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Abstract: Globally, norovirus has become the primary cause of outbreaks of acute gastroen-
teritis, and an increasing number of norovirus GII infections have been associated with
shellfish. This highlights the urgent need to establish sensitive and rapid detection plat-
forms for timely screening of contaminated shellfish to reduce the risk of virus transmission.
To address this challenge, we developed a novel detection method combining multienzyme
isothermal rapid amplification (MIRA) with qPCR, referred to as MIRA-qPCR, specifically
targeting norovirus GIL It exhibited robust specificity, demonstrating no cross-reactivity
with sapovirus, rotavirus, hepatitis A virus, Escherichia coli, Listeria monocytogenes, or Vibrio
parahaemolyticus, and exhibited high sensitivity, detecting as low as 1.62 copies/uL for
recombinant plasmid standards. Furthermore, MIRA—qPCR showed good linearity in the
1.62 x 10! to 1.62 x 107 copies/uL range, with an R? > 0.90. MIRA-qPCR and qPCR assays
were performed on 125 fresh shellfish samples; there was good consistency in the detection
results, and the Kappa value was 0.90 (p < 0.001). The sensitivity and specificity of the
MIRA-qPCR detection were 100.00% and 97.25%, respectively. The MIRA-qPCR technique
provides a viable alternative for the rapid screening of norovirus GlI-contaminated shellfish
to guarantee food safety.
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1. Introduction

Globally, the societal burden of norovirus infections is significant, with estimated
yearly costs exceeding USD 60 billion [1,2]. Based on the latest symptomatic cases, outbreak
incidents, and sporadic community cases caused by norovirus infections in the United
States, Bartsch et al. [2] evaluated that the resulting costs, including direct medical expenses
and productivity losses, amount to as high as USD 10.6 billion. Currently, there is no
available vaccine or antiviral treatment program for norovirus infections. Given the highly
infectious nature of norovirus and the significant potential public health threat posed
by food contamination with trace amounts of viruses, the sensitivity of virus detection
methods is critical.

Norovirus, a single-stranded, positive-sense, non-enveloped RNA virus, belongs to
the genus Norovirus in the family Caliciviridae. Its genome is approximately 7.5-7.7 kb
and contains three open reading frames (ORF1, ORF2, and ORF3) [3]. Norovirus is rapidly
evolving and genetically diverse, and studies have shown that it can be phylogenetically
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classified into 10 genogroups (GI-GX) and more than 49 genotypes, based on the diversity of
amino acids encoded by the intact VP1 and the nucleotide diversity of the RNA-dependent
RNA polymerase (RdRp) region of ORF1 [4]. Norovirus GI, GII, GIV, GVIII, and GIX can
infect humans [5]. Human noroviruses (HNV) are responsible for widespread outbreaks of
acute gastroenteritis and represent one of the most common causes of foodborne illness.
Most human cases are associated with norovirus genogroup II (GII) [6], with genotype
GIL4 being the most prevalent strain. Parikh et al. [7] analyzed the seasonal patterns
and genotype distribution among sporadic norovirus gastroenteritis cases and reported
norovirus outbreaks in Middle Tennessee between 2012 and 2016. Among the 755 collected
cases of pediatric sporadic norovirus infection, norovirus GII accounted for the majority
of cases (83.3% to 90.1%), and GIL.4 was the dominant genotype (39.0% to 52.8%). Gao
et al. [8] investigated the genetic characteristics of noroviruses in Beijing, where a total
of 762 outbreaks were reported between September 2014 and August 2017, with GIL.P16-
GII.2 and GII.P17-GII.17 being the most common genotypes. It can be seen that over the
past 10 years, the genogroup Il noroviruses have been predominantly prevalent around
the world.

Norovirus is highly contagious. Its principal modes of transmission include the
ingestion of contaminated water or food and contact with infected individuals [9]. Research
has demonstrated that norovirus can withstand prolonged periods on a range of food
surfaces and in water, and that its transmission is facilitated by the contamination of object
surfaces, foodstuffs, and water present in aerosols [10]. Norovirus outbreaks usually peak
in winter and early spring (October to March). Among these transmission routes, the
main route leading to norovirus infection is often through food transmission. Campos
et al. [11] found that the seasonal outbreaks of norovirus in oyster populations were related
to water temperature and possibly, oyster metabolism. Shellfish are often one of the types
of foods at high risk of norovirus contamination because of their ability to enrich viruses
from contaminated water bodies and because of people’s dietary habits of eating shellfish
raw. Shellfish, such as oysters, are good hosts for norovirus. Many norovirus outbreaks
have been associated with oyster consumption [12,13]. Oysters act as filter feeders and are
capable of enriching virus particles in their digestive tract from contaminated water. Once
raw, contaminated, or undercooked oysters are consumed, the intact virus particles can be
easily transmitted to consumers, resulting in mass foodborne illness [14-17].

Molecular biology techniques centered around the detection of viral nucleic acids
have become routine laboratory procedures for norovirus identification [18-20]. These
methods encompass RT-PCR and nucleic acid probe hybridization. However, they involve
temperature cycling, are time-consuming, require complex protocols, are technically de-
manding for operators, and are susceptible to external environmental influences [21-23].
In recent years, thermostatic amplification techniques have developed rapidly due to their
relative simplicity and greater speed in obtaining results. Multienzyme isothermal rapid
amplification (MIRA), a thermostatic nucleic acid amplification technique, produces results
in just 5-20 min [22,24-27]. MIRA has been utilized for the detection of SARS-CoV-2 [28],
hepatitis A virus (HAV) [29], and bovine coronavirus [30].

There are few previous reports of MIRA application in norovirus, so in this study, a
novel, ultra-fast assay method was established by combining MIRA with the qTOWER3G
gPCR instrument. MIRA-qPCR avoids the drawbacks of the above methods through a
one-step process from amplification to readout, and the amplification process takes only
20 min at a constant temperature, which is a great advantage for rapid detection. The
accuracy of the MIRA-qPCR method was assessed using specificity, sensitivity, and re-
peatability experiments. After the basic accuracy of the MIRA-qPCR method was validated
through specificity, sensitivity, and repeatability experiments, it was essential to further
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evaluate its practical diagnostic capabilities in real samples. The diagnostic performance
of MIRA-qPCR was assessed by applying it to commercially available raw shellfish and
comparing it with the performance of qPCR. This method provides technical support for
the safety risk assessment of shellfish and other aquatic products that may be contaminated
with norovirus.

