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Abstract

The objective of this study was to describe the epidemiological and molecular surveillance of rotaviruses in tap water, recy-
cled water, and sewage sludge in Thailand from 2007 to 2018. Three hundred and seventy tap water, 202 recycled water,
and 72 sewage sludge samples were collected and processed to detect the rotavirus VP7 gene using RT-nested PCR. Rota-
virus G genotypes were identified by DNA sequencing and phylogenetic analysis. The frequency of rotavirus detection was
0.54% of the tap water samples, 30.2% of the recycled water samples, and 50.0% of the sewage sludge samples. During the
12-year surveillance, G1 was prevalent most years and constantly predominant in recycled water and sewage sludge. G2 was
identified in a tap water sample and in recycled water samples. G3 and G9 were observed in both recycled water and sewage
sludge samples. The uncommon G6 rotavirus strain was identified in one recycled water sample. The rotavirus VP4 gene
was detected in rotavirus strains with an identified G genotype using RT-multiplex nested PCR. The unusual P[6] genotype
was the most frequently detected, followed by mixed P[6]/[4] and P[4] genotypes. Phylogenetic analysis of both G and P
genotypes showed a close genetic relationship with sequences of human rotavirus strains. The high nucleotide identity of the
rotavirus strains found in this study to human rotavirus strains suggests that the rotaviruses are derived from human source.
These results represent useful epidemiological and molecular information for evaluating rotavirus distribution in water for
consumption and irrigation, and in biosolids for agricultural application.
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Introduction

Rotavirus is the most common cause of acute gastroenteritis
in children in upper income countries as well as in low- and
middle-income countries. Rotavirus is estimated to account
for approximately 39% of diarrheal patients under 5 years
of age admitted to hospital and an estimated 200,000 deaths
each year (Global Burden of Diarrhoeal Diseases Collabo-
rators 2017). The medical and societal burden due to rota-
virus gastroenteritis has been dramatically reduced after
the introduction of two licensed human rotavirus vaccines
from 2006. However, their effectiveness appears to be sig-
nificantly lower in low-income countries, and immunization
programs have not yet reached many countries, particularly
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those in Africa and Asia with high childhood mortality
(Mokomane et al. 2018). Rotaviruses belong to the genus
Rotavirus in the family Reoviridae (Estes and Greenberg
2013). Based upon the antigenic response to antibodies tar-
geting the middle layer protein VP6, rotaviruses are classi-
fied into eight species (A—H) and two tentative species (I
and J) infecting human and animal hosts. Group A rotavirus
is the most common species causing acute gastroenteritis in
humans. The outer layer proteins VP7 and VP4 are the basis
of a binary classification system for G types (glycoprotein)
and P types (protease-sensitive protein), respectively. The
group A rotavirus G and P genotypes are defined according
to nucleotide sequence differences of genes 9 (VP7) and 4
(VP4). At least 36 G genotypes and 51 P genotypes have
been identified (RCWG 2018) and six G/P genotype com-
binations: G1P[8], G2P[4], G3P[8], G4P[8], G9P[8] and
G12P[8] are mainly associated with the global rotavirus
disease burden (Dor6 et al. 2014).

Infants and young children infected with human rotavirus
always show acute diarrheal symptoms, whereas adults are
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frequently reinfected with rotavirus but with mild to moder-
ate or no clinical manifestations. Rotaviruses are contagious,
shed in large amounts in the feces of infected individuals,
and quite stable in the environment. The virus is transmis-
sible by the fecal-oral route either through direct person-
to-person contact or through contaminated water and food
(Estes and Greenberg 2013). Environmental contamination
of surface water and discharge of wastewater into drink-
ing water sources are risk factors for waterborne outbreaks
caused by enteric pathogens (Moriera and Bondelind 2017).
Waterborne outbreaks caused by rotavirus have increasingly
become a public health concern, and they have been shown
to be associated with contaminated tap water (Martinelli
et al. 2007; Mellou et al. 2014), municipal water supply
(Scarcella et al. 2009), large water depository from a water
well which supplied drinking water (Koroglu et al. 2011),
and water distribution system failure (Altzibar et al. 2015).
Rotaviruses have been detected in sewage in Italy (Ruggeri
et al. 2015), Germany (Leifels et al. 2016), Spain (San-
tiso-Bellon et al. 2020), Venezuela (Rodriguez-Diaz et al.
2009), Brazil (Staggemeier et al. 2017), and China (Zhou
et al. 2016). Additionally, the virus is resistant to different
wastewater treatment procedures as reported from France
(Prevost et al. 2015), Brazil (Assis et al. 2018), and Iran
(Kargar et al. 2013).

