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Abstract

Background Sentinel laboratory surveillance for diarrheal disease determined norovirus to be the most common
cause of non-bacterial gastroenteritis in people during the COVID-19 pandemic in Thailand. An increase in patients
presenting with diarrhea and vomiting in hospitals across Chanthaburi province between December 2021 and Janu-
ary 2022 led to the need for the identification of viral pathogens that may be responsible for the outbreak.

Methods Fecal samples (rectal swabs or stool) from 93 patients, of which 65 patients were collected dur-

ing the December 2021 to January 2022 outbreak, were collected and screened for viral infection by real-time RT-PCR.
Positive samples for norovirus Gl were then genotyped by targeted amplification and sequencing of partial polymer-
ase and capsid genes. Full genome sequencing was performed from the predominant strain, GIl.3[P25].

Results Norovirus was the most common virus detected in human fecal samples in this study. 39 of 65 outbreak
samples (60%) and 3 of 28 (10%) non-outbreak samples were positive for norovirus genogroup Il. One was positive
for rotavirus, and one indicated co-infection with rotavirus and norovirus genogroups | and Il. Nucleotide sequences
of VP1 and RdRp gene were successfully obtained from 28 of 39 positive norovirus Gll and used for dual-typing; 25/28
(89.3%) were GlI.3, and 24/28 (85.7) were GII.P25, respectively. Norovirus GlI.3[P25] was the predominant strain respon-
sible for this outbreak. The full genome sequence of norovirus GlI.3[P25] from our study is the first reported in Thai-
land and has 98.62% and 98.57% similarity to norovirus found in China in 2021 and the USA in 2022, respectively. We
further demonstrate the presence of multiple co-circulating norovirus genotypes, including GI1.21[P21], GII.17[P17],
GII.3[P12] and GII.4[P31] in our study.
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Conclusions An unusual diarrhea outbreak was found in December 2021 in eastern Thailand. Norovirus strain
GlI.3[P25] was the cause of the outbreak and was first detected in Thailand. The positive rate during GlI.3[P25] out-
break was six times higher than sporadic cases (Gll.4), and, atypically, adults were the primary infected population

rather than children.
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Background

Sentinel laboratory surveillance for diarrheal illness has
shown that norovirus has been one of the most com-
mon causes of non-bacterial gastroenteritis in Thailand
and worldwide [1]. Noroviruses are non-enveloped,
single-stranded positive-sense RNA viruses in the fam-
ily Caliciviridae. The genome length ranges from 7.5 to
7.7 kb which contains three open reading frames (ORF);
ORF1 encodes six nonstructural proteins (NS1/2, NS3,
NS4, NS5, NS6, NS7). NS7 is an RNA-dependent RNA
polymerase (RdRp) which is a key enzyme for viral rep-
lication [2]. ORF2 encodes the major structural protein
VP1 which is divided into shell (S) and protruding (P)
domains and is responsible for cell receptor interaction
[3]. ORF3 encodes the minor structural protein VP2
which could serve as a VP1 helper protein and stabiliza-
tion of the viral capsid.

Norovirus is globally endemic, with symptoms includ-
ing stomach cramps, diarrhea, and vomiting that may
last up to four days [4]. Severe norovirus disease typi-
cally occurs in infants, the elderly, and the immunocom-
promised and may require hospitalization. Norovirus is
commonly transmitted via the fecal—oral route and can
be foodborne, waterborne, airborne, person-to-person,
or environmentally transmitted [5]. Disease susceptibility
is dependent on multiple factors, including host genetics,
infectious dose, and recency of past infections [4]. Gener-
ally, there are multiple strains of norovirus circulating at
a single time, and the most common isolate from cases
is considered the dominant strain. Dominant strains go
through multi-year cycles of strain replacement, where
mutations and recombination occur due to selective
pressure from increased levels of immunity within the
population [6].

The main mechanism of norovirus evolution is the
recombination of genome junction regions which occurs
between the RdRp region in ORF1 and the VP1 region
in ORF2 and serves as the main factor of norovirus clas-
sification [7]. Based on 305 complete VP1 amino acids,
the virus can be classified into 10 genogroups (GI-GX)
which can be further subdivided into 49 genotypes.
Recent discoveries have led to the tentative identification
of two additional genogroups (GNA1l and GNA2) and
three additional genotypes (GIL.NA1, GIL.NA2, and GIV.
NA1). Norovirus genogroups GI, GII, GIV, GVII], and

GIX are known to infect and cause disease in humans.
Further genome characterization based on RdRp nucle-
otide sequences can be classified into 8 P-groups and
2 tentative P-groups which can be further subdivided
into 60 P-types and 14 tentative P-types [7]. Norovi-
rus has extremely high rates of genetic diversity relative
to other RNA viruses and increased rates of adaptation
in variants. Norovirus genetic diversity is caused by the
lack of 3’ exonuclease activity in the replication error-
editing region of RNA polymerase, genetic recombina-
tion, and rapid selective pressures driven by the immune
response of infected individuals. Previous studies on
norovirus mutation rate within the VP1 gene from 64
unique molecular clones have estimated a mutation rate
of 1.5% 10™* per nucleotide per cell infection [8].