2. Materials and Methods
2.1. Norovirus GII Deoxyribonucleic Acid Standard Preparation

Since there is no suitable in vitro cell culture system that can culture human norovirus,
the complete gene sequence of norovirus GII was downloaded from the NCBI database,
and a sequence comparison analysis was performed using DNAMAN software 9.0 to obtain
the relatively conservative gene sequence regions provided in Figure S1. A 480 bp DNA
fragment from norovirus GII was cloned into the plasmid pUC57(+), from Sangon Biotech
(Shanghai) Co., Ltd., Shanghai, China, and glycerol-preserved bacteria. The synthetic
sequence is shown in Table S1.

After extracting the plasmid using the TTANGEN plasmid miniprep kit (TIANGEN,
Beijing, China), as per the manufacturer’s instructions, the concentration and purity of
recombinant plasmid DNA were measured with a NanoDrop™ One ultra-micro UV spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, USA), according to the following
copy number calculation formula: DNA copy number (copies/uL) = [6.02 x 10%3 x plasmid
concentration (ng/pL) x 10791/ [plasmid bases (nt) x 660] [31].

2.2. Design of Primers and Probes

Primers were designed following the instructions of the DNA Fluorescent Kit (Amp-
future, Weifang, China) The highly conserved sequence of norovirus GII (GenBank number:
X86557) was selected. Based on primer screening, a 46-50 nt probe was located between
the upstream and downstream primers. The 5 end of the probe was modified with 6-FAM;
there was a dSpacer (tetrahydrofuran, THF, Sangon Biotech (Shanghai) Co., Ltd.) with
fluorescent and quenching groups on either side of it. The probe was modified with a C3-
Spacer approximately 15 nt from the 3’ end. The lengths of the target amplification products
ranged from 150 to 300 bp. All primers and probes were designed using Primer Premier
5 software, except for the qPCR primers and probes, which were derived from Annex
D (informative) of ISO 15216-1:2019 [32]. Primer specificity was verified using NCBI's
Primer-BLAST (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 11 March 2024).

2.3. Principle and Workflow of MIRA-qPCR Assay

Using MIRA-qPCR, we were able to amplify the samples within 20 min at a constant
temperature of 3942 °C. The principle behind the MIRA-qPCR assay is shown in Figure 1B.
Recombinant enzymes and primers form the protein/single-stranded nucleotide complex
Rec/ssDNA, which invades the double-stranded DNA template with the help of auxiliary
proteins and the single-stranded binding protein, SSB. A D-loop region was formed at the
invasion site, and the double-stranded DNA was scanned; after finding the target region
that was complementary to the primer, the recombinant Rec/ssDNA complex disintegrated,
and the polymerase bound to the 3’ end of the primer to start strand extension. Finally, the
THEF site was recognized by the nucleic acid exonuclease and hydrolyzed, the fluorescent
groups were released, and the fluorescence monitoring device of the qPCR instrument
monitored the amplification process of the target fragment in real time. The level of the
negative fluorescence amplification curve indicated the absence of the target gene, and the
appearance of the fluorescence amplification curve indicated the presence of norovirus
GIL If the reported Ct value is greater than 35 or is otherwise indeterminate, it is to be
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inferred that the result is negative. The entire process, from sample preparation (Figure 1A)
to target gene amplification (Figure 1B) and interpretation of the results (Figure 1C), takes
approximately one hour.

N

2 ©)
L nA\ ™ ! ' SIS
. 2~ —-y— B8 —
(> \
®_ =74 v
S
L%}
mnl e mymro Mhsm A0
- Tl - EL A ®
a Jnin b c d e
recombinase accessory protein g% probes template
‘ polymerase deconjugase @, SSB L primer
v
Probe design -+ Tetrahydrofuran(THF)
46-52nt @ Quenching group(BHQI)
Py ‘ C Fluorescent grop(6’-FAM)
5 ~30nt || -+ || || 3,’ Exonuclease

3 C3-Spacer

Figure 1. Schematic diagram of the process of rapid detection of norovirus GII using MIRA-qPCR
technology. The detection process is divided into three steps: (A) RNA extraction and reverse
transcription, created with MedPeer.com. (B) Gene amplification and fluorescence signal acquisition
by MIRA—qPCR, i.e., a. the Rec/SSDNA complex is formed; b. invasion of the template and forming
of a D-loop region; c. DNA strand extension; d. probe hybridization; e. release of fluorescent groups.
(C) Curve amplification obtained and results read.

2.4. MIRA—qPCR on Analytik Jena’s gTOWER3G System

MIRA-qPCR was performed using the qTOWER3G Touch instrument (Analytik Jena
AG, Jena, Thiiringen, Germany) at a constant temperature, and the FAM channel was
set to read fluorescence every 30 s. Nucleic acid amplification was performed using the
MIRA fluorescence kit (Amp-future, Weifang, China). According to the manufacturer’s
instructions, the reaction system contained 29.4 uL of A buffer, 2 uL of 10 uM each of
forward and reverse primers, 0.6 puL (10 uM) of probe, 9.5 uL. ddH;O, and 4 pL of template
preparation premix, to which the 2.5 pL of B buffer (starter reagent) was added, and the
reaction was initiated. The reaction solution was centrifuged to the bottom of the tube by
shaking it up and down 7-8 times and centrifuging it immediately, followed by placing
the reaction tube in a thermostat apparatus. Different reaction temperatures (38, 39, 40,
41, and 42 °C) were explored to determine the optimal temperature for the MIRA-qPCR
reaction. Fluorescence amplification curves were analyzed using qPCRsoft 4.1, the software
that comes with the Jena gTOWER?G PCR fluorescence quantification instrument (the
qTOWER3G Touch instrument) (Analytik Jena AG, Jena, Thiiringen, Germany).

Conventional PCR was performed on a Biometra TONE PCR instrument (Analytik
Jena AG, Jena, Thiiringen, Germany) using the following protocol: 5 min at 94 °C, followed
by 35 cycles of 30 s at 94 °C, 30 s at 57.1 °C, 30 s at 72 °C, and then a final extension at 72 °C
for 10 min to complete the amplification. The 25 L of the reaction mixture was prepared,
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consisting of 12.5 uL of 2 x Taq Master Mix with blue dye (Sangon Biotech (Shanghai) Co.,
Ltd., Shanghai, China), 1 pL of 10 uM forward primer, 1 puL of 10 uM reverse primer, 2 pL
of template, and the remaining volume made up with ddH,O. PCR amplification products
(3 UL per sample) were electrophoresed on a 2% (w/v) agarose gel at 120 V for 50 min and
then visualized using an Invitrogen iBright gel imager (Thermo Fisher Scientific, Waltham,
MA, USA). The amplification products of basic MIRA could also be used for the agarose
gel electrophoresis analysis described above.

