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Abstract

Background: Human noroviruses are one of the main causes of foodborne illnesses and represent a serious public
health concern. Rapid and sensitive assays for human norovirus detection are undoubtedly necessary for clinical
diagnosis, especially in regions without more sophisticated equipment.

Method: The rapid reverse transcription recombinase-aided amplification (RT-RAA) is a fast, robust and isothermal
nucleic acid detection method based on enzyme reaction. This method can complete the sample detection at
39°C in 30 min. In this study, we successfully established a rapid reverse transcription recombinase-aided
amplification (RT-RAA) assay for the detection of human norovirus Gll.4 and applied this assay to clinical samples, as
well as comparison with commercial reverse transcription real-time fluorescence quantitative PCR (RT-gPCR).

Results: At 95% probability, the detection sensitivity of RT-RAA was 3425 log10 genomic copies (LGC)/reaction.
Moreover, no cross-reaction was observed with other norovirus genogroups and other common foodborne viruses.
Stool samples were examined by RT-RAA and reverse transcription quantitative real-time polymerase chain reaction
(RT-gPCR). Compared of RT-gPCR, kappa values for human norovirus detection with RT-RAA were 0.894 (p < 0.001),
indicating that both assays were in agreement.

Conclusion: This RT-RAA assay provides a rapid, specific, and sensitive assay for human norovirus detection and is
suitable for clinical testing.
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Background

Noroviruses (NoV) are positive-sense single-stranded
RNA viruses and are regarded as one of the main causes
of acute gastroenteritis worldwide. Globally, it is estimated
that the disease incidence of NoV has reached approxi-
mately 10% and results in over $60 billion in social costs
per year [1]. Infection with NoV generally results in ab-
dominal pain, diarrhea, and vomiting [2]. It been noted
that NoV infects people of all ages, but is more severe in
children and the elderly, especially in low-income coun-
tries, leading to over 200,000 deaths every year [3].

Traditional detection methods for NoV, such as im-
munoassays and electron microscopy, are not suitable
for rapid diagnosis because most of them are generally
time-consuming and laborious. Common nucleic mo-
lecular diagnostic assays for NoV detection with high
specificity and sensitivity, such as fluorescence-based
real-time PCR and nested PCR, have been used in dis-
ease diagnosis [4, 5]. However, expensive equipment and
the need for trained technicians make these traditional
detection methods restrictive and impractical for rapid
and convenient detection in low-income regions.

The recombinase-aided amplification (RAA) assay is a
new isothermal nucleic acid amplification technology in
recent years for pathogen detection. The reaction is typ-
ically completed in approximately 30 min at 37-42°C.
RAA has been successfully applied in the detection of
pathogens [6-10] and single nucleotide polymorphisms
(SNPs) [11]. Owing to its speed, low-cost, and high sen-
sitivity, RAA is highly suitable for clinical applications,
and is a potential assay for the point-of-care testing
(POCT) for foodborne pathogens.

In the past two decades, NoV GIL.4 has been reported
to be the predominant genotype worldwide, and more
than half of the outbreaks and sporadic infections are
caused by this genotype [12]. For decades, the most
popular method for specific detection of NoV GIL4 has
been sequencing and phylogenetic analysis [13-15]. Cur-
rently, there is no rapid detection method for NoV
GIL4. Therefore, it is important to establish an efficient
and rapid detection method in response to outbreaks of
NoV GIL4. In this work, we describe a novel, isothermal,
reverse transcription recombinase-aided amplification
(RT-RAA) method for the detection of NoV GIL4.

Methods

Virus stock and clinical samples

Positive stool samples of norovirus, enterovirus, astro-
virus, adenovirus, sapovirus, and rotavirus used in this
study were collected from our previous studies [16]. All
samples were diluted to 20% (w/v) in phosphate-
buffered saline (PBS, pH7.2), divided into 50 uL per
tube, and stored at — 80 °C until use.
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Nucleic acid extraction

Total RNA was extracted from 50 pL of each stool sam-
ple using the High Pure viral RNA kit (Magen,
Guangzhou, China) according to the manufacturer’s
protocol. The RNA was eluted in 50 uL. RNase-free
water and stored at — 80 °C until use.