In Thailand between 2000 and 2016, genogroup GIIL.4
was the most prevalent norovirus genotype (63.4%) in
symptomatic individuals, followed by GIIL.3 (15.0%), GIL.6
(3.9%), GIL.17 (3.3%), and GIIL.13 (2.1%) [9]. From January
2015 to February 2017, norovirus investigations at two
hospitals in Bangkok (n=1468) and Khon Kaen province
(n=123) found genotype prevalence of GIL4 at 32.3%
(64/198) and GII.17 at 11.6% (23/198), respectively. The
recombination of norovirus also appeared sporadically,
with GIL3[P12] at 8.6% (17/198) and GIL2[P16] at 40.4%
(80/198) [10]. From 2017 to early 2019, GIL.4 was the
most frequently detected genotype (51.4%) in Bhumibol
Adulyadej Hospital, Bangkok [11]. Norovirus GIIL.3[P25]
accounted for one-third of outbreak cases in Chanthaburi
Province, Thailand, from December 2021 to January 2022
[12].

During the COVID-19 pandemic, in which non-phar-
maceutical interventions (NPIs) were widely used to
prevent the spread of SARS-CoV-2, countries saw a sig-
nificant decrease in communicable disease transmission,
including noroviruses [13, 14]. Recent modeling efforts
suggest that the drop in norovirus cases because of NPIs
resulted in an increase of naive individuals susceptible to
norovirus [4]. Further, the relaxing of NPIs enforcement
will likely lead to the slackening of hygiene measures that
also reduce the risk of norovirus infection. The combina-
tion of increased susceptibility and decrease in preven-
tive barriers suggests that there will be an increase in
incidence of norovirus, although the scale to which that
occurs is difficult to predict.
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Data from Thailand’s event-based surveillance during
2017-2021 (internal data by the Department of Diseases
Control, Ministry of Public Health, Thailand) determined
norovirus outbreaks primarily occur between Novem-
ber and February, and 77% of outbreaks were found in
schools, whereas other settings included prisons and
among travelers. The most frequent outbreaks were
among the 6-12 year age group, followed by 13—-18 years
and>18 years. An outbreak of norovirus occurred in
many hospitals across Chanthaburi province between
December 2021 and January 2022, in which patients hos-
pitalized with acute gastroenteritis and presented with
diarrhea and vomiting or abdominal pain were submit-
ted for viral characterization, epidemiology, and clinical
analysis. This study extended the data from the previous
study with different sources of specimens [12]. The pre-
sent study aimed to analyze the genetic diversity of noro-
virus circulating in the Chanthaburi province during the
December 2021-January 2022 outbreak and to assess the
phylogenetic and phylodynamic features of norovirus GII
strains identified during and after the outbreak.

Material and methods

Patient sample collection

A total of 93 stool samples and rectal swabs were col-
lected between November 2021-September 2022 Among
the samples collected during the study, 65 were collected
during and independent outbreak from 26 Decem-
ber 2021 to 21 January 2022. Of these, 14 patients were
healthcare workers, including 10 of 36 medical students
and 4 of 12 healthcare workers who participated in the
educational workshop at Phrapokklao Hospital from 23
to 25 December 2021. A retrospective cohort study of the
healthcare workers was conducted to identify suspected
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sources. The cases were interviewed by phone. The
demographic data, clinical symptoms, treatment out-
come, food meals three days prior to symptom onset and
related persons who had gastrointestinal symptoms were
identified. Otherwise, we reviewed the medical records.

An additional 28 samples were collected from sporadic
cases not linked to an outbreak cluster under the senti-
nel surveillance program of the Division of Epidemiology
(DOE), Ministry of Public Health, including one case in
November 2021 and 27 cases a following the December—
January cluster of cases (Fig. 1). All samples were system-
atically collected following a standardized protocol by the
DOE, specifically from patients with diarrhea at least 3
times within a 24-h period or watery diarrhea, approxi-
mately 3-5 samples per week per participating hospital.

Of the 93 patients in this study, 46 were male, and 47
were female. The median age of patients was 10 years
(21 days—73 years). Age groups were categorized as fol-
lows: 21 days—10 years (n=>50), 11 years—20 years (n=6),
21 years—30 years (n=20), 31 years—40 years (n=6),
41 years—50 years (n=3), and above 50 years (n=8)
(Table 1). The most common symptoms were diarrhea
(89.1%), nausea (67.2%) and abdominal pain (67.2%), but
4 patients had bloody diarrhea (4.3%). Eleven patients
(11.8%) were admitted to a hospital. Mostly (79%) of the
patients were the only one patient in their household and
43% of the patients reported history of visiting at least
one of four large markets in Muang district. No specific
food/shop was repeatedly mentioned by the patients.