2.5. Accuracy Assessment of MIRA—qPCR Method

For MIRA—-qPCR, the DNA templates of the genomic fragments of sapovirus (SV), ro-
tavirus (RV), and hepatitis A virus (HAV) were synthesized by Sangon Biotech and diluted
with ddH,O gradient to the concentration of 10° copies/uL. The synthetic sequence is
shown in Table S2. The genomic DNA of the laboratory-stored Escherichia coli (E. coli), Liste-
ria monocytogenes (LM), and Vibrio parahaemolyticus (VP) was extracted from their respective
bacterial suspensions of 10° CFU/mL using the Bacterial Genomic DNA Extraction Kit
(TianGen, Beijing, China), according to the manufacturer’s instructions. The genomic DNA
was used as the template, with ddH,O as a negative control.

In the NCBI-BLAST (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 13 May
2024) simulation, the potential cross-reactivity of the optimal primer set was evaluated
using the input template with accession number X86557.1. This optimal primer set was
matched against the template and the organisms within the Core Nucleotide, which in-
cluded sapovirus, Lordsdale virus, norovirus GI, norovirus GIV, human rotavirus A, and
Hepatovirus A virus.

The sensitivity analysis of the MIRA-qPCR assays was performed using 10-fold serial
dilutions of recombinant plasmid standards ranging from 1.62 x 10 to 1.62 x 10! copies/pL
as a template and ddH,O as a negative control. The qPCR assay was also conducted using
PerfectStart® II Probe qPCR SuperMix (TRAN, Beijing, China) for comparison. The rapid
reaction procedure consisted of 30 s at 95 °C, followed by a total of 40 cycles at 95 °C for 5 s and
60 °C for 30 s, during which the fluorescent signal was collected, according to the manufacturer’s
instructions. All amplification reactions were repeated three times. Conventional PCR was used
as a control.

Three gradient-diluted concentrations of the extracted recombinant plasmid standards
were selected for three replicate experiments. Each test concentration was repeated three
times independently, and the coefficient of variation (CV) value was calculated based on
the cycle threshold (Ct value) of the test results to assess the reproducibility [33].

2.6. Detection of Norovirus in Shellfish Food via MIRA-gPCR

All of the fresh shellfish were purchased from the seafood market in Shanghai at the
same time. The 125 food samples comprised 25 clams, 25 razor clams, 25 black mussels,
30 oysters, and 20 scallops. They were transported in ice packs and placed in ice baths
in a sterile sampling bag immediately after retrieval. The digestive gland tissue of each
weighed shellfish was immediately placed in the lysis buffer RLT Plus. RNA was extracted
from the samples via the Modified Tissue/Cell RNA Rapid Extraction Kit (Spark]jade,
Shandong, China), and the remaining samples were stored in a —80 °C refrigerator for one
week. The nucleic acids were quantified for concentration and purity using a NanoDrop™
One ultra-micro UV spectrophotometer, followed by reverse transcription into cDNA via
TransScript One-step gDNA Removal cDNA Synthesis SuperMix (TRAN, Beijing, China),
according to recommended procedures. MIRA-qPCR and qPCR assays were performed on
125 samples. To assess the MIRA-qPCR method, the Kappa coefficient was analyzed using
IBM SPSS Statistics 26 software.
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3. Results
3.1. Primer Sets Screened and Systems Optimization

All the sequences of the primers and probes used in this study are displayed in Table 1.
Using 1.62 x 10* copies of the DNA standard as the template, the basic MIRA amplification
of nine sets of primer pairs was performed at 37 °C for 30 min using the incubation
procedure of the Biometra TONE PCR instrument (Analytik Jena AG, Jena, Thiiringen,
Germany), and a set of primers with the best performance was selected. As shown in
Figure 2A, lane 9 was free of spurious bands and displayed a higher brightness when
compared to that of other lanes. The amplification length of 267 bp, which is above 250 bp,
aligns with the theoretical value. Therefore, the Nf3/NR1 primer pair was identified for
subsequent experiments. The MIRA-qPCR amplification curves within the 3842 °C range
were close, as shown in Figure 2B, and 41 °C was selected, based on the Ct values.

Table 1. Related primer probe sequence information.

Name Sequences (5" — 3') Sites (X86557:4981-5460)
Nf1 TGGCTCCCAGCTTTGTGAATGAAGATGGCG (5068-5097)
Nf2 TGAGCACGTGGGAGGGCGATCGCAATCTGG (5041-5070)
Nf3 TCTCAGATCTGAGCACGTGGGAGGGCGATC (5032-5061)
MIRA-gqPCR NR1 AGCGTTTCTAGGGGACACTGTGAACTCTCC (5268-5298)
NR2 TTTGTTGGCCCGCCACAGGTGCCGCAATAG (5192-5221)
NR3 GCCGCAATAGCGGCACCAACAACGGGCTCC (5172-5201)
pP1* GATGGGTCCGCAGCCAACCTCGTCCCAGAGG (5119-5168)
/16FAMdT/CA /idSp//iBHQ1dT/AATGAGGATGTT
qPCR QNIF2 CAGRTGGATGAGRTTCTCWGA (5012-5100)
COG2R TCGACGCCATCTTCATTCACA (ISO-2019)
P2 5" 6-FAM-AGCACGTGGGAGGGCGATCG-TAMRA-N3'
PCR PcrF CAGATCTGAGCACGTGGGAG (5034-5053)
PcrR GGAGCGTTTCTAGGGGACAC (5281-5299)

* Probe markers: 32th T-base markers for 6-FAM, as/i6FAMdT/; 36th T-base markers for BHQ1, as/iBHQ1dT/;
35th base substitution, THF, as /idSp/, 3’ end markers C3-Spacer.

(A) (B)
100 --42°C
41°C
754
40°C
c
S 507 39°C
38°C
254
NC
0
T T T T T T T
5 10 15 20 25 30 35 40
Cycle

Figure 2. Optimization of reaction conditions. (A) 2% gel plot for basic MIRA screening primers.
M: D2000 marker—lane 1: Nfl1/NR1; lane 2: Nfl /NR2; lane 3: Nfl /NR3; lane 4: Nf2/NR1; lane 5:
Nf2/NR2; lane 6: Nf2/NR3; lane 7: Nf3/NR2; lane 8: Nf3/NR3; lane 9: Nf3/NR1. (B) MIRA-qPCR
temperature optimization: 10° copies/uL were selected and amplified at 38, 39, 40, 41, and 42 °C for
20 min. NC: negative control.

3.2. Accuracy Analysis of MIRA—qPCR Method

The DNA genomes of common enteric diarrhea viruses and foodborne pathogens were
tested using the MIRA—qPCR assay. The results of the MIRA—-qPCR assay revealed that
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the amplification curve and the corresponding Ct value were observed only for norovirus.
There was no Ct value, despite the slight upward detection of the amplification curve of
SV in Figure 3. No amplification signal was detected for RV, HAV, E. coli, LM, VP, and
ddH,O. Using MIRA-qPCR, only norovirus GII showed positivity, and there was no cross-
reactivity (Figure 3B). The results showed that MIRA—-qPCR exhibited high specificity for
the detection of norovirus.