Design of primers and probes

Complete genome sequences of human norovirus GIL4
strains were obtained from GenBank and used for com-
parative analyses using MEGA version 7.0 [17]. As the
specific site of NoV GIIL.4 exhibited substantial diver-
gence from other prevalent NoVs (GIL2, GIL3, GIL6,
GIL8, and GII.17) and other common foodborne viruses
(enterovirus, astrovirus, adenovirus, sapovirus, and rota-
virus), it was used as the nucleic target for the RT-RAA
of NoV GIL4. The forward and reverse primers and
probe were designed according to the manufacturer’s
guidelines (Qitian, JiangSu, China) (Table 1). All primers
and probes were synthesized by Shanghai GENEray
(Shanghai, China).

Preparation of viral standards

The primers F3 and G2SKR were as described in previ-
ous studies [18, 19]. A 413-bp (net 4977-5389, GenBank
accession no. JX989074) fragment of the ORF1-ORF2
genes of NoV GIL4 was cloned into the pEASY-T1 Vec-
tor (Transgen Biotech, Beijing, China) for DNA copy
number quantification. Then, the recombinant plasmid
was amplified using the Premix Ex Taq Version 2.0 Kit
(Takara, Dalian, China) and 2 pL template. The nucleo-
tide amplicon was gel purified using the Hipure Gel Pure
DNA Mini Kit (Magen) and subjected to in vitro tran-
scription and recovery of RNA using the mMESSAGE
mMACHINE™ T7 Transcription Kit (Thermo Fisher,
Shanghai, China) depending on the manufacturer’s in-
structions. The cRNA was quantified using an EPOCH2
Microplate Spectrophotometer (BioTek, Winooski, VT)
and the cRNA copy number was calculated using the
following formula: cRNA copy number (copy number/
uL) = [6.02 x 10> x cRNA  concentration  (ng/uL) x
10" °]/[cRNA length in nucleotides x 340]. The cRNA
was aliquoted into centrifuge tubes every 5 pL/tube, and
stored at — 20 °C until further use.

RT-gPCR assay

RT-qPCR reactions were carried out using the One Step
PrimeScript™ RT-PCR kit (Perfect Real Time, Takara).
Each 20-pL reaction mixture contained 4 pmol of for-
ward and reverse primers, 8 pmol of probe, 10 uL of 2x
One Step RT-PCR buffer, 2 uL of template, 0.4 uL of
TaKaRa Ex Taq HS, 0.4 pL of PrimeScript RT Enzyme
Mix II, and RNase Free dH,O added to make the vol-
ume 20 pL. The primer pairs were COG2R and QNIF2d



Qin et al. BMC Infectious Diseases (2021) 21:248

Table 1 The matching of primers and probes
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Primer  Sequence (5'— 3') Nucleotide Length Matching of primer and probe