In Thailand, rotavirus is the leading cause of acute diar-
rhea in children under 5 years of age, and is responsible for
one-third of gastroenteritis cases (Sakpaisal et al. 2019), as
well as occasionally infecting adults who require hospital
admission (Kittigul et al. 2014b; Tacharoenmuang et al.
2020). A variety of rotavirus strains have been detected in
river and irrigation canal samples (Kittigul et al. 2014a),
suggesting that evidence-based reports of rotaviruses in
humans and the environment are essential for informed
public health management. However, there have been few
studies monitoring rotavirus continually in water for con-
sumption and reuse purposes, and in sewage sludge for agri-
cultural uses. The aim of this study was to assess the preva-
lence, genotypes, and molecular characteristics of group A
rotavirus in tap water, recycled water, and sewage sludge
samples, which are possible sources of rotavirus contamina-
tion, in Thailand during 2007-2018.

Materials and Methods

Water and Sewage Sludge Samples

From 2007 to 2018, 370 tap water samples (5 L per
sample; 2007—2011 and 20 L per sample; 2012—2018)
comprising 30—32 samples collected during June—July

each year were obtained from the Bangkok Metropolitan
Region, Thailand. The tap water samples obtained from
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the water production, transmission and distribution sys-
tem in Bangkok had been passed through water treatment
processes including clarification (activated sludge), sand/
anthracite coal filters and chlorine disinfection. Samples
of 202 recycled water samples (5 L per sample) consist-
ing of 7—24 samples (1—2 samples per month) each year
between 2007 and 2018, and 72 sewage sludge samples
(5 g per sample) consisting of 6—12 samples (1—2 samples
per two months) each year between 2012 and 2018 were
collected at a wastewater treatment plant (WWTP) located
in Bangkok Metropolitan Region. This WWTP capacity
is 16,000 m? per day and the plant receives urban sew-
age produced by approximately 60,000 inhabitants. The
recycled water samples were taken from the flow at the
effluent after a secondary treatment system (an activated
sludge process) and a tertiary treatment system with a dual
media filter and a disinfection process. The sewage sludge
samples were obtained from semi-solid waste that is a by-
product of sewage treatment after a mechanical sludge
dewatering process with lime stabilization. The tap water,
recycled water, and sewage sludge samples collected were
transported to the laboratory and processed to concentrate
the virus.

Virus Processing

The tap water and recycled water samples were processed
using an adsorption-elution method with membrane fil-
tration as described previously (Kittigul et al. 2014a).
Briefly, the water samples were adjusted to pH 3.5 and
supplemented with aluminum chloride to a final concen-
tration of 0.0015 N. A mixed cellulose ester membrane
with a 0.45 pm pore size and a diameter of 47 mm (Pall
Corporation, Ann Arbor, MI, USA) for small volumes or
a 90 mm (Advantec®, Tokyo, Japan) for large volumes of
water were used for the filtration and viral adsorption. The
bound virus on the membrane was eluted by adding 2.9%
tryptose phosphate broth (TPB) containing 6% glycine, pH
9.0 and the eluate was adjusted to pH 7.0-7.4. Volumes
of the concentrates were reduced using a vacuum centri-
fuge (UNIEQUIP Laborgeratebau und-vertriebs GmbH,
Munich, Germany) to 0.75-3.9 mL for the tap water and
1.3-2.2 mL for the recycled water. The sewage sludge
samples were processed using an adsorption-elution
method as described previously (Kittigul et al. 2014a).
Briefly, the samples were mixed with deionized water
(20 mL) and adjusted to pH 5.0. The virus was eluted
twice by adding 2.9% TPB containing 6% glycine, pH 9.0
followed by 0.5 M arginine-0.15 M NaCl, pH 7.5. Volumes
of the eluates were reduced using a vacuum centrifuge to
0.7-1.4 mL. All concentrates were stored at — 80 °C until
used for nucleic acid extraction.
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RNA Extraction

Viral RNAs in the concentrated water and sewage sludge
samples (140 pL each) were extracted using the QIAamp®
viral RNA extraction kit (QIAGEN Gmbh, Hilden, Ger-
many) according to the manufacturer’s instruction. Extracted
RNAs were eluted in 60 pL of the eluent buffer and stored
at— 80 °C until rotavirus analysis.

RT-Nested PCR Amplification for Rotavirus G
Genotypes

Group A rotavirus RNA was amplified by RT-nested PCR
assay as described previously (Kittigul et al. 2014a) using
VP7 specific primers: RV1 (GTCACATCATACAATTCT
AATCTAAG) and RV2 (CTTTAAAAGAGAGAATTT
CCGTCTG) for RT-PCR; and RV3 (TGTATGGTATTG
AATATACCAC) and RV4 (ACTGATCCTGTTGGCCAW
CC) for nested PCR. In the first round (RT-PCR), the cycling
conditions consisted of reverse transcription at 41 °C for
60 min; 94 °C for 2 min, PCR of 25 cycles at 94 °C for 30 s,
55 °C for 30 s, and 72 °C for 60 s, followed by a final exten-
sion at 72 °C for 3 min. In the second round (nested PCR),
the RT-PCR product was further amplified under the same
conditions of amplification as used for the first round RT-
PCR for 40 cycles. The molecular size of PCR products was
determined by agarose gel electrophoresis and ethidium bro-
mide staining. The expected rotavirus amplicon was 346-bp.

Rotavirus P Genotyping

Rotavirus screening was performed using RT-nested PCR
with VP7 specific primers and the positive samples were
further genotyped for both VP7 (G-type) and VP4 genotypes
(P type). G genotypes were identified using DNA sequenc-
ing and phylogenetic analysis. Rotavirus VP4 was detected
using RT-multiplex nested PCR as described previously
(Kittigul et al. 2014b). P genotypes were identified using
DNA sequencing and phylogenetic analysis.

DNA Sequencing and Phylogenetic Analysis

The rotavirus PCR products from the VP7 and VP4 assays
were purified using a QIAquick PCR Purification Kit or
a QIAquick Gel Extraction Kit (QIAGEN Gmbh, Hilden,
Germany) following the manufacturer’s protocol. The puri-
fied PCR products were subjected directly to DNA sequenc-
ing. The nucleotide sequences of the VP7 and VP4 genes
were compared with those of reference strains available
in the GenBank database using the BLAST (Basic Local
Alignment Search Tool) server. Phylogenetic analysis was
conducted using MEGA (Molecular Evolutionary Genetic
Analysis), version 6.0 (Tamura et al. 2013).

GenBank Accession Numbers

The nucleotide sequences of rotavirus obtained from
tap water, recycled water, and sewage sludge samples in
this study were deposited in GenBank and were assigned
accession numbers for VP7 genes: MT423524-MT423614
and for VP4 genes: MW075439-MW075464.