All samples were collected by the Surveillance and
Response Team (SRRT), Ministry of Public Health, in
response to the widespread outbreak of diarrhea in
Chanthaburi province from one provincial hospital and
three suburban hospitals. Specimens were collected in a

Total samples (n=93)

[
Outbreak (n=65)
Dec 2021- Jan 2022

Real-time PCR

|
Sporadic cases (n=28)
Nov 2021 and Feb - Sep 2022

Real-time PCR

Positive (n= 39)

Negati - Norovirus GII = 37 [27]
egative
(n=26) - Multiple infection Norovirus
GI, GII + rotavirus =1 [1]

- Rotavirus = 1

Negative
(n=26)

Positive (n= 3)
- Norovirus GII= 3 [3]

Fig. 1 A diagram of the sample number of diarrhea virus detection results by real-time PCR. The number of samples that were successful in typing

by PCR and Sanger sequencing was indicated in the square brackets []
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Table 1 The demographic data

No. of participants 93

Age, median (years) 10

IQR 2-23

Range 21 days—73 years

Age group n (%) Positive® (n=42) [%)]
<10 years 50 (53.8) 21 [42.0%]

11-20 years 6 (6.5) 2 [33.3%)]

21-30 years 20 (21.5) 9 [45.0%]

31-40 years 6 (6.5) 4 [66.7%)

41-50 years 3(3.2) 2 [66.7%]

>50 years 8(8.6) 4 [50.0%]

Sex

Male 46 (49.5) 20 [43.5%]

Female 47 (50.5) 22 [46.8%)

# Also include one case positive for norovirus Gl, Gll, and rotavirus and one case
positive for rotavirus

closed container within 24 to 72 h of symptom onset and
kept refrigerated at 4 °C before being transported to the
Emerging Infectious Diseases Clinical Center (EIDCC) at
King Chulalongkorn Memorial Hospital for genetic test-
ing. The samples used in this study are part of the out-
break investigation diagnosis; the Institutional Review
Board (IRB) is not required.

Nucleic acid extraction

The nucleic acid extraction was prepared by mixing
3.5 ml of a 10% (w/v) stool suspension with phosphate-
buffered saline (1xPBS) with 1.5 ml glass beads in a
15 ml polypropylene tube and homogenized using a
FastPrep-24 (MP Biomedicals, USA) instrument. After
removing the solid particles by centrifugation at 4000xg
for 5 min, supernatants were collected. Rectal swabs in
viral transport medium (VTM) were mixed by vortexing
for 2 min to ensure release of virions and genetic mate-
rial and supernatant was collected. Total nucleic acids
were extracted from a 400 uL supernatant sample using
a magLEAD 12gC instrument (Precision System Science,
Chiba, Japan) with a magLEAD Consumable Kit (Preci-
sion System Science) according to the manufacturer’s
instructions to an elution volume of 50 pl.

Real-time RT-PCR for the detection of six diarrhea viruses

Samples were initially tested by the Seegene Allplex GI-
Virus Assay (Seegene Inc., Seoul, Republic of Korea) to
identify cause of infection. This assay is a multiplex one-
step real-time reverse transcription-polymerase chain
reaction (RT-PCR) for simultaneously detecting rotavi-
rus, norovirus GI and GII, adenovirus type 40/41, astrovi-
rus, and sapovirus. Briefly, each 25 pl reaction containing
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5 pl of nucleic acid was mixed with 20 ul of master mix,
and real-time RT-PCR was performed using a CFX96
system (Bio-Rad, Hercules, CA, USA) under the follow-
ing conditions: reverse transcription at 50 °C for 20 min,
denaturation at 95 °C for 15 min, and 45 cycles of PCR
(95 °C for 10 s, 60 °C for 1 min, and 72 °C for 30 s) for a
total turnaround time of 2.5 h. The Seegene Viewer Soft-
ware (Seegene Inc.) was used for data analysis. A result
was considered positive when the PCR Cycle-threshold
(Ct) curve was <40, negative when the Ct was>45, and
indeterminate when the Ct was between 40 and 45.

Target amplification and direct sequencing
Norovirus-positive samples were further characterized
by target sequencing and phylogenetic analysis to deter-
mine genotype. cDNA was synthesized with random
hexamer using SuperScript III reverse transcription kit
(Invitrogen, Thermo Fisher Scientific, Massachusetts,
USA) following the manufacturer’s instruction. The PCR
reactions were performed by using the oligonucleotide
primer, forward primer: MON431-F (5'-TGG ACI AGR
GGI CCY AAY CA-3'), and reverse primer G2SKR-R
(5"-CCR CCN GCA TRH CCR TTR TAC AT -3'), with
the amplicon covering the partial RNA polymerase gene
region and capsid region of size 570 bp [15]. The PCR
protocol was performed as described. Briefly, PCR com-
ponents included 0.4 uM of primer, 0.2 mM dNTP mix,
1.5 mM MgCl,, 10X PCR buffer, and 0.1 pl Platinum Tag
DNA polymerase, and 2.5 pl of cDNA in a total volume
of 25 ul. PCR was performed under the following condi-
tions: initial denaturation at 94 °C for 5 min, followed by
40 cycles of 94 °C for 1 min, 50 °C for 1 min, and 72 °C
for 1 min, with a final extension at 72 °C for 10 min, then
hold at 4 °C indefinitely (modified from Silva, AJ et al,
2021) [16]. The target PCR products were purified and
sequenced with Sanger sequencing (First BASE Labora-
tories, Selangor, Malaysia).