Name 0-2bp 3-4bp >5bp

RF1 ATTTTTACGTGCCCAGACAAGAGCCAATGTTCAG 4986-5019/ 34 bp 96.4%(53/55) 0 (0/55) 3.6%(2/55)
RF2 CAAGAGCCAATGTTCAGATGGATGAGATTCTCAG 5003-5036/ 34 bp 96.4%(53/55) 0 (0/55) 3.6%(2/55)
RR1 TCAGATGGGTTGGCGTCACTCGACGCCATCTTC 5087-5119/ 33 bp 96.4%(53/55)  3.6%(2/55) 0 (0/55)
RR2 GACCCATCAGATGGGTTGGCGTCACTCGACGCC 5093-5125/ 33 bp 92.7%(51/55)  7.3%(4/55) 0 (0/55)
RR3 TTGGCTGTGGACCCATCAGATGGGTTGGCGTC 5103-5134/ 32bp 96.4%(53/55)  3.6%(2/55) 0 (0/55)
RR4 ACGAGGTTGGCTGTGGACCCATCAGATGGGTTGGC 5106-5140/ 35bp 96.4%(53/55)  3.6%(2/55) 0 (0/55)
RR5 ACCAGGGGCTTGTACAAAATTGTTTCTAATCCAG 5234-5267/ 34 bp 94.5%(52/55)  5.5%(3/55) 0 (0/55)
RR6 TTCTAGGGGATACTGTAAACTCTCCACCAG 5263-5292/  30bp 100%(55/55) 0 (0/55) 0 (0/55)
RR7 TGTTTCTAATCCAGGGGTCAATTACATTTTGT 5216-5247/ 32bp 98.2%(54/55)  1.8%(1/55) 0 (0/55)
RR8 AGCCATAACCTCATTGTTGACCTCTGGGACGAG 5136-5168/ 33 bp 98.2%(54/55)  1.8%(1/55) 0 (0/55)
RR9 TGGCCAAATGGGAAAGGTAGGGGTTCAGATCAG 5332-5364/ 33bp 49.19%(27/55)  45.4%(25/55)  5.5%(3/55)
RR10 ATTCTGGCCAAATGAGAAAGGTAGGGATTCAG 5337-5368/ 32bp 47.3%(26/55)  47.3%(26/55)  5.5%(3/55)
RR11 TATTTCACCTGGAGCGTTTCTAGGGGATACTG 5278-5309/ 32bp 96.4%(53/55)  3.6%(2/55) 0 (0/55)
ROPa TCAGACCTGAGCACGTGGGAGGGCGATCGCAAFHQGGCTCCCAGTTTTGT — 5033-5082/ 50 bp 96.4%(53/55)  3.6%(2/55) 0 (0/55)

For probe maodifications: F = dT-FAM; H = THF; Q = dT-BHQ1. The probe has a 3 C3-spacer for blocking extension

[20]. The size of the amplification product was 89 bp.
The following amplification conditions were used: 42 °C
for 300s, 95°C for 10s, followed by 45 cycles of 95°C
for 55, and 60 °C for 20s.

RT-RAA assay

RT-RAA reactions were carried out using the modified
RAA Kit (Qitian). Each 50-pL reaction mixture con-
tained 21 pmol of forward and reverse primers, 6 pmol
of probe, 25 pL of buffer VI, 2.5 uL of template, 1 uL. of
RNase inhibitor (20U), 1puL of RTase (50U) and
nuclease-free water added to make the volume 47.5 pL.
The reaction mixture was added to RT-RAA lyophilized
enzyme pellets, and 2.5 L of magnesium acetate was
added to the tops of the reaction tube lids. The magne-
sium acetate droplets were then spun down using a mini
centrifuge, and the reactions were quickly transferred to
a Lightcycler@96 (Roche, Basel, Switzerland) set to 39 °C
with cycle reads every 30 s. Nuclease-free water was used
as a negative control in every test.

Evaluation of specificity and sensitivity

Enterovirus, astrovirus, adenovirus, sapovirus, and rota-
virus were used to evaluate specificity. NoV GII.2, NoV
GIL3, NoV GIL6, NoV GIL8, and NoV GII.17 were used
to evaluate the specificity of NoV genotypes. The sensi-
tivity of the RT-RAA assay for detection of human NoV
GIL4 was identified using 10-fold dilutions of cRNA
(107 to 10° copies per reaction, n = 8). Negative control
reactions were conducted in parallel for each run.

Evaluation of the RT-RAA assay using clinical samples

To evaluate the clinical performance of RT-RAA, a total
of 38 clinical samples previously confirmed as NoV
GIL4-positive by sequencing assay were used for nucleic
acid extraction, and detection in the RT-RAA and RT-
qPCR assays.

Statistical analysis

To determine the detection limit of RT-RAA, a probit
analysis was performed at a probability level of 95%, and
the p and kappa values of RT-RAA and RT-qPCR were
calculated. All statistics and analysis were performed by
using SPSS 24.0 (IBM Corp, Armonk, NY).