Results

Detection of Rotavirus in Water and Sewage Sludge
Samples

In laboratory experiments, the sensitivity of RT-nested
PCR for detection as determined by seeding known rota-
virus amounts into the concentrates from tap water, recy-
cled water, and sewage sludge was 6.69 x 10° genome
copies/mL or 2.23 copies/reaction. In analysis of the
collected environmental samples, the group A rotavirus
detection results showed that 0.54%, 30.2%, and 50.0% of
the tap water, recycled water, and sewage sludge samples,
respectively, were positive for rotavirus by RT-nested PCR
(Table 1). In two separate years (2009 and 2013), a single
tap water sample out of 30 (1/30, 3.33% for both years)
was found to be positive for rotavirus RNA after which the
collected tap water samples were consistently negative.
The recycled water samples obtained from the wastewater
treatment system showed the presence of rotavirus RNA
with the highest frequency of rotavirus detection occurring
in the year 2007 (5/7, 71.4%) and levels declined con-
sistently until 2011, after which levels again increased.
The collection of sewage sludge samples started in the
year 2012 and rotavirus RNA was detected continuously
in all years evaluated (2012—2018) with the highest fre-
quency occurring in 2018 (4/6, 67%) (Fig. 1). Rotavirus
RNA could be detected in the recycled water and sewage
sludge samples all year round, with the highest frequency
in the winter months (November to February) through to
the summer months (March to May) of Thailand (data not
shown).

Table 1 The presence of rotaviruses in various sources of samples
collected during 2007-2018

Type of sample sources Total tested Rotavirus-posi-

tive samples

No %
Tap water 370 2 0.54
Recycled water 202 61 30.2
Sewage sludge 72 36 50.0
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Genotype Distribution of Rotavirus

Among group A rotaviruses giving positive results by RT-
nested PCR, most rotavirus strains (91/99, 91.9%) could be
characterized and identified using DNA sequencing and phy-
logenetic analysis. The most frequent genotype of rotavirus
detected in the present study was G1 (61/91, 67% of rota-
viruses typed), followed by G3 (14/91, 15.4%), G9 (11/91,
12.1%), G2 (4/91, 4.4%), and G6 (1/91, 1.1%), although the
distribution of the G genotypes varied according to the type
of sample. Genetic diversity was observed in the recycled
water samples and five (G1, G2, G3, G6, and G9) of the six
rotavirus genotypes associated with the majority of human
rotaviral disease were identified. Rotavirus genotypes G1,
G3, and G9 were found in the sewage sludge samples. Of the
two tap water samples positive for rotavirus, one sample was
identified as belonging to the G2 genotype. According to the
year of sample collection, one to four rotavirus genotypes
were found in each year. The G1 genotype was found in the
samples at the highest frequency in nine of the 12 years eval-
uated. The G2 genotype was found in the years 2009, 2010,
and 2013; G3 in the years 2012, 2014—2017; G6 in the year
2013; and G9 in the years 2008, 2013, 2015—2017 (Fig. 2).

Of 91 group A rotavirus strains with identified G geno-
type, 59 (64.8%) could be genotyped for P type, and 9 (9.9%)
were untypeable for the P type. P[6] (40/91, 44.0%) was the
most frequently detected, followed by mixed P[6]/[4] (10/91,
11.0%) and P[4] (9/91, 9.8%). The recycled water samples
gave positive results for rotavirus VP4 at a higher frequency
(42/91, 46.1%) than the sewage sludge samples (26/91,
28.6%). Since different genotypes of rotaviruses might be
present in an environmental sample, the combination of the
G and P types in recycled water and sewage sludge samples
could not be determined.
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Year