(A) (B)

100

20000 - 75

Intensity [I]

10000

25

b’-h’
T T T T T T T T T T

T
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40

Cycles [n] Cycle

Figure 3. Specificity analysis. (A) a: 10° copies/uL (norovirus GII); b: 10° copies/uL (SV);
c: 10° copies/pL (HAV); d: 10° copies/uL (RV); e: 10° CFU/mL (E. coli); f: 10° CFU/mL (LM);
g: 10° CFU/mL (VP); h: negative control. (B) The Ct plot was calculated to correspond to the
amplification plot shown in (A).

Through NCBI-BLAST analysis, Nf3/NR1 was found to match perfectly with the tar-
get sequence, exhibiting good specificity. Only the nonstructural polyprotein of norovirus
Gl isolate 89 GI.3 showed potential for non-specific amplification, as there were 4-5 mis-
matched bases between it and the primers. Most of these mismatched bases were thymine
(T) bases and required higher energy for base-pairing, as shown in Figure S2. It is assumed
that the probability of false positives is low.

The sensitivity of the MIRA-qPCR assay was tested with 10-fold serial dilutions of plas-
mid DNA standard with concentrations ranging from 1.62 x 107 to 1.62 x 10° copies/pL.
As the concentration of plasmid DNA decreased, the fluorescence intensity decreased,
and the Ct value increased. MIRA-qPCR detected 1.62 x 10° copies/pL, as shown in
Figure 4A, and the concentration of 1.62 X 101 copies/uL was undetectable, as shown
in Figure S3, in which the amplification curve overlaps with the negative control. The
LOD of the MIRA-qPCR was 1.62 copies/uL, and the corresponding Ct value was 34.62
(Figure 4A,B). A good linear relationship was exhibited in the concentration range of
1.62 x 107 to 1.62 x 10! copies/pL. The log concentration of the norovirus GII was fitted
asy = —3.653x + 33.771 (R? > 0.9). The amplification efficiency of MIRA-qPCR was 87.8%,
according to the formula E = 10~1/5/°P¢ — 1. The MIRA-qPCR values were all within the
95% confidence band, indicating that the quantitative results were accurate within the
95% detection limit (Figure 4C). The lowest quantitative detection line was 10! copies/ pL.
The sensitivity of MIRA-qPCR was 100 times higher than that of conventional PCR under
similar detection conditions (Figure 4D), while it was equivalent to that of qPCR (Figure S4).
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Figure 4. The LOD-relevant results of norovirus GII using MIRA-qPCR and conventional PCR.
(A) The amplification curves show the LOD of MIRA-qPCR. NC: negative control. (B) The Ct
plot was calculated to correspond to the amplification plot shown in (A). (C) The linear regression
standard curve between the Ct values and the logarithm concentrations of norovirus GII, as well as
the 95% confidence band, were obtained using the software Origin 2021. (D) The LOD of conven-
tional PCR. M: D2000 Marker, lanes 0-7; the corresponding concentrations of norovirus GII were
1.62 x 10°~107 copies/uL; lane 8: negative control.

To analyze the reproducibility of MIRA-qPCR, three independent replicates were
performed, and the Ct values corresponding to the fluorescence amplification curves
were statistically analyzed. Different batches of templates from the same gradient
showed good reproducibility, with CV values ranging from 2.03% to 12.09% due to high
sensitivity (Table 2).

Table 2. Repeatability of the MIRA-qPCR for norovirus GII.
Concentration Ct Values for Ct Values for Ct Values for Inter-Assay Reproducibility

(Copies/uL) Replicatel Replicate2 Replicate3 Mean of SD of CLCV (%)
(N =3.51) (N =1.23) (N =1.86) Ct Values Ct Values ’

N x 107 7.87 8.02 9.73 8.54 1.03 12.09

N x 10° 9.00 8.49 10.35 9.28 0.96 10.35

N x 10° 9.39 9.50 11.02 9.97 091 9.14

N x 104 13.14 10.51 12.95 12.20 1.47 12.02

N x 103 14.41 13.81 16.16 14.79 1.22 8.26

N x 102 25.12 24.87 25.86 25.28 0.51 2.03

N x 10! 28.86 29.96 28.43 29.08 0.79 2.72
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3.3. Application of MIRA—-qPCR Assays of Norovirus in Shellfish Foods

The applicability and validity of RI-MIRA-qPCR for testing norovirus in raw shellfish
products were assessed. Some studies have shown that viruses in shellfish are mainly
located in the digestive glands, inlets, outlets, gills, etc. Among them, the digestive
glands are often used as the preferred tissues for shellfish virus extraction [34,35]. The
125 fresh shellfish samples were tested using both MIRA-qPCR and qPCR (Table 3). The
sensitivity and specificity of the MIRA-qPCR assay were approximately 100.00% and
97.25%, respectively, and the Kappa value was 0.900 (p < 0.001). This indicates that the
MIRA-qPCR and qPCR have excellent consistency.

Table 3. Analysis of MIRA—qPCR and qPCR screening of 125 shellfish for norovirus GII

Methods Statistical Analysis
Detection Results
MIRA-qPCR qPCR Kappa (k) p-Value of Kappa
Positive (+) 19 16
Negative (~) 106 109 0.500 <0.001

4. Discussion

Norovirus is one of the main pathogens causing human non-bacterial gastroenteri-
tis [13]. The foodborne transmission route, one of the common factors for norovirus
outbreaks [36], poses a potential threat to public health. Therefore, there is an urgent need
to develop efficient and rapid norovirus detection strategies to reduce or prevent the spread
of norovirus. Currently, the diagnostic methods for detecting norovirus exhibit problems
such as a long detection time and poor sensitivity, which greatly limit their effectiveness in
practical applications.

In this study, we innovatively developed a combined technique using multienzyme
isothermal rapid amplification and a qPCR instrument (MIRA-qPCR). By measuring
the highly conserved region between ORF1 and ORF2, we achieved precise detection of
norovirus GII. Compared to the traditional RT-PCR method [37], MIRA—-qPCR significantly
shortened the detection time for the target genes. The amplification detection takes only
20 min. This technique can rapidly and efficiently detect pathogens under isothermal con-
ditions without agarose gel electrophoresis. The dependence on equipment is significantly
lower than that of traditional PCR methods. This holds significant importance for testing
scenarios with limited resources, such as the routine monitoring of foodborne disease
pathogens in primary healthcare institutions.