Full genome sequencing

Library preparation and target enrichment for full
genome sequencing was performed using an Illumina
RNA Prep with Enrichment with viral surveillance panel
(llumina, San Diego, CA, USA). Briefly, 8.5 ul of total
nucleic acid was used for library preparation as described
by the manufacturer’s protocol. First, cDNA was synthe-
sized in two steps for first- and second-strand cDNA.
Then, double-stranded cDNA was tagmented by using
bead-linked transposomes (EBLTL) and purified. The
tagmented fragments were amplified to add index by
Illumina DNA/RNA UD Indexes. After clean-up, librar-
ies were quantified using Invitrogen Qubit dsDNA BR
assay kit (Thermo Fisher Scientific). The second step for
library prep included using one-plex reactions for probe
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hybridization and oligos from the Illumina viral sur-
veillance panel. Hybridized probes were then captured,
washed, and amplified. Library quantity was determined
with the Qubit 4 Fluorometer (Thermo Fisher Scientific)
and QIAxcel Advanced System (QIAGEN, Hilden, Ger-
many) (approximately 400-500 bps). Sequencing was
performed on the Illumina MiSeq sequencer, using the
MiSeq Reagent Kit v3 at 2x 151 bps read length.

Bioinformatic analysis

The partial RNA polymerase gene sequences of the PCR
products were obtained from assembling forward and
reverse reads of Sanger sequencing and trimming the
primer regions in MEGA11 [17]. Subsequently, genotyp-
ing was performed using the Norovirus Typing Tool Ver-
sion 2.0 [18] and Human Calicivirus Typing tool [19] The
genotype was compared to the reference strains available
in the GenBank database using the Basic Local Align-
ment Software Tool (BLAST) [20]. On the other hand,
reads generated by full genome sequencing were fil-
tered for high-quality reads by Trimmomatic v0.39 [21].
Taxonomic labels were assigned to the filtered reads by
Kraken [22] and visualized with Krona [23]. The consen-
sus genome was constructed using reference mapping by
BWA v0.7.17-r1188 [24] and de novo assembly by SPAdes
v3.12.0 [25]. High-quality reads were mapped to the top
BLAST hit genome using BWA, and then the generated
Sequence Alignment Map (SAM) file was converted into
a draft genome by SAMtools [26]. The consensus genome
was then obtained by aligning the scaffolds assembled by
SPAdes to the draft genome.

Phylogenetic analysis

Phylogenetic trees were constructed from nucleotide
sequence alignments of the full genome sequence, par-
tial ORF1 (RdRp region) and ORF2 genes (VP1 region)
(corresponding to the positions 4840-5101 and 5085-
5366 in the NCBI Reference Sequence: NC_029646.1,
respectively) using the maximum likelihood method
in IQ-TREE 2 software [27]. The best codon substitu-
tion models were determined by ModelFinder [28] and
branch supports were approximated from 1000 replicates
of Ultrafast Bootstrap [29]. The phylogenetic trees were
visualized with MEGA11.

Statistical analysis

A crude rate ratio was calculated by a diarrheal weekly
incidence per 100,000 population during the outbreak
which was divided by a five-year median of diarrheal
weekly incidence per 100,000 population over the spo-
radic time. The Exact Poisson Method was used for cal-
culating the 95%CI of the rate ratio, and the exact mid-P
double-sided p-value was used for calculating a p-value.
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STATA version 16 was used for univariate analysis. Risk
ratio, 95% confidence interval and p-value were used to
assess whether food items were related to diarrheal inci-
dence by using Chi-square test or Fisher exact tests based
on expected values.

Results

Demographic data

From 26 December 2021 to 21 January 2022, the outbreak
was first detected on 27 December 2022. The weekly rate
of diarrheal cases on the first week of the outbreak was
almost three times higher than the 5-year median weekly
rates [RR (95%CI), 2.7 (2.0-3.7), p-value <0.0001]. After
that first week, the weekly rates fell below the 5-year
median weekly rates. Specifically, the last two weekly
rates were significantly lower than the 5-year median
weekly rates [RR (95%CI), 0.3 (0.2-0.5), p<0.0001]. Cases
were reported from all 10 districts of Chanthaburi prov-
ince and 40% of the patients lived within the Muang
district.

Regarding the outbreak in the educational workshop,
52% of the medical students (19/36) reported diar-
rheal symptoms. Characteristics of these medical stu-
dent patients were male to female ratio of 1 per 1.1, and
a median age of 23 years. Among the received samples,
there were 10 medical students and 4 healthcare workers,
of which 35% (5/14) were positive for norovirus GII and
none were positive for COVID-19. The median duration
of sickness was 1 day (IQR 1-2 days), and the median
duration from onset to collection date was 13 days (10—
19 days). The latest norovirus case had symptom onset on
28 December 2021 and no case required hospitalization.
There were four probable source menus (lunch, after-
noon break, dinner, and night break before 23 December
2021); however, all food items were not statistically asso-
ciated with observed cases. No food handlers reported
symptoms of diarrhea and we did not test for norovirus
among asymptomatic food handlers. Food preparation
began 4 h before serving and food was kept at room tem-
perature before serving.