Molecular Characterization of Rotavirus G and P
Genotypes

The 61 G1 rotavirus strains clustered with strains from the
G1 lineage I (39 samples; 19 recycled water and 20 sewage
sludge) and G1 lineage II (22 samples; 14 recycled water
and 8 sewage sludge). The G1-I lineage strains exhibited
97.59-100% nucleotide identity with human rotavirus group
A strains detected in Thailand, Taiwan, India, and Lebanon.
The G1-II lineage strains exhibited 97.24—-100% nucleotide
identity with human rotavirus group A strains detected in
Thailand, India, Russia, Italy, and Belgium (Fig. 3a). The
4 G2 rotavirus group A strains clustered with strains from
the G2 lineage IV (3 recycled water samples and 1 tap water
sample). These strains exhibited 99.66-100% nucleotide
identity with human rotavirus group A strains detected in
Taiwan and Japan, and with the rotavirus strain (Oys093)
found in oyster from Thailand. The 14 G3 rotavirus strains
grouped together with strains from the G3 lineage I (4 sam-
ples; 2 each for recycled water and sewage sludge) and with
strains in the G3 lineage IX (10 samples; 8 recycled water
and 2 sewage sludge). The G3-I lineage strains exhibited
98.98-99.66% nucleotide identity with human rotavirus
group A strains detected in Pakistan and Iran. The G3-IX
lineage strains exhibited 98.30-99.32% nucleotide identity
with human rotavirus group A strains detected in Thailand
and Pakistan. One rotavirus group A strain clustered with
strains from the G6 lineage I. This G6-I lineage strain exhib-
ited 95.92% nucleotide identity and was closely related to
the human rotavirus group A strain identified in Belgium.
The 11 G9 rotavirus strains grouped together with strains
from the G9 lineage III (9 samples; 7 recycled water and 2
sewage sludge) and strains in the G9 lineage VI (2 samples;
1 each for recycled water and sewage sludge). The G9-I11
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Fig. 2 Distribution of rotavirus genotypes detected (see legend) by year from 2007 to 2018

lineage strains separated into two branches with 97.19-100%
nucleotide identity and were closely related to human rota-
virus group A strains found in Thailand, Taiwan, Japan,
India, and Lebanon. The G9-VI lineage strains exhibited
96.49-97.89% nucleotide identity with human rotavirus
group A strains detected in China and Japan (Fig. 3b).

The 26 rotavirus strains with an identified G genotype
were used in a phylogenetic analysis of the VP4 gene. Most
of them (76.9%) clustered with strains from the P[6] lineage
ITa exhibiting 98.73—-100% nucleotide identity with human
rotavirus group A strains detected in Thailand, Pakistan,
South Africa, Ethiopia, and Indonesia. Some rotavirus
strains (23.1%) clustered with strains from the P[4] lineage
IV exhibiting 99.58-100% nucleotide identity with human
rotavirus group A strains detected in Bangladesh, Taiwan,
Korea, and Vietnam (Fig. 4).

Discussion

Source water contamination with rotavirus is a public health
concern of considerable significance. Wastewater often
becomes an irrigation water source and insufficient treatment
of the wastewater may cause outbreaks of viral diseases.
Enteric viruses including rotavirus are required for virus
risk management (Sano et al. 2016). This study undertook
a longitudinal continuous epidemiological surveillance of
group A rotavirus in tap water, recycled water, and sewage
sludge for twelve consecutive years (2007-2018) in Thai-
land. Only two samples containing rotavirus were observed

in tap water, which is a lower detection rate (0.54%) than
that in previously reported in Brazil (16.4%) (Kluge et al.
2014). Although the prevalence of rotavirus in tap water
was low, it is of significant concern, as this finding implies
that the rotavirus had passed through the treatment process
and entered the tap water distribution system. Rotavirus-
contaminated tap water influences drinking water quality,
which is considered to be a resource for safe drinking water.
Adequate treatment and disinfection of drinking water has
been documented to reduce the potential risk from human
rotavirus (World Health Organization 2017).