When it comes to primer design, MIRA technology provides significant advantages
over loop-mediated isothermal amplification (LAMP) technology. The LAMP reaction
requires three pairs of primers [38,39]. This increases the complexity of the experimental
design, particularly regarding loop primer design, but also raises the potential risk of non-
specific amplification. The common endpoint detection methods used in LAMP, such as
metal ion indicators and colloidal gold test strips [40,41], are prone to aerosol contamination
when the lid of the reaction vessel is opened, which raises the chances of false-positive
detection results. In contrast, MIRA technology can quickly diagnose pathogens using just
two pairs of primers. In this study, the MIRA-qPCR method has successfully integrated
detection and amplification. By incorporating a probe based on a pair of primers, the
specificity and sensitivity of the detection have been improved.

Fukuda et al. [42] developed a single-tube RT-LAMP technique for the detection of
norovirus GI and GII at 62 °C in 60-90 min, with a sensitivity of 102 and 10% copies per
tube, respectively. Luo et al. [40] used RT-LAMP, combined with hydroxylated naphthalene
blue (HNB) dye, for colorimetric detection of norovirus GII. The reaction was incubated
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at 65 °C for 60 min and then heated at 80 °C for 5 min in a turbidimeter. It was detected
colorimetrically, with a sensitivity of 10® copies/reaction. However, the amplification
temperature of LAMP (60-65 °C) is relatively high compared with that of MIRA—-qPCR
(3942 °C). In this study, the MIRA-qPCR method only requires 20 min for amplification,
which reduces the energy consumption of the equipment, along with the labor costs, and
the requirements of the equipment are lower than those of LAMP.

In this study, the MIRA—-qPCR method showed good specificity in detecting norovirus
GII (Figure 3). Based on the NCBI-BLAST simulation, it was found that the primer pair
Nf3/NR1 has a high specificity for the target virus and a low cross-reactivity rate with
norovirus GI. However, this simulation also displays certain limitations: it relies on the
selected viral sequence data, and if the data are incomplete, the analysis results may be
inaccurate; furthermore, the amplification conditions of the primer probes in the MIRA-
qPCR were ignored. In this study, the experimental results (Table 3) showed a small
number of false-positive results compared with those of qPCR in shellfish, indicating the
potential cross-reactivity of this primer with some non-target viruses. Therefore, in practical
applications, it is necessary to optimize the primer design or increase specific screening
steps to reduce the occurrence of false-positive results.

Highly sensitive norovirus assays can provide early warning of norovirus infection. In
terms of methodological evaluation, the first application of the MIRA-qPCR method was
in the gTOWER3G Touch instrument (Analytik Jena AG, Jena, Thiiringen, Germany). The
MIRA-qPCR method required an amplification time one-fifth that of conventional PCR,
and its sensitivity was 10° times higher than that of routine PCR (Figure 4D). Moreover,
the quantitative detection limit of MIRA-qPCR is consistent with that of qPCR (Figure 54).
Jia et al. [43] established and evaluated the one-step RT-RPA-LFD detection of HNV GII
in boiled human fecal samples, with a reaction sensitivity of 50 copies of the norovirus
genome. The MIRA-qPCR method displays higher sensitivity, which may be because the
recombinase of MIRA is derived from Streptomyces coelicolor recA (SC-recA), improving
the amplification efficiency, along with RPA (T4 UvsX) [44]. The MIRA-LFD method was
developed by Xu et al. to detect duck hepatitis B virus [45], with a detection limit of
45.6 copies per reaction, and the templates were extracted from serum samples. The entire
detection process takes only 15 min. Although the detection time of MIRA-LFD is three-
quarters that of the MIRA-qPCR method used in this study, the detection limit of the
MIRA-gPCR method is 10 times higher than that of the former. The real-time RT-RPA assay
for detecting norovirus GII, which was created by Han et al. [46], displayed a sensitivity of
1.66 x 102 copies/uL, and its template was derived from the RNA synthetic plasmid. This
suggests that the synthetic plasmid used as the template was different from the template
derived from the serum samples and feces. The former is free from the interference of the
sample matrix, thus resulting in more optimal detection sensitivity.

Bivalve shellfish, such as oysters, accumulate and concentrate foodborne viruses
and other microorganisms through filter feeding [36,47,48]; food matrices are complex in
composition and low in viral content. Only the lysis step was slightly adjusted to achieve
full release of norovirus from the tissue. A total of 25 mg of digestive gland tissue from each
shellfish was placed in 600 uL of lysate RLT Plus in a sterile enzyme-free 1.5 mL centrifuge
tube, shaken vigorously for 2 min, and the RNA was extracted. The present study extracted
the total RNA directly from the digestive gland tissues. Compared with the ISO standard
method of norovirus enrichment, concentration, and RNA extraction in bivalve mollusks,
this method simplifies the sample pretreatment.

Shellfish are important vectors for norovirus and HAV. The risks associated with shell-
fish consumption are greater if shellfish products are consumed raw or lightly cooked [49].
Although MIRA-qPCR exhibits the advantages of sensitive and rapid detection of norovirus
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GII compared with those of traditional PCR and gold-standard RT-qPCR, it still requires
further improvement. The actual detection sensitivity of this method in shellfish and other
aquatic products requires further in-depth investigation. As the samples tested are limited
to bivalve mollusk shellfish, the scope of testing can subsequently be expanded to apply to
fresh produce in order to serve the market and ensure food safety.

5. Conclusions

In conclusion, this study developed a new method of rapid and sensitive detection
of norovirus GII using MIRA-qPCR technology. The MIRA reaction was completed by
incubation at 41 °C for 20 min, after which the results were acquired and read according to
the fluorescence amplification curve of the JTOWER3G Touch instrument (Analytik Jena
AG, Jena, Thiiringen, Germany). The MIRA-qPCR method was developed for the detection
of norovirus GII nucleic acids, and it exhibits the advantages of simple operation, rapid
amplification, excellent sensitivity, and good specificity. This study enriched the nucleic
acid detection method for norovirus. It offers great potential for practical applications
to identify and screen norovirus-contaminated shellfish and other fresh foods, ensuring
food safety.
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curve between the Ct values and the logarithm concentrations of norovirus GII as well as the
95% confidence band were obtained using the software Origin 2021. Table S1. Selected relatively
conservative sequences. Table S2. The synthesized fragments sequence information of the RV, SV,
and HAV.

Author Contributions: Conceptualization, Y.Z. (Yong Zhao) and H.L.; data curation, Y.Z. (Yanting
Zhu); formal analysis, Y.Z. (Yanting Zhu); funding acquisition, Y.Z. (Yong Zhao) and H.L.; investiga-
tion, Y.Z. (Yanting Zhu) and M.S.; methodology, Y.Z. (Yanting Zhu); resources, Y.Z. (Yanting Zhu)
and H.L,; supervision, Y.P. and H.L.; writing—original draft, Y.Z. (Yanting Zhu); writing—review
and editing, Y.Z. (Yong Zhao) and H.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the Shanghai “Science and Technology Innovation Action
Plan” Agricultural Field Project (22N31900600).