Norovirus detection in patients

Among the 93 samples tested, 42 (45%) samples were
positive for diarrhea viruses tested by multiplex real-
time RT-PCR (Allplex GI-Virus Assay), including 40 of
42 (95%) positive for norovirus GII with an average Ct
value of 27.31 (min 12.92—max 39.96), with an additional
one rotavirus and one norovirus and rotavirus co-infec-
tion. Of the 65 samples collected during the outbreak, 38
(58.5%) tested positive for norovirus GII with one mul-
tiple infection (norovirus GI, GII, and rotavirus), and
one rotavirus-only (Fig. 1). The overall positive rate from
the sporadic cases was 10% (3/28) (x2=19.19, p<0.001),
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where 3 positive samples were norovirus GII-positive
including one GIIL.3[P16] genotype and two GII.4[P31]
genotypes (Table 2).

Norovirus genotype and phylogenetic tree analysis

Norovirus GII positive samples (n=41) were further
characterized for their partial RNA polymerase region
and capsid region genotypes by Sanger sequencing.
Nucleotide sequencing was successful in 31 samples.
From the 28 samples collected within the December
2021-January 2022 outbreak, norovirus GIL3 was the
most common genotype in the capsid region (89.3%,
25/28) within this population, followed by 2 of GII.17
(7.1%) and 1 of GIL.21 (3.6%) (Table 2). In the RNA
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polymerase gene region, GIL.P25 (24/28, 85.7%) was the
most common genotype followed by 2 of GIL.P17 (7.1%),
one each of GILP21 (GILPb) and GIL.P12 (Table 2).
Moreover, we found one GII.3 [P16] and two samples of
GII.4[P31] during the non-outbreak cases from 21 Febru-
ary 2022 to 12 September 2022, respectively (Table 2).
The phylogenetic tree of the partial RNA polymer-
ase gene region (261 bp) and capsid region (282 bp) of
detectable norovirus GII was constructed to investigate
the relationship between the norovirus strains identi-
fied in this study and previous reports worldwide (Fig. 2).
Detected norovirus showed nucleotide identity ranging
from 97.9% to 99.1% compared to the public sequences
of the same genotype, namely, OL451532 (GIL.3[P25]),

Table 2 Norovirus Gll classification in RdRp region and capsid region with the percentage of sequence identity from this study

Norovirus Collection date % ldentity* RdRp region Capsid region Accession no
PBH21022 29-Dec-21 98.9 GII.P25 Gll.3 0Q300332
PBH21024 29-Dec-21 989 GIILP25 Gll.3 0Q300333
PBH21028 26-Dec-21 98.3 GIlLP25 Gll.3 0Q300334
PBH22030 3-Jan-22 98.5 GII.P25 Gll.3 OP954345
PBH22031 1-Jan-22 98.9 GIILP25 Gll.3 OP954346
PBH22032 1-Jan-22 98.5 GII.P25 Gll.3 0OP954347
PBH22033 1-Jan-22 98.5 GIILP25 Gll.3 0OP954348
PBH22034 2-Jan-22 98.5 GII.P25 Gll.3 0OP954349
PBH22037 31-Dec-21 98.9 GII.P25 Gll.3 0OP954350
PBH22040 1-Jan-22 98.9 GIlLP25 Gll.3 OP954351
PBH22042 31-Dec-21 98.5 GII.P25 Gll.3 0OP954352
PBH22044 31-Dec-21 989 GIILP25 Gll.3 OP954353
PBH22051 5-Jan-22 98.5 GII.P25 Gll.3 OP954354
PBH22052 5-Jan-22 98.5 GII.P25 GIl.3 OP954355
PBH22054 5-Jan-22 98.5 GIlLP25 Gll.3 OP954356
PBH22055 4-Jan-22 98.5 GII.P25 Gll.3 OP954357
PBH22056 3-Jan-22 98.5 GIILP25 Gll.3 OP954358
PBH22066 6-Jan-22 98.5 GII.P25 Gll.3 OP954359
PBH22068 2-Jan-22 98.5 GlI.P25 GIl.3 OP954360
PBH22070 2-Jan-22 983 GII.P21(GII.Pb) Gll.21 OP954361
PBH22071 2-Jan-22 99.1 GIl.P17 Gll.17 OP954362
PBH22072 2-Jan-22 98.5 GIILP25 Gll.3 OP954363
PBH22073 2-Jan-22 98.9 GIILP25 Gll.3 OP954364
PBH22075 7-Jan-22 98.5 GII.P25 GIl.3 OP954365
PBH22094 7-Jan-22 99.1 GIlLP17 Gll.17 OP954366
PBH22095 7-Jan-22 98.9 GllL.P12** Gll.3 OP954367
PBH22096 11-Jan-22 989 GIILP25 Gll.3 OP954368
PBH22108 13-Jan-22 98.5 GIILP25 Gll.3 OP954369
PBH22139 21-Feb-22 98.7 Gll.P16 Gll.3 OP954370
PBH22211 27-Jul-22 98.5 GIlLP37** Gll4 0Q300335
PBH22247 12-Sep-22 97.9 GIIL.P371** Gll4 0Q300336

