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Abstract

Rotavirus infection is a dilemma for developing countries, including Malaysia. Although com-
mercial rotavirus vaccines are available, these are not included in Malaysia’s national immu-
nization program. A scarcity of data about rotavirus genotype distribution could be partially
to blame for this policy decision, because there are no data for rotavirus genotype distribu-
tion in Malaysia over the past 20 years. From January 2018 to March 2019, we conducted a
study to elucidate the rotavirus burden and genotype distribution in the Kota Kinabalu and
Kunak districts of the state of Sabah. Stool specimens were collected from children under 5
years of age, and rotavirus antigen in these samples was detected using commercially avail-
able kit. Electropherotypes were determined by polyacrylamide gel electrophoresis of geno-
mic RNA. G and P genotypes were determined by RT-PCR using type specific primers. The
nucleotide sequence of the amplicons was determined by Sanger sequencing and phyloge-
netic analysis was performed by neighbor-joining method. Rotavirus was identified in 43
(15.1%) children with watery diarrhea. The male:female ratio (1.9:1) of the rotavirus-infected
children clearly showed that it affected predominantly boys, and children 12—-23 months of
age. The genotypes identified were G3P[8] (74% n = 31), followed by G1P[8] (14% n = 6),
G12P[6](7% n = 3), G8P[8](3% n = 1), and GxP[8] (3% n = 1). The predominant rotavirus cir-
culating among the children was the equine-like G3P[8] (59.5% n = 25) with a short electro-
pherotype. Eleven electropherotypes were identified among 34 strains, indicating
substantial diversity among the circulating strains. The circulating genotypes were also phy-
logenetically diverse and related to strains from several different countries. The antigenic
epitopes present on VP7 and VP4 of Sabahan G3 and equine-like G3 differed considerably
from that of the RotaTeq vaccine strain. Our results also indicate that considerable genetic
exchange is occurring in Sabahan strains. Sabah is home to a number of different ethnic
groups, some of which culturally are in close contact with animals, which might contribute to

PLOS ONE | https://doi.org/10.1371/journal.pone.0254784  July 28, 2021

1/20


https://orcid.org/0000-0002-1869-3701
https://doi.org/10.1371/journal.pone.0254784
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0254784&domain=pdf&date_stamp=2021-07-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0254784&domain=pdf&date_stamp=2021-07-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0254784&domain=pdf&date_stamp=2021-07-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0254784&domain=pdf&date_stamp=2021-07-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0254784&domain=pdf&date_stamp=2021-07-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0254784&domain=pdf&date_stamp=2021-07-28
https://doi.org/10.1371/journal.pone.0254784
https://doi.org/10.1371/journal.pone.0254784
http://creativecommons.org/licenses/by/4.0/
https://mygrants.gov.my

PLOS ONE

Equine like G3 in Sabah, Malaysia

Competing interests: The authors have declared
that no competing interests exist.

the evolution of diverse rotavirus strains. Sabah is also a popular tourist destination, and a
large number of tourists from different countries possibly contributes to the diversity of circu-
lating rotavirus genotypes. Considering all these factors which are contributing rotavirus
genotype diversity, continuous surveillance of rotavirus strains is of utmost importance to
monitor the pre- and post-vaccination efficacy of rotavirus vaccines in Sabah.

Introduction

Rotavirus is a nonenveloped double-stranded RNA virus belonging to the family Reoviridae
[1]. Its genome is composed of 11 gene segments that are enclosed by an inner core, an inner-
most layer that is interconnected with the outer capsid by the intermediate capsid. The outer
capsid is composed of glycosylated VP7 protein and spiky protease-sensitive VP4 protein
[2,3]. VP4 and VP7 proteins contain epitopes that induce neutralizing antibodies [4,5]. These
proteins also define the P and G genotypes, which are combined to produce the dual rotavirus
classification system. To date 36 G and 51 P genotypes have been identified in rotaviruses [6].
G1, G2, G3, G4, GY, P4, P6 and P8 genotypes are those commonly detected in circulating
strains. Globally, G1P[8], G2[P4], G3P[8], G4P[8], G9P[8]/P[6] and G12P[8]/P[6] are the
dominant genotypes detected during human infections [7,8]. Moreover, novel rotaviruses with
distinct genotypes have been detected as a result of gene reassortment between human and
animal rotaviruses [9,10].

Rotaviruses can also be classified based on the migration pattern of the segmented genome
in polyacrylamide gel electrophoresis (PAGE), termed the electropherotype. There are two
major patterns of electropherotypes, long and short, differentiated by the migration rate of seg-
ment 10 containing the NSP5 gene. This results from the insertion of AT-rich sequences in the
3-terminal noncoding region of segment 11 [11], which causes an inversion of the migration
order of gene segments 10 and 11 [8]. There is a general correlation between G/P type and
electropherotypes. G1P[8], G3P[8], G4P[8] and GIP[8] strains show a long electropherotype
pattern, whereas G2P[4] shows a short electropherotype pattern.