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of Shanghai Ocean University (protocol code SHOU-DW-2024-304 and date of approval
5 September 2024).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials, further inquiries can be directed to the corresponding authors.

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


https://www.mdpi.com/article/10.3390/microorganisms13040712/s1
https://www.mdpi.com/article/10.3390/microorganisms13040712/s1

Microorganisms 2025, 13,712 12 of 14

References

1. Bartsch, S.M.; Lopman, B.A.; Ozawa, S.; Hall, A.].; Lee, B.Y. Global economic burden of norovirus gastroenteritis. PLoS ONE 2016,
11, e0151219. [CrossRef] [PubMed]

2. Bartsch, S.M.; O’Shea, K.J.; Lee, B.Y. The clinical and economic burden of norovirus gastroenteritis in the United States. J. Infect.
Dis. 2020, 222, 1910-1919. [CrossRef] [PubMed]

3. Silva, AJ,; Yang, Z.; Wolfe, ].; Hirneisen, K.A.; Ruelle, S.B.; Torres, A.; Williams-Hill, D.; Kulka, M.; Hellberg, R.S. Application of
whole-genome sequencing for norovirus outbreak tracking and surveillance efforts in Orange County, CA. Food Microbiol. 2021,
98, 103796. [CrossRef] [PubMed]

4. Deval,].;Jin, Z.; Chuang, Y.-C.; Kao, C.C. Structure(s), function(s), and inhibition of the RNA-dependent RNA polymerase of
noroviruses. Virus Res. 2017, 234, 21-33. [CrossRef]

5. Chhabra, P; Graaf, M.; Parra, G.I.; Chan, M.C.; Green, K.; Martella, V.; Wang, Q.; White, P.A.; Katayama, K.; Vennema, H.; et al.
Corrigendum: Updated classification of norovirus genogroups and genotypes. J. Gen. Virol. 2020, 101, 893. [CrossRef]

6. Yu, F; Jiang, B.; Guo, X,; Hou, L,; Tian, Y,; Zhang, J.; Li, Q.; Jia, L.; Yang, P.; Wang, Q.; et al. Norovirus outbreaks in China,
2000-2018: A systematic review. Rev. Med. Virol. 2022, 32, €2382. [CrossRef]

7. Parikh, M.P,; Vandekar, S.; Moore, C.; Thomas, L.; Britt, N.; Piya, B.; Stewart, L.S.; Batarseh, E.; Hamdan, L.; Cavallo, S.].; et al.
Temporal and Genotypic Associations of Sporadic Norovirus Gastroenteritis and Reported Norovirus Outbreaks in Middle
Tennessee, 2012-2016. Clin. Infect. Dis. 2020, 71, 2398-2404. [CrossRef]

8. Gao, Z,; Liu, B,; Yan, H.; Li, W,; Jia, L.; Tian, Y.; Chen, Y.; Wang, Q.; Pang, X. Norovirus outbreaks in Beijing, China, from 2014 to
2017. J. Infect. 2019, 79, 159-166. [CrossRef]

9.  Shukla, S.; Cho, H.; Kwon, O.].; Chung, S.H.; Kim, M. Prevalence and evaluation strategies for viral contamination in food
products: Risk to human health-a review. Crit. Rev. Food Sci. Nutr. 2018, 58, 405-419.

10. Chan, M.C.W.; Shan Kwan, H.; Chan, PK.S. Chapter 4—Structure and Genotypes of Noroviruses. In The Norovirus; Chan, PK.S,,
Ed.; Academic Press: Cambridge, MA, USA, 2017; pp. 51-63.

11.  Campos, C.J.A.; Kershaw, S.; Morgan, O.C.; Lees, D.N. Risk factors for norovirus contamination of shellfish water catchments in
England and Wales. Int. ]. Food Microbiol. 2017, 241, 318-324. [CrossRef]

12.  David, S.T.; McIntyre, L.; MacDougal, L.; Kelly, D.; Liem, S.; Schallie, K.; McNabb, A.; Houde, A.; Mueller, P.; Ward, P,; et al. An
outbreak of norovirus caused by consumption of oysters from geographically dispersed harvest sites, British Columbia, Canada,
2004. Foodborne Pathog. Dis. 2007, 4, 349-358. [CrossRef] [PubMed]

13. Gyawali, P; Fletcher, G.C.; McCoubrey, D.-].; Hewitt, J. Norovirus in shellfish: An overview of post-harvest treatments and their
challenges. Food Control 2019, 99, 171-179. [CrossRef]

14. Ng, T.L,; Chan, PP; Phua, T.H.; Loh, ].P; Yip, R.; Wong, C.; Liaw, C.W.; Tan, B.H.; Chiew, K.T.; Chua, S.B.; et al. Oyster-associated
outbreaks of Norovirus gastroenteritis in Singapore. J. Infect. 2005, 51, 413-418. [CrossRef] [PubMed]

15. Le Guyader, ES.; Krol, J.; Ambert-Balay, K.; Ruvoen-Clouet, N.; Desaubliaux, B.; Parnaudeau, S.; Le Saux, J.-C.; Ponge, A.; Pothier,
P.; Atmar, R.L.; et al. Comprehensive analysis of a norovirus-associated gastroenteritis outbreak, from the environment to the
consumer. . Clin. Microbiol. 2010, 48, 915-920. [CrossRef]

16. Iritani, N.; Kaida, A.; Abe, N.; Kubo, H.; Sekiguchi, J.-I.; Yamamoto, S.P.; Goto, K.; Tanaka, T.; Noda, M. Detection and genetic
characterization of human enteric viruses in oyster-associated gastroenteritis outbreaks between 2001 and 2012 in Osaka City,
Japan. J. Med. Virol. 2014, 86, 2019-2025. [CrossRef]

17. Loury, P;le Guyader, ES.; le Saux, J.C.; Ambert-Balay, K.; Parrot, P.; Hubert, B. A norovirus oyster-related outbreak in a nursing
home in France, January 2012. Epidemiol. Infect. 2015, 143, 2486-2493. [CrossRef]

18. Martinez-Martinez, M.; Diez-Valcarce, M.; Hernandez, M.; Rodriguez-Lazaro, D. Design and application of nucleic acid standards
for quantitative detection of enteric viruses by real-time PCR. Food Environ. Virol. 2011, 3, 92-98. [CrossRef]

19. Lekshmi, M.; Kumar, S.H.; Rajendran, K.V.; Nayak, B.B. Development of a reverse transcription (RT) polymerase chain reaction
(PCR) method for the detection of human norovirus in bivalve molluscs. Water Sci. Technol. 2021, 83, 1103-1107. [CrossRef]

20. Boehm, A.B.; Wolfe, M.K.; Wigginton, K.R.; Bidwell, A.; White, B.].; Hughes, B.; Duong, D.; Chan-Herur, V.; Bischel, H.N.;
Naughton, C.C. Human viral nucleic acids concentrations in wastewater solids from Central and Coastal California USA. Sci.
Data. 2023, 10, 396. [CrossRef]

21. Mangal, M.; Bansal, S.; Sharma, S.K.; Gupta, R K. Molecular detection of foodborne pathogens: A rapid and accurate answer to
food safety. Crit. Rev. Food Sci. Nutr. 2016, 56, 1568-1584. [CrossRef]

22. Wang, N.; Pan, G; Liu, P; Rong, S.; Gao, Z.; Li, Q. Advances and future perspective on detection technology of human norovirus.
Pathogens 2021, 10, 1383. [CrossRef] [PubMed]

23. Yiqiang, S.; Meina, L.; Feng, Z.; Laijin, S. Research progress on biological accumulation, detection and inactivation technologies of

norovirus in oysters. Foods 2023, 12, 3891. [CrossRef] [PubMed]


https://doi.org/10.1371/journal.pone.0151219
https://www.ncbi.nlm.nih.gov/pubmed/27115736
https://doi.org/10.1093/infdis/jiaa292
https://www.ncbi.nlm.nih.gov/pubmed/32671397
https://doi.org/10.1016/j.fm.2021.103796
https://www.ncbi.nlm.nih.gov/pubmed/33875224
https://doi.org/10.1016/j.virusres.2016.12.018
https://doi.org/10.1099/jgv.0.001475
https://doi.org/10.1002/rmv.2382
https://doi.org/10.1093/cid/ciz1106
https://doi.org/10.1016/j.jinf.2019.05.019
https://doi.org/10.1016/j.ijfoodmicro.2016.10.028
https://doi.org/10.1089/fpd.2007.0015
https://www.ncbi.nlm.nih.gov/pubmed/17883318
https://doi.org/10.1016/j.foodcont.2018.12.049
https://doi.org/10.1016/j.jinf.2004.11.003
https://www.ncbi.nlm.nih.gov/pubmed/16321654
https://doi.org/10.1128/JCM.01664-09
https://doi.org/10.1002/jmv.23883
https://doi.org/10.1017/S0950268814003628
https://doi.org/10.1007/s12560-011-9062-9
https://doi.org/10.2166/wst.2021.048
https://doi.org/10.1038/s41597-023-02297-7
https://doi.org/10.1080/10408398.2013.782483
https://doi.org/10.3390/pathogens10111383
https://www.ncbi.nlm.nih.gov/pubmed/34832539
https://doi.org/10.3390/foods12213891
https://www.ncbi.nlm.nih.gov/pubmed/37959010

Microorganisms 2025, 13,712 13 of 14

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Sun, M.-L.; Lai, H.-Y.; Chong, N.-Y.; Liu, D.-E; Zhang, Z.-Y.; Pang, B.; Yao, J. Simple and feasible detection of hepatitis B virus via
combination of Multienzyme Isothermal Rapid Amplification and Lateral Flow Dipstick Strip. Front. Mol. Biosci. 2021, 8, 763079.
[CrossRef]

Wang, Y.; Niu, J.; Sun, M.; Li, Z.; Wang, X.; He, Y.; Qi, J. Rapid and sensitive detection of streptococcus iniae in Trachinotus ovatus
based on multienzyme isothermal rapid amplification. Int. ]. Mol. Sci. 2023, 24, 7733. [CrossRef]

Xing, Y.; Duan, Z,; Jiang, Y.; Li, M.; Lu, W.; Li, J. Development and evaluation of a real-time multienzyme isothermal rapid
amplification assay for rapid detection of Streptococcus pneumoniae. Sci. Rep. 2024, 14, 17729. [CrossRef]

Wang, X.; Zhu, J.-p.; Zhang, Q.; Xu, Z.-g.; Zhang, F.; Zhao, Z.-h.; Zheng, W.-z.; Zheng, L.-s. Detection of enterovirus 71 using
reverse transcription loop-mediated isothermal amplification (RT-LAMP). J. Virol. Methods. 2012, 179, 330-334. [CrossRef]
Chen, H.; Sun, C.; Wang, Y.; Gao, X,; You, J.; Yu, W,; Sun, N.; Yang, Y.; Li, X. Rapid Detection of SARS-CoV-2 Using Duplex
Reverse Transcription-Multienzyme Isothermal Rapid Amplification in a Point-of-Care Testing. Front. Cell. Infect. Microbiol. 2021,
11, 678703. [CrossRef]

Sun, M.L.; Zhong, Y.; Li, X.N.; Yao, J.; Pan, Y.Q. Simple and feasible detection of hepatitis a virus using reverse transcription
multienzyme isothermal rapid amplification and lateral flow dipsticks without standard PCR laboratory. Artif. Cells Nanomed.
Biotechnol. 2023, 51, 233-240. [CrossRef]

Ji, C,; Feng, Y.; Sun, R.; Gu, Q.; Zhang, Y.; Ma, ].; Pan, Z.; Yao, H. Development of a multienzyme isothermal rapid amplification
and lateral flow dipstick combination assay for bovine coronavirus detection. Front. Vet. Sci. 2023, 9, 1059934. [CrossRef]

Cui, H.; Zhang, C.; Tu, E; Zhao, K.; Kong, Y.; Py, J.; Zhang, L.; Chen, Z.; Sun, Y.; Wei, Y,; et al. Rapid detection of influenza
A viruses using a real-time reverse transcription recombinase-aided amplification assay. Front. Cell. Infect. Microbiol. 2022,
12,1071288. [CrossRef]

ISO 15216-2:2019; Microbiology of the Food Chain—Horizontal Method for Determination of Hepatitis a Virus and Norovirus Us-
ing Real-Time RT-PCR—Part 2: Method for Detection. International Organization for Standardization: Geneva, Switzerland, 2019.
Lai, J.; Huang, Z.; Xiao, Y.; Yu, K,; Bai, X.; Gao, H.; Dai, H.; Liu, X.; Wang, D. Development and Evaluation of Duplex MIRA-qPCR
Assay for Simultaneous Detection of Staphylococcus aureus and non-aureus Staphylococci. Microorganisms 2022, 10, 1734.
[CrossRef] [PubMed]

Baert, L.; Uyttendaele, M.; Debevere, J. Evaluation of two viral extraction methods for the detection of human noroviruses in
shellfish with conventional and real-time reverse transcriptase PCR. Lett. Appl. Microbiol. 2007, 44, 106-111. [CrossRef]

Atmar, R.L.; Neill, EH.; Romalde, ].L.; Le Guyader, F.; Woodley, C.M.; Metcalf, T.G.; Estes, M.K. Detection of Norwalk virus and
hepatitis A virus in shellfish tissues with the PCR. Appl. Environ. Microbiol. 1995, 61, 3014-3018. [CrossRef] [PubMed]

Zhan, X,; Li, Q.; Tian, P; Wang, D. The attachment factors and attachment receptors of human noroviruses. Food Microbiol. 2024,
123, 104591. [CrossRef]

Ye, X.; Ellender, R.D.; Wang, S.Y. A faster method to detect norovirus in oysters using probe hybridization to isolate target RNA
before RT-PCR. Foodborne Pathog. Dis. 2013, 10, 362-367. [CrossRef]

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

Suther, C.; Stoufer, S.; Zhou, Y.; Moore, M.D. Recent developments in Isothermal Amplification Methods for the detection of
foodborne viruses. Front. Microbiol. 2022, 13, 841875. [CrossRef]

Luo, J.; Xu, Z.; Nie, K; Ding, X.; Guan, L.; Wang, J.; Xian, Y.; Wu, X.; Ma, X. Visual detection of norovirus genogroup II by reverse
transcription loop-mediated isothermal amplification with hydroxynaphthol blue dye. Food Environ. Virol. 2014, 6, 196-201.
[CrossRef]

Zaczek-Moczydlowska, M. A ; Beizaei, A.; Dillon, M.; Campbell, K. Current state-of-the-art diagnostics for Norovirus detection:
Model approaches for point-of-care analysis. Trends Food Sci. Tech. 2021, 114, 684-695. [CrossRef]

Fukuda, S.; Takao, S.; Kuwayama, M.; Shimazu, Y.; Miyazaki, K. Rapid detection of norovirus from fecal specimens by real-time
reverse transcription-loop-mediated isothermal amplification assay. J. Clin. Microbiol. 2006, 44, 1376-1381. [CrossRef]

Jia, T; Yu, Y.; Wang, Y. A recombinase polymerase amplification-based lateral flow strip assay for rapid detection of genogroup II
noroviruses in the field. Arch. Virol. 2020, 165, 2767-2776. [CrossRef] [PubMed]

Awate, S.; Brosh, R.M,, Jr. Interactive Roles of DNA Helicases and Translocases with the Single-Stranded DNA Binding Protein
RPA in Nucleic Acid Metabolism. Int. J. Mol. Sci. 2017, 18, 1233. [CrossRef] [PubMed]

Xu, S.; Man, Y.; Xu, X.; Ji, ].; Wang, Y.; Yao, L.; Xie, Q.; Bi, Y. The development of a Multienzyme Isothermal Rapid Amplification
assay to visually detect duck Hepatitis B Virus. Vet. Sci. 2024, 11, 191. [CrossRef] [PubMed]

Han, Y,; Wang, J.; Zhang, S.; Wang, J.; Qin, C.; Han, Y,; Xu, X. Rapid detection of norovirus genogroup II in clinical and
environmental samples using recombinase polymerase amplification. Anal. Biochem. 2020, 605, 113834. [CrossRef]

Kittigul, L.; Thamjaroen, A.; Chiawchan, S.; Chavalitshewinkoon-Petmitr, P.; Pombubpa, K.; Diraphat, P. Prevalence and Molecular
Genotyping of Noroviruses in Market Oysters, Mussels, and Cockles in Bangkok, Thailand. Food Environ. Virol. 2016, 8, 133-140.
[CrossRef]


https://doi.org/10.3389/fmolb.2021.763079
https://doi.org/10.3390/ijms24097733
https://doi.org/10.1038/s41598-024-68524-2
https://doi.org/10.1016/j.jviromet.2011.11.019
https://doi.org/10.3389/fcimb.2021.678703
https://doi.org/10.1080/21691401.2023.2203198
https://doi.org/10.3389/fvets.2022.1059934
https://doi.org/10.3389/fcimb.2022.1071288
https://doi.org/10.3390/microorganisms10091734
https://www.ncbi.nlm.nih.gov/pubmed/36144336
https://doi.org/10.1111/j.1472-765X.2006.02047.x
https://doi.org/10.1128/aem.61.8.3014-3018.1995
https://www.ncbi.nlm.nih.gov/pubmed/7487032
https://doi.org/10.1016/j.fm.2024.104591
https://doi.org/10.1089/fpd.2012.1322
https://doi.org/10.1093/nar/28.12.e63
https://doi.org/10.3389/fmicb.2022.841875
https://doi.org/10.1007/s12560-014-9142-8
https://doi.org/10.1016/j.tifs.2021.06.027
https://doi.org/10.1128/JCM.44.4.1376-1381.2006
https://doi.org/10.1007/s00705-020-04798-x
https://www.ncbi.nlm.nih.gov/pubmed/32949263
https://doi.org/10.3390/ijms18061233
https://www.ncbi.nlm.nih.gov/pubmed/28594346
https://doi.org/10.3390/vetsci11050191
https://www.ncbi.nlm.nih.gov/pubmed/38787163
https://doi.org/10.1016/j.ab.2020.113834
https://doi.org/10.1007/s12560-016-9228-6

Microorganisms 2025, 13,712 14 of 14

48. Norma, E. Perspective Chapter: Health and Safety in Oyster Aquaculture. In Aquaculture Industry; Yusuf, B., Ed.; IntechOpen:
Rijeka, Croatia, 2023; Chapter 6.

49. LaBella, G.; Martella, V.; Basanisi, M.G.; Nobili, G.; Terio, V.; La Salandra, G. Food-borne viruses in shellfish: Investigation on
norovirus and HAV presence in Apulia (SE Italy). Food Environ. Virol. 2017, 9, 179-186. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s12560-016-9273-1

	Introduction 
	Materials and Methods 
	Norovirus GII Deoxyribonucleic Acid Standard Preparation 
	Design of Primers and Probes 
	Principle and Workflow of MIRA–qPCR Assay 
	MIRA–qPCR on Analytik Jena’s qTOWER3G System 
	Accuracy Assessment of MIRA–qPCR Method 
	Detection of Norovirus in Shellfish Food via MIRA–qPCR 

	Results 
	Primer Sets Screened and Systems Optimization 
	Accuracy Analysis of MIRA–qPCR Method 
	Application of MIRA–qPCR Assays of Norovirus in Shellfish Foods 

	Discussion 
	Conclusions 
	References