*The identity was compared with public sequence of each genotype: OL451532 (GII.3[P25]), MK396776 (GlII.21[P21]), MT344182 (GII.17[P17]), LC621120 (GII.3[P12]),

LC597117 (GII.3[P16]), MN294766 (GII.4[P31])

**Norovirus typing was classified using the Human Calicivirus Typing tool [19]. These three samples were unassignable by the Norovirus Typing Toll Version 2 [18]
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Fig. 2 Phylogenetic analyses of the partial RdRp and VP1 regions of norovirus sequences. Phylogenetic analyses based on (A) the partial VP1 region
(282 bp) and (B) the partial RdRp region (261 bp) of norovirus sequences isolated from patients in Chanthaburi province, Thailand from December
2021-September 2022. Red triangles represent sequences of 28 samples in the outbreak from December 2021 to January 2022 while black squares

represent the other 3 sequences collected in 2022. Blue circles represent sequences from the previous study [12]. This tree was constructed
with IQ-TREE2 using 1000 replicates of Ultrafast Bootstrap (shown only values greater than 85) and the best codon substitution model identified
by ModelFinder (KOSIO7 + FU +R3 and KOSIO7 + FU +1+ G4, respectively)

MK396776 (GIL.21[P21]), MT344182 (GIL17[P17]),
LC621120 (GIL3[P12]), LC597117 (GIL3[P16]) and
MN294766 (GIL.4[P31]). Phylogenetic analysis of VP1

region showed that GIL3 strains in the present study
were in a distinct cluster from the global strain and Thai-
land strain isolated in 2014—2019 but clustered with the
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viruses found in China in 2021, USA 2022, Japan 2021,
India 2019 and Thailand 2021-2022 (Fig. 2A). Phylo-
genetic analysis of the RdRp gene revealed that GIIL.
P25 was grouped with norovirus isolated from Japan in
2021 (LC726068.1), China in 2021 (OL451532), USA in
2022 (OP690505), the Netherlands in 2016 (OP205529)
and Thailand in 2018 (MK590956.1), We further dem-
onstrate the presence of multiple co-circulating noro-
virus genotypes in Chanthaburi province, including
GIL.17[P17], GII.21[P21], GIL.3[P12] and GIL4[P31]. The
sequences from our study were deposited into the Gen-
Bank (National Center for Biotechnology Information,
NCBI) with accession numbers OP954332-0OP954370
and 0Q300335-0Q300336.

Whole genome sequencing

From the norovirus genotype analysis, GIL.3P[25] was
selected for whole-genome sequencing in this study
because (1) it was the dominant norovirus strain dur-
ing the outbreak; (2) it was the first time this strain was
reported in Thailand; and (3) it demonstrated atypical
epidemiology by primarily infecting adults (21 patients
were > ten years old, 3 were less than 10 years old). Full
genome sequencing of a norovirus GIL3[P25] positive
specimen (PBH22034) generated a total of 2,187,506
high-quality reads which included 220,341 norovirus
reads assigned by Kraken. The full genome sequence
was assembled by using OL451533.1 as a reference
sequence resulting in a full genome (7584 nucleotide)
with 28,559 x average coverage depth (with at least
300xread supports per base). The scaffold assembled
by de novo assembly also matches with the genome at
position 68-7584. This genome sequence contained
three open reading frames: ORF1 (5,136 nt), ORF2
(1,647 nt), and ORF3 (765 nt). Using the same genotyp-
ing tools as above, this sequence was characterized as a
GIIL.3[P25] strain. The full genome sequence was depos-
ited into the NCBI GenBank with an accession number
of OQ342793. Phylogenetic analysis of the full genome
sequence was constructed with IQ-TREE2 using the best
nucleotide substitution model identified by ModelFinder
(UNREST +FO+1+ G4). The tree is shown in Fig. 3. It
showed 98.62% and 98.57% similarity to the norovirus
from China detected in 2021 and USA detected in 2022,
respectively.

Discussion

This study sought to investigate the genetic diversity of
norovirus during a short outbreak period, December
2021 to January 2022, and subsequent sporadic cases in
eastern Thailand through September 2022. Unlike pre-
vious norovirus outbreaks, which typically affect young
children under the age of 5, this outbreak included a
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cluster of medical students who ranged in age 21 to 23.
Infants and children are naive to norovirus exposure at
birth and common behaviors, including the repetitive
touching of surfaces or objects in the mouth and poor
hygiene, often leads to norovirus infection [30]. More
than 50 specimens in this study were collected from
infants and children less than 10 years; 21 specimens
(42%) were positive for norovirus GII. However, the main
cluster from this study who tested positive for norovirus
GII was adults > 20 years old; 19 of 37 (51.35%) were posi-
tive. Norovirus GII was the predominant pathogen of this
outbreak.