Results

Development and screening of RT-RAA primer and probe
sets

A total of 1942 complete genome sequences of NoVs
GII were retrieved from GenBank. Based on bioinfor-
matic analysis, including length, genotype, regional dis-
tribution, and prevalence, the non-human NoV strains,
repeated sequence strains, obvious long fragment inser-
tion strains, deletion mutations, and long genetic dis-
tance strains were removed to obtain 216 reference
strains that contained 55 GII.4, 5 GIL.1, 20 GIL2, 20
GIL3, 7 GIL5 20 GIL6, 8 GIL7, 1 GILS8, 2 GIL10, 20
GIL12, 6 GIL13, 5 GIL.14, 1 GIL.16, 20 GII.17, 1 GIL.20,
2 GII.21, 3 GIL.22, 15 GII.24, and 5 GIL.25. Then, the 55
NoVs GIL.4 were used as reference strains for compara-
tive analyses to design primers and probes. Twenty-two
combinations of candidate primers (2 forward and 11 re-
verse) were produced and screened for reactivity to
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purified GIL4 RNA. Of these, five primer sets were iden-
tified as capable of amplifying target RNA, and a probe
(ROP) was designed to accommodate all sets (Table 1).
All RT-RAA primers were screened by fluorescence
RAA and electrophoresis with PCR and RAA. Because of
resource constraints, one set of primers (RF1 and RR4
with probe ROP) was chosen for subsequent evaluation.
Fifty-five GIL.4 sequences were used for alignment with
primers RF1, RR4, and probe ROP, and sequence align-
ment showed that RFIRR4 with ROP was highly con-
served for GIL.4 (Fig. 1).

Specificity of RT-RAA

The RT-RAA assay was positive for NoV GIL.4 and
negative for NoV GI, rotavirus, sapovirus, astrovirus, en-
terovirus, adenovirus, and the negative control (Fig. 2a).
The RT-RAA assay was positive for NoV GII.4, and
negative for NoV GII.2, GIL3, GIL6, GIL8, GII.17, and
the negative control (Fig. 2b). No cross-reactivity of
RNA from any control virus was observed. Therefore,
RT-RAA for the detection of NoV GII.4 demonstrates a
high specificity for the target.

Sensitivity of RT-RAA

After serial dilution from 2.67 x 10” to 2.67 x 10° copies/
pL, the cRNA of NoV GIL4 was tested using RT-RAA.
The results showed that the detection limit of the RT-
RAA was 3.425 LGC (95% Cl: 2.906 LGC-4.471 LGC)/
reaction, and the 95% detection limit of the qRT-PCR
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was 2.110 LGC (95% Cl: 1.586 LGC-3.113 LGC)/reac-
tion (Fig. 3; Table 2).

Comparison of the RT-RAA and RT-qPCR assays with
clinical samples

A total of 38 clinical samples were used to evaluate the
RT-RAA assay and RT-qPCR. The RT-qPCR showed
positive results for 18 out of 38 samples with a positive
rate of 47.4%, and RT-RAA showed positive results for
16 out of 38 samples with a positive rate of 42.1%. Com-
pared with RT-qPCR, the kappa value of the RT-RAA
assay for NoV GIL4 detection was 0.894 (p < 0.001), sug-
gesting that both assays were consistent. A detailed com-
parison of both assays is shown in Table 3.

Discussion

In recent years, norovirus outbreaks have gradually in-
creased worldwide. For example, it is estimated that
there are 56,000-71,000 hospitalizations and 570-800
deaths due to NoV infection every year in the United
States [21]. The development of diagnostic technology
for this virus is of far-reaching practical significance to
improve the quality of public health safety. In this study,
we set up a rapid, sensitive, and specific RT-RAA assay
for the detection of human NoV GIL4.