Two commercially available vaccines, Rotarix and RotaTeq, have been recommended by
the World Health Organization (WHO) for all national immunization programs and particu-
larly for countries in south and southeastern Asia and sub-Saharan Africa [12], after they
resulted in substantial reductions in severe rotavirus infections in industrialized countries
[13,14]. In Malaysia, both rotavirus vaccines are available on the private market and as of July
15, 2019. Rotarix is a monovalent vaccine derived from a human G1P[8] isolate. RotaTeq is
pentavalent, consisting of a mixture of human bovine rotavirus monoassortants, carrying the
genes encoding the human G1, G2, G3, G4 and P[8] proteins on the genetic background of a
bovine rotavirus G6P[5] [15]. As of April 2018, 95 countries have introduced rotavirus vac-
cines into their national immunization programs, including many low-income countries [16].
Other than these vaccines, several countries are developing their own rotavirus vaccines based
on the predominant circulating genotypes in these respective countries; for example, in 2016,
India introduced Rotavac, a monovalent vaccine derived from a G9P[11] strain [16,17]. This
vaccine is listed as a prequalified vaccine by the WHO [16]. In 2018, India included Rotasil, a
multivalent (G1, G2, G3, G4, G9 and P[8]) rotavirus vaccine, in its national immunization pro-
gram [18].

Rotavirus remains the most significant causative agent of acute gastroenteritis among chil-
dren under 5 years of age worldwide and has been implicated in an estimated 25 million
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hospitalizations and 450,000 deaths annually [19]. Developing countries in Asia and Africa
have a high burden of rotavirus infection and account for over 90% of deaths, according to an
estimate of 2015 [20]. In Malaysia, rotavirus is responsible for 31,000 hospitalizations, 41,000
outpatient visits, 145,000 episodes of home-treated gastroenteritis, and 27 deaths per year [21].
Studies in Malaysia of rotavirus circulating genotypes have been reported from the 1970s to
the 2000s [22]. The common rotavirus genotypes, G1P[8], G2P[4], G3P[8] G9P[8], were iden-
tified and their predominance has changed from time to time [22]. However, starting from
2000, G9P[8] has emerged to become the predominant rotavirus identified in Johor (42%)
[23], Kuala Lumpur, and Kuching (73.3%) [23,24]. Continuous surveillance of rotavirus geno-
typic distribution at a regional level is crucial to ensure that Rotarix and RotaTeq provide pro-
tection against the circulating strains. However, most of the studies on rotavirus have been
done in west Malaysia, particularly in Kuala Lumpur [22-24].

Malaysia consist of 13 states and three federal territories, broadly divided into West and
East Malaysia (S1 Fig). West Malaysia comprises the Malay Peninsula. East Malaysia consists
of two states and one federal territory on Borneo island. However, rotavirus susceptibility var-
ies in different areas; for example, children in East Malaysia are more vulnerable to diarrhea
than those in West Malaysia (8.7 hospitalizations/1,000 children vs 4.3 hospitalizations/1,000
children). Furthermore, children from the indigenous community have a higher rate of hospi-
talization (11.6 hospitalizations/1,000 children) because of diarrhea than other ethnicities
(2.9-8.0 hospitalizations/1,000 children) [25].

Except for one study done in Queen Elizabeth Hospital, Kota Kinabalu during 2005-2006
which found that 16% of samples positive for rotavirus infection [26], no studies have been
conducted in the state of Sabah despite the importance of this virus and the availability of a
vaccine. There have also been no published studies of the genotype distribution of rotaviruses
in Malaysia over the past 20 years. Moreover, there have been no studies of the genotype distri-
bution of rotavirus among children of Sabah, which is crucial before introducing a rotavirus
vaccine. Therefore, the present study was conducted to determine the circulating genotypes
among children under 5 years of age in Sabah, which could be useful for informed policy-mak-
ing for rotavirus vaccine implementation in this state.

Materials and methods

Collection of watery stool samples and patients’ information

From January 2018 through March 2019, watery stool samples were collected from children
under 5 years of age with diarrhea attending Sabah Women and Children’s Hospital, Kunak
District Hospital, Menggatal Health Clinic and Telipok Health Clinic. Kunak District Hospital
is situated in the Kunak district, and the other hospitals are in the Kota Kinabalu district. A
case of diarrhea was defined as passing of three loose stools during a 24-hour period (27) and
convenient sampling method was used to collect sample. Before sample collection written
informed consent was taken from the guardians of the children. The age, gender and race of
the children were recorded. The collected stool samples were sent in cold chain to the labora-
tory of Universiti Malaysia Sabah, Kota Kinabalu. The samples were stored in -80 C until used.

Ethics approval

Ethics approval was obtained from the National Medical Research Registrar for the Telipok
and Menggatal Health Clinics (NMRR-16-2245-32787), Sabah Women and Children’s Hospi-
tal NMRR-19-3925-52370), and Kunak District Hospital (NMRR-20-1324-55178).
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Rotavirus identification

Stool samples were diluted tenfold in phosphate-buffered solution. Rotavirus was identified
using a commercial enzyme immunoassay according to the manufacturer’s instruction (Rota-
clone, Meridien Diagnostics Inc, Cincinnati, USA).

RNA extraction and determination of G and P genotype of rotavirus

Rotavirus genomic RNA was extracted from rotavirus-positive samples using a QlAamp Viral
RNA Mini Kit according to the manufacturer’s instructions (Qiagen GmbH, Hilden, