

Tao, Z. Y., Zhou, H. Y., Xia, H., Xu, S., Zhu, H. W., Culleton, R. L.,
Han, E. T, Lu, F,, Fang, Q., Gu, Y. P, Liu, Y. B., Zhu, G. D,
Wang, W. M., Li, J. L., Cao, J., & Gao, Q. (2011). Adaptation
of a visualized loop-mediated isothermal amplification technique
for field detection of Plasmodium vivax infection. Parasites &
Vectors, 4, 115.

Tomita, N., Mori, Y., Kanda, H., & Notomi, T. (2008). Loop-mediated
isothermal amplification (LAMP) of gene sequences and simple
visual detection of products. Nature Protocols, 3(5), 877-882.



Food and Environmental Virology (2023) 15:144-157

157

Tourlousse, D. M., Ahmad, F., Stedtfeld, R. D., Seyrig, G., Tiedje, J.
M., & Hashsham, S. A. (2012). A polymer microfluidic chip for
quantitative detection of multiple water- and foodborne pathogens
using real-time fluorogenic loop-mediated isothermal amplifica-
tion. Biomedical Microdevices, 14(4), 769-778.

VanGuilder, H. D., Vrana, K. E., & Freeman, W. M. (2008). Twenty-
five years of quantitative PCR for gene expression analysis. Bio-
Techniques, 44(5), 619-626.

Vu, N. T., Pardo, J. M., Alvarez, E., Le, H. H., Wyckhuys, K., Nguyen,
K. L., & Le, D. T. (2016). Establishment of a loop-mediated iso-
thermal amplification (LAMP) assay for the detection of phy-
toplasma-associated cassava witches’ broom disease. Applied
Biological Chemistry, 59(2), 151-156.

Wang, J., Wan, Y., Chen, G., Liang, H., Ding, S., Shang, K., Li, M.,
Dong, J., Du, F., & Cui, X. (2019). Colorimetric detection of horse
meat based on loop-mediated isothermal amplification (LAMP).
Food Analytical Methods, 12(11), 2535-2541.

Wang, L., Fu, J., Zhou, Y., Chen, G., Fang, C., Lu, Z., & Yu, L. (2020).
On-chip RT-LAMP and colorimetric detection of the prostate
cancer 3 biomarker with an integrated thermal and imaging box.
Talanta, 208, 120407.

WHO. (2020). Food safety. Retrieved April 30, 2020, from https://
www.who.int/ NEWS-ROOM/FACT-SHEETS/DETAIL/
FOOD-SAFETY.

WHO. (2021). Hepatitis A. Retrieved July 27, 2021 from https://www.
who.int/news-room/fact-sheets/detail/hepatitis-a.

Wu, Q. Q., Jin, W., Zhou, C., Han, S. H., Yang, W. X., Zhu, Q. Y., Jin,
Q.H., & Mu, Y. (2011). Integrated glass microdevice for nucleic
acid purification, loop-mediated isothermal amplification, and
online detection. Analytical Chemistry, 83(9), 3336-3342.

Wu, R., Meng, B., Corredig, M., & Griffiths, M. W. (2022). Efficient
capturing and sensitive detection of hepatitis A virus from solid
foods (green onion, strawberry, and mussel) using protamine-
coated iron oxide (Fe304) magnetic nanoparticles and real-time
RT-PCR. Food Microbiology, 102, 103921.

Wu, R., Xing, X., Corredig, M., Meng, B., & Griffiths, M. W. (2019).
Concentration of hepatitis A virus in milk using protamine-coated
iron oxide (Fe;O,) magnetic nanoparticles. Food Microbiology,
84,103236.

Xiong, X., Huang, M., Xu, W., Cao, M., Li, Y., & Xiong, X. (2020).
Tracing Atlantic Salmon (Salmo salar) in processed fish products
using the novel loop-mediated isothermal amplification (LAMP)
and PCR assays. Food Analytical Methods, 13(6), 1235-1245.

Yang, B., Wang, X., Li, H., Li, G., Cao, Z., & Cheng, X. (2011). Com-
parison of loop-mediated isothermal amplification and real-time

PCR for the diagnosis of tuberculous pleurisy. Letters in Applied
Microbiology, 53(5), 525-531.

Yezli, S., & Otter, J. A. (2011). Minimum infective dose of the major
human respiratory and enteric viruses transmitted through food
and the environment. Food and Environmental Virology, 3(1),
1-30.

Yi, M. Y, Ling, L., Neogi, S. B., Fan, Y. S, Tang, D. Y., Yamasaki, S.
J., Shi, L., & Ye, L. (2014). Real time loop-mediated isothermal
amplification using a portable fluorescence scanner for rapid and
simple detection of Vibrio parahaemolyticus. Food Control, 41,
91-95.

Yoda, T., Suzuki, Y., Yamazaki, K., Sakon, N., Kanki, M., Aoyama,
1., & Tsukamoto, T. (2007). Evaluation and application of reverse
transcription loop-mediated isothermal amplification for detec-
tion of noroviruses. Journal of Medical Virology, 79(3), 326-334.

Yoneyama, T., Kiyohara, T., Shimasaki, N., Kobayashi, G., Ota, Y.,
Notomi, T., Totsuka, A., & Wakita, T. (2007). Rapid and real-
time detection of hepatitis A virus by reverse transcription loop-
mediated isothermal amplification assay. Journal of Virological
Methods, 145(2), 162-168.

Yuan, D., Kong, J., Li, X., Fang, X., & Chen, Q. (2018). Colorimetric
LAMP microfluidic chip for detecting three allergens: Peanut,
sesame and soybean. Scientific Reports, 8(1), 1-8.

Zahradnik, C., Martzy, R., Mach, R. L., Krska, R., Farnleitner, A. H.,
& Brunner, K. (2015). Loop-mediated isothermal amplification
(LAMP) for the detection of horse meat in meat and processed
meat products. Food Analytical Methods, 8(6), 1576—1581.

Zheng, Y., & Hu, Y. (2017). Development of a fast and efficient method
for hepatitis A virus concentration from green onion. Journal of
Virological Methods, 249, 161-164. https://doi.org/10.1016/j.jviro
met.2017.09.013

Zhou, D. G., Guo, J. L., Xu, L. P, Gao, S. W., Lin, Q. L., Wu, Q. B.,
Wu, L. G, & Que, Y. X. (2014). Establishment and application
of a loop-mediated isothermal amplification (LAMP) system for
detection of crylAc transgenic sugarcane. Scientific Reports, 4.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://www.who.int/NEWS-ROOM/FACT-SHEETS/DETAIL/FOOD-SAFETY
https://www.who.int/NEWS-ROOM/FACT-SHEETS/DETAIL/FOOD-SAFETY
https://www.who.int/NEWS-ROOM/FACT-SHEETS/DETAIL/FOOD-SAFETY
https://www.who.int/news-room/fact-sheets/detail/hepatitis-a
https://www.who.int/news-room/fact-sheets/detail/hepatitis-a
https://doi.org/10.1016/j.jviromet.2017.09.013
https://doi.org/10.1016/j.jviromet.2017.09.013

	Rapid Detection of Hepatitis A Virus in Foods Using a Bioluminescent Assay in Real-Time (BART) and Reverse Transcription Loop-Mediated Isothermal Amplification (RT-LAMP) Technology
	Abstract
	Introduction
	Materials and Methods
	Virus Propagation and Cell Line
	Food Sample Contamination
	HAV Concentration and RNA Extraction
	Real-Time RT-PCR
	RT-LAMP Assay
	One-Step RT-LAMP-BART Assay
	Two-Step RT-LAMP-BART Assay
	Statistical Analysis

	Results
	Real-Time RT-PCR of HAV
	One-Step RT-LAMP Assay of HAV
	Optimization of Mg2+ Concentration in One-Step and Two-Step RT-LAMP-BART Assay
	Comparison of HPLC-Purified and Cartridge-Purified Primers in One-Step RT-LAMP-BART Assay
	Sensitivity Analysis of One-Step and Two-Step RT-LAMP-BART Assay
	Comparison of Real-Time RT-PCR, One-Step RT-LAMP-BART, and Two-Step RT-LAMP-BART Assay for the Detection of HAV from Different Foods

	Discussion
	Acknowledgements 
	References