Established methods for detecting norovirus, such as
conventional RT-PCR [22], droplet digital PCR [23],
TagMan-based real-time RT-qPCR [24], recombinase
polymerase amplification (RPA) assays [25], and loop-
mediated isothermal amplification (LAMP) assays [26],

4990 5000 5010
! | |

5020 5130 5040 5050 5060
| | I ! !

1 Gll.4-GlI.P4-3-KP784695
2 |Gll.4-GlI.P4-2-AB541202
3 |GII.4-GlI.P4-3-HQ009513

.
53 GlI.4-GlI.P4-2-AB447432
54 Gll.4-GI1.P4-3-AB541267
55 |GlI.4-GlI.P4-3-KC631814

Sequence logo

G g
G g
G g

G g
G g
G g

T T T
ATTTTTACGTGCCCAGACAAGAGCCAATGTTCAG
ATTTTTACGTGCCCAGACAAGAGCCAATGTTCAG
ATTTTTACGTGCCCAGACAAGAGCCAATGTTCAG

ATTTTTACGTGCCCAGACAAGAGCCAATGTTCAG
ATTTTTACGTGCCCAGACAAGAGCCAATGTTCAG
ATTTTTACGTGCCCAGACAAGAGCCAATGTTCAG

5070

5080 5090

5100

ATGGATGAGATTC
ATGGATGAGATTC
ATGGATGAGATTC

ATGGATGAGATTC
ATGGATGAGATTC
ATGGATGAGATTC

I 1 |
TCAGATCTGAGCACGTGGGAGGGCGATCGCA
TCAGATCTGAGCACGTGGGAGGGCGATCGCA
TCAGATCTGAGCACGTGGGAGGGCGATCGCA

TCAGATCTGAGCACGTGGGAGGGCGATCGCA
TCAGATCTGAGCACGTGGGAGGGCGATCGCA
TCAGATCTTAGCACGTGGGAGGGCGATCGCA
L i LAAD 1]

5110
!

Probe
5130
| 1

5120 5140
|

1 Gll.4-GlI.P4-3-KP784695
2 GlI.4-GlI.P4-2-AB541202
3 |GI1.4-GlI.P4-3-HQ009513

.
53 |GII.4-GI1.P4-2-AB447432

54 |GlI 4-GlI.P4-3-AB541267
55 |Gll.4-GlI.P4-3-KC631814

Sequence logo

T T I T T 1
ATCTGGCTCCCAGTTTTGT|IGAATGAAGATGGCGTCGAGTGACGGCCAACCCATCTGATGGGTCCACAGCCAACCTCGT|CCC
ATCTGGCTCCCAGTTTTGT|IGAATGAAGATGGCGTCGAGTGAGQGCCAACCCATCTGATGGGTCCACAGCCAACCTCGT|CCC
ATCTGGCTCCCAGTTTTGT/IGAATGAAGATGGCGTCGAATGACGCCAACCCATCTGATGGGTCCACAGCCAACCTCGT|CCC

ATCTGGCTCCCAGTTTTGT/GAATGAAGATGGCGTCGAGTGACIGCCAACCCATCTGATGGGTCCACAGCCAACCTCGT|CCC

ATCTGGCTCCCAGTTTTGTIGAATGAAGATGGCGTCGAGTGACIGCCAACCCATCTGATGGGTCCACAGCCAACCTCGT[CCC

ATCTGGCTCCCAGTTTTGTIGAATGAAGATGGCGTCGAGTGACIGCCAACCCATCTGATGGGTCCACAGCCAACCTCGTICCC
1 | i

Fig. 1 Multiple sequence alignment of primers and probe sets with Gll.4 strain sequences