A diarrheal disease outbreak was identified in a work-
shop of 36 medical students during the winter months.
The exposure time was suspected to be on December 23,
2022. Recall bias might affect the subsequent outbreak
investigation; however, we used menu lists from each day
of the workshop to lessen the impact of bias. The prob-
able source of the outbreak was fresh vegetables served
in the lunch box; however, there was no food remaining
and specimens were not collected from the chefs, assis-
tants, and staff. Several diarrheal cases in Chanthaburi
Province had an exposure history to large fresh markets
in the Muang district, and the suspected source was
food, including fresh vegetables, berries, and fruits. The
environmental investigations for the source of infection
from the other study found 8/24 produce samples (such
as salad greens, cabbage, cucumber, and tomato) and ice
were norovirus-positive, and GIL.3[P25] was identified in
a tomato [12].

Among the Norovirus GII-positive samples, 31 were
successfully dual-typing sequenced in the polymerase
(RdRp region) and capsid (VP1 region) genes using
two genotyping tools, including the using the Norovi-
rus Typing Tool Version 2.0 [18] and the Human Cali-
civirus Typing tool [19]. Interestingly, three samples
(PBH22095, — 22,211 and — 22,247) were characterized
as unassignable when using Norovirus Typing Tool Ver-
sion 2.0 at the RdRp region but they were characterized
as GIL.P12 and two of GILP31, respectively (Table 2)
and they were confirmed with the phylogenetic tree
analysis (Fig. 2B). Multiple genotyping tools are essen-
tial if the unassignable or novel strain is detected. The
RdRp and VP1 regions of the norovirus genome have
the most variation and recombination [15]. Targeted
sequencing within these regions is currently the best
strategy for variant characterization. Moreover, the
construction of phylogenetic trees during and after the
outbreak (Fig. 2) shows the evolution of norovirus vari-
ants during outbreaks and strain emergence via recom-
bination and can provide insights into future outbreaks.
During the outbreak, norovirus GIL.3 (89.3%) was the
most common capsid region genotype, and GIL.P25
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Fig. 3 Phylogenetic analysis of the full genome sequence of norovirus obtained in this study. Red triangles represent sequences from this study
(PBH22034). This tree was constructed with IQ-TREE2 using 1000 replicates of Ultrafast Bootstrap (shown only values greater than 80) and the best
codon substitution model identified by ModelFinder (UNREST + FO + 1+ G4)

(85.7%) was the predominant polymerase region geno-
type, with GIL.3[P25] is the predominant strain (85.7%).
Additionally, recombination between strains and point
mutations resulted in changes in genetic diversity, and
recombinant variants might be more infectious and
virulent than the prototype strains [7, 31]. However, a
severe case of the GII.3[P25] strain was not reported in

our study. This may be explained due to most patients
being adults and symptoms were expectedly mild.

From 2000 to 2019, norovirus GII.4 was the most
prevalent genotype circulating in Thailand [9, 10], while
GIL3[P25] was first reported in 2021 from patients and
produced concurrent with our study [12]. However, four-
teen genotypes were detected among 30 norovirus GII
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positive cases, including GIL3[P25] (9/30), GIL6[P7]
(3/30); 2 each of GIL3[P7], GIL3[P12], GIL17[P17],
GIL.21[P17], and GIL.21[P21]; and 1 each of GIL3[P17],
GIL3[P31], GIL4 Sydney[P7], GIL4 Sydney[P25], GIL4
Hong Kong [P7], GIL4 Hong Kong [P31], GIL6[P17],
and GIL.7[P7]. Genotype GIL.3[P25] accounted for one-
third (30%) of cases from a previous study [12] even
though within our study 85.7% of tested specimens were
GIL3[P25], and it was the overwhelmingly predominant
strain responsible for the outbreak cluster (X?=5.13,
p<0.05). Four norovirus genotypes were identified dur-
ing the Dec 2021-Jan 2022 outbreak from our study,
including GIL3[P25] (24/28, 85.7%), GIL.17[P17] (2/28,
7.1%), and each of GII.21 [P21], and GIL3[P12]. Inter-
estingly, the RdRp region of our GIL.3[P25] strains show
98.7% identity (231 bp) with GII.4 Sydney[P25] sequence
(OP210719.1, sample collected on 7 Jan 2022) from the
previous study [12]. With high sequence identity, GIL.4
Sydney[P25] is possibly a recombinant of GII.3[P25] with
GIL4 strain. Further studies on recombination analysis
using the full sequences to identify the recombination
breakpoints and determine the recombination character-
istic are essential to elucidate this observation. Sampling
size and location might have accounted for the different
findings, but both studies showed GIL.3[P25] as a signifi-
cant cause of the outbreak. In addition, Chuchaona et al.
[12] mentioned low viral loads (Ct>30) for many of the
samples included in their study, while high viral loads
were found in our study with an average Ct value of 27.31
(min 12.92—max 39.96).