Water derived from a WWTP is intended for recycling,
agriculture reuse, and discharge into natural aquatic receiv-
ing environments. The presence of rotavirus in recycled
water also supports the resistance of rotavirus to wastewater
treatment, as shown in previous studies (Kargar et al. 2013;
Prevost et al. 2015; Assis et al. 2018; Prado et al. 2019).
Improvement of the treatment process could remove group
A rotavirus in treated wastewater (Ibrahim et al. 2020), in
the effluents from WWTPs (Randazzo et al. 2019) and in
the drinking water from water treatment plants (Atabakhsh
et al. 2019). Meanwhile, sewage sludge, which is obtained
after the treatment process, had the highest rotavirus detec-
tion rate. Given that sewage sludge is often used as a source
of nutrients in agricultural applications, the presence of
rotavirus RNA is a cause for significant concern. To our
knowledge, this is the first report on the presence of rota-
virus in sewage sludge, and this finding suggests that rota-
virus has the potential to enter the environment with con-
comitant adverse effects on human health, including acute
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Fig.3 Phylogenetic trees
obtained from partial nucleotide
sequences of the VP7 gene of
group A rotavirus together with
known human and animal rota-
virus strains from the GenBank
database. The trees of rotavirus
G genotypes are shown: G1

(a), and G2-G9 (b). The strains
labeled with filled circles, filled
squares, and filled star indicate
rotaviruses detected in recycled
water, sewage sludge, and tap
water, respectively. The phylo-
genetic trees were constructed
using the Maximum Likelihood
Method with 1000 bootstrap
replicates. Percent bootstrap
support is indicated by the value
at each node when the value
was >70%. The scale bar at

the bottom of the tree indicates
genetic distance
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Fig.4 Phylogenetic trees obtained from partial nucleotide sequences
of the VP4 gene of group A rotavirus together with known human
and animal rotavirus strains from the GenBank database. The trees of
rotavirus P genotypes are shown. The strains are labeled with filled
circles and filled squares which indicate rotaviruses detected in recy-
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cled water, and sewage sludge, respectively. The phylogenetic trees
were constructed using the Maximum Likelihood Method with 1000
bootstrap replicates. Percent bootstrap support is indicated by the
value at each node when the value was>70%. The scale bar at the
bottom of the tree indicates genetic distance
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gastroenteritis. Although the RT-nested PCR method used in
this study cannot discriminate between the presence of infec-
tious and non-infectious viral particles in water and sewage
sludge, the high rates of detection suggest the dispersal of
rotavirus into the environment.

In Thailand, severe flooding occurred in many areas
throughout the country in 2011; however, rotavirus was not
detected in either tap water or recycled water collected in
that year. This is in contrast to a previous study that demon-
strated enteric virus contamination of drinking water from
wells due to a flood in Italy (Masciopinto et al. 2019). The
difference may result from the source of water supplies and
water treatment processes, especially in flood situations.
After 2011, rotaviruses increased significantly in both recy-
cled water and sewage sludge samples suggesting the per-
sistent contamination of environmental sources from the
agricultural applications of these resources. The seasonal-
ity of rotavirus infection in tropical regions may vary from
place-to-place and from year to year. The peak of rotavirus
present in the recycled water and sewage sludge was found
in samples from the winter season of Thailand; however,
the high prevalence was also observed in samples from the
summer season, corresponding to previous reports of the
rotavirus prevalence in patients with acute gastroenteritis
(Sakpaisal et al. 2019; Tacharoenmuang et al. 2020).

During all years of the sampling period (2007-2018), the
predominant G1 strain similar to human rotavirus strains was
distributed in the recycled water and sewage sludge sam-
ples. Rotavirus G1 strains were prevalent in domestic sew-
age in Venezuela, 2007-2008 (Rodriguez-Diaz et al. 2009),
urban and hospital sewage in Iran, 2010-2011 (Kargar et al.
2013), and sewage from WWTPs in Italy, 2010-2011 (Rug-
geri et al. 2015). Other genotypes including G2, G3, and
G9 similar to human rotavirus strains found in this study
to a lesser extent correspond to a previous study in Italy,
2010-2011 (Ruggeri et al. 2015), whereas a study in Spain,
2015-2016, revealed the circulation of G2, G3, G9, but not
G1 in raw sewage from WWTPs (Silva-Sales et al. 2020).
Our previous study on samples from irrigation canals and
rivers in Thailand during 2006-2007 revealed the highest
prevalence of G3 followed by G1, G2, and G9 strains also
demonstrating similarity to human rotavirus strains (Kittigul
et al. 2014a). Interestingly, in the present study, rotavirus
G2 strains were only identified in a tap water sample and
in recycled water samples and were not present in sewage
sludge. It is possible that this genotype might be resistant
to water treatment and disinfection processes. Neverthe-
less, recycled water which had passed through the water
treatment process also contained other rotavirus genotypes
suggesting similar resistance of G1, G3, G6, and G9. The
uncommon G6 genotype was detected in a recycled water
sample and it is related phylogenetically to G6 strains in
humans. This finding is consistent with the previous study