Reverse




Qin et al. BMC Infectious Diseases (2021) 21:248

Page 5 of 8

0.025
i Norovirus Gll.4
Norovirus Gl
0.020 Rotavirus
@ —— Sapporo virus
% 1 —— Astrovirus
2 0.0154 — Enterov!rus
o —— Adenovirus
5 . Control
i
0.010
1
LR =
T T v T ¥ T L T L T Y T i
0:06:45 0:12:10 0:17:36  0:23:01  0:28:27  0:33:52
Time [hh:mm:ss]
0.035
0.030 —Gll.2
—GII.3
——Gll.4
s —GlI.8
§ 0.020 - —Gll.17
s Control
=)
L 0.015
0.010
0.005 _—————
T ¥ T ' T ¥ T ’ T v T ¥ T L
0:06:45 0:12:10  0:17:36  0:23:01 0:28:27  0:33:52
Time:[hh:mm:ss]
Fig. 2 Specificity of RT-RAA for NoV Gll.4. a The RT-RAA assay was positive for NoV Gll.4 and negative for NoV Gl, rotavirus, sapovirus, astrovirus,
enterovirus, adenovirus, and the negative control. b The RT-RAA assay was positive for NoV Gll.4, and negative for NoV GlI.2, GII.3, GII.6, GII.8,
GlI.17, and the negative control

have multiple limitations. Conventional PCR has
limitation of relatively low sensitivity, and requires
agarose gel electrophoresis as the final interpret-
ation of the results. TagMan-based real-time RT-
PCR requires expensive thermal cycler devices and
trained technicians. The assays based on RPA are
more expensive than other detection methods, cost-
ing approximately $15 per reaction. LAMP assays

are more sophisticated because at least two pairs of
primers need to be designed. Therefore, the devel-
opment of a fast, cheap, and effective assay to de-
tect norovirus is desirable.

The sensitivity of the newly established RT-RAA
assay reached 3.245 LGC per reaction. The kappa
values of RT-RAA and RT-qPCR indicated that both
assays were highly consistent. The few inconsistencies
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Fig. 3 Sensitivity of RT-RAA for GIl NoV

observed might stem from different principles for the
two methods and the complexity of clinical samples.
Notably, the RT-RAA assay was so rapid that pro-
duced positive signal approximately 5 mins, and the
entire detection protocol could be completed within
30 mins. In contrast, the RT-qPCR and RT-LAMP as-
says normally require 1.5h for completion [27, 28].
Finally, due to thermal cycler limitations, PCR-based
detection assays were difficult to integrate in small-
scale portable devices amenable for POCT. Compared
with LAMP, RT-RAA also effectively avoids the prob-
lem of aerosol pollution because the entire assay is
completed in the reaction unit without additional
opening of the lid. Thus, RT-RAA might be a poten-
tial method for POCT of norovirus.

Although the RT-RAA assay has many advantages
for detecting foodborne viruses, it also has some
limitations. Firstly, it is more difficult to achieve
multiplex detection of pathogens using RT-RAA
than assays based on PCR because the long primers
and probes form dimers more easily [29]. Further-
more, compared with digital PCR, the RT-RAA
assay cannot achieve quantitative detection of nu-
cleic acids at current stage. In the future, we will
combine the RT-RAA assay with microfluidic digital
chip technology for quantitative detection without
the need for a thermal cycler or extensive technical
expertise, which is expected to become one of the
most powerful tools for the rapid and accurate
diagnosis of pathogens.

Table 2 Detection limits of human NoVs Gll.4 in RT-gPCR and RT-RAA assays

Copies/

Times of positive sample tested by two different assays for NoV (n = 8)

reaction RT-qPCR

RT-RAA

267x 107
267x10°
267x10°
267x 10"
267%10°
267x10°
267% 10

N O 0O 0o 0O 0o Co 0o

267 % 10°

O N 00 o o
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Table 3 Clinical performance of RT-RAA for detection of NoV

Gll4

RT- RT-RAA Total Agreement Kappa p-

qPCR Positive Negative Z‘:Iue
kappa

Positive 16 2 18 88.9% 0894 < 0.001

Negative 0 20 20

Total 16 22 38

Conclusions

In conclusion, we successfully established a valuable and
alternative RT-RAA analysis for NoV GIL.4 detection
with low cost, high sensitivity and short time consump-
tion. This new assay can be a suitable method for the
diagnosis of NoV infection in poorly developed areas
under restricted conditions.
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