Three other norovirus strains (GI1.17[P17], GII.21[P21],
and GIL.3[P12]) co-circulating during the outbreak were
commonly found in Thailand [9-12]. Interestingly, after
the outbreak, the three positive viral diarrhea cases were
infected with previous circulating norovirus strains;
GIL.3[P16] and GIL.4[P31] (Table 2). Until Septem-
ber 2022 (the last month of the study), infection with
GIL.3[P25] was not detected in this hospital and was
no longer circulating in the community. The GII.3[P25]
strain is responsible for only one outbreak and is not
widely circulating in Thailand. Nonetheless, it is impor-
tant to continuously monitor the molecular epidemiology
of noroviruses in other regions of Thailand. Norovirus
GIL4 has been the predominant norovirus strain circu-
lating in Thailand and worldwide. In this study, we found
norovirus GIL4[P31] in only two samples outside the
outbreak period (Table 2). Norovirus GIL4[P31] strain
was reported in Thailand in 2018 [32] and caused an out-
break in Japan in 2021[33]. Norovirus GIL.3[P16] strain
was found in one sample in February 2022; it was first
detected in Thailand in 2018 [34]. These results highlight
the genetic diversity of circulating norovirus GII geno-
types in Thailand during the outbreak and sporadic cases
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and emphasize the importance of continuous molecular
surveillance of circulating noroviruses in the community.

Full genome sequencing is a powerful tool for the
detection, identification, and discrimination of norovi-
rus strains. In our study, we selected one unique strain
of norovirus GIL.3[P25] from the outbreak for conduct-
ing full genome sequencing. The full genome and Sanger
sequences indicated the same genotype (Fig. 3). Full
genome sequence of norovirus GIL.3[P25] from our study
is the first reported in Thailand. The first GIL.3[P25] was
reported from India in January 2019 as a partial sequence
in GenBank (accession no. MT393931.1, unpublished
journal). There are three full genome sequencesof noro-
virus GIIL.3[P25] available in NCBI GenBank (accessed
on 22 October 2023). The first two complete genomes
were reported from China in March 2021, (accession
no. OL451532.1 and OL451533.1, unpublished journal)
and recently from the USA in March 2022 (accession no.
OP690505, unpublished journal). Our additional data
could provide insights into the viral evolution, allowing
for more accurate predictions and appropriate response
measures in future outbreaks.

The COVID-19 pandemic demonstrated that using
NPIs such as global lockdowns, social distancing, aware-
ness of hygiene, handwashing, disinfection, and the wear-
ing of face masks can also reduce norovirus transmission
[4]. However, the use of alcohol-based hand sanitizers,
having limited efficacy against noroviruses, is not recom-
mended as a preventative measure for viral gastroenteri-
tis. Alcohol cannot eliminate the norovirus due to its lack
of a viral envelope. Handwashing is a suitable measure
for eliminating norovirus [35]. This outbreak occurred
during New Years Eve and the relaxation of COVID-19
restrictions in Thailand when people often celebrate with
co-workers, family, and friends. A recent report from the
same outbreak detected norovirus GII.3[P25] from toma-
toes at Chanthaburi during the same period of the out-
break but there was no traceable link between patients
and produce [12]. To prevent the spread of norovirus, we
suggest cleaning vegetables with running water and hand
hygiene prior to eating or cooking [36].

As a result of this study, we recommend continued envi-
ronmental investigations into the source of norovirus expo-
sure during outbreaks, including sampling people involved
in the processing of food (i.e. ice factory workers, chefs, and
restaurant staff). Furthermore, we emphasize the impor-
tance of early detection of abnormal numbers of diarrheal
cluster via event-based surveillance and maintaining the
quality of water for hand and food cleaning and for use in
ice production. It is important to communicate the risk
about diarrheal disease during cool season, and promote
norovirus prevention strategies, including hand hygiene
and proper cleaning of vegetables with running water prior
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to eating or cooking food at least 90 °C for 90 s [37] to pre-
vent future outbreaks.

Conclusions

Several pieces of evidence show this unusual norovirus
outbreak, including (1) a higher infection rate than the
median of the past five years and 60% and 10% positive
rates during and after the outbreak, respectively; (2) adults
were the primary infected population rather than chil-
dren; (3) GIIL.3[P25] was first detected in Thailand and (4)
the predominant cause of diarrhea outbreak in this cluster.
GIL3[P25], the dominant genotype from our study, could
suggest the genotype’s ability to lead to independent out-
breaks, although more investigation is necessary. The first
full genome sequence of GIL.3[P25] from Thailand was
obtained and clustered within the same lineage from China
with 98.62% nucleotide similarity. A suggested source of
the outbreak was contaminated vegetables. Moreover, rou-
tine surveillance of circulating noroviruses in the commu-
nity continues to be essential for detecting, preventing, and
controlling future viral diarrheal disease outbreaks and the
need for further support of ongoing vaccine development
programs.
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