in Italy (Ruggeri et al. 2015) suggesting that a rare G6 strain
may have circulated in the city population, being shed with
feces in large amounts into the wastewater and remains in
the water for reuse purposes.

The G1 strain being the most prevalent rotavirus in envi-
ronmental samples is in agreement with other studies in
patients with acute gastroenteritis during 2007-2018 in Italy
(de Waure et al. 2020), the same period as this study, and
in a long 35-year observation (1984-2019) undertaken in
Russia (Novikova et al. 2020). Similarly, the predominance
of G1 and other genotypes (G2, G3, and G9) of rotavirus
strains found in the current study are in accordance with
earlier studies performed in samples from patients with
acute gastroenteritis in Thailand during 2008-2010 (Sak-
paisal et al. 2019), 2011-2014 (Chieochansin et al. 2016),
and 2014-2016 (Tacharoenmuang et al. 2020). Of note, the
decrease of G1 and the emergence of G3 as seen in recycled
water and sewage sludge between 2014 and 2016 correspond
to the rotavirus genotypes observed in samples from children
and adults with acute gastroenteritis during the same period
(Tacharoenmuang et al., 2020). Human rotavirus strains
detected in environmental samples such as sewage sludge
suggest the virus is circulating in the general population,
being shed into wastewater and probably resisting wastewa-
ter treatment systems.

Since the authors used a more stringent methodology
(RT-nested PCR) for the rotavirus group A detection and
characterization of rotavirus G-type than for the VP4 geno-
typing (P type) which was carried out using RT-multiplex
nested PCR, it is possible that this is reflected in the higher
frequency of G-type rotavirus detected. Additional P geno-
typing in identified G rotavirus strains revealed an interest-
ing finding of the predominance of P[6] followed by P[4]
which are similar to human rotavirus strains, suggesting that
these strains may have originated from human rotavirus. P[8]
and P[4] are the most common VP4 types found in humans
(Dor6 et al. 2014) whereas P[6] is a rare genotype in various
countries including Thailand (Chieochansin et al. 2016; Sak-
paisal et al. 2019; Tacharoenmuang et al. 2020). The unusual
rotavirus G1P[6] strain is reported to be mainly responsible
for acute diarrhea in hospitalized children and adult patients
in India (Jain et al. 2016). The common P type, P[8], was not
detected in the recycled water and sewage sludge samples.
The present study may imply a high resistance of P[6] and
P[4] to the treatment process of wastewater.

This study has some limitations. Initially, virus recovery
of the methodology was not determined using an internal
control, although a high sensitivity of the RT-nested PCR
was obtained for different kinds of environmental samples.
In addition, determination of the viral loads in the rotavirus-
positive samples was not undertaken. A highly sensitive RT-
nested PCR methodology was used for the group A rotavirus
detection and characterization of the G-type, but this method
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does not allow detection of mixed G genotypes in the same
sample. Further investigations of the rotavirus present in
the environment at the molecular level will provide crucial
data on group A rotavirus epidemiology and strain diversity.

In conclusion, our study shows the epidemiological trends
of rotavirus in tap water, recycled water, and sewage sludge,
and common G and uncommon P rotavirus genotypes cir-
culating in the environment in Thailand. Continuous and
ongoing screening for rotavirus in potable water and envi-
ronmental samples is necessary to improve public health
and for proper assessment and management of the risks of
acute gastroenteritis.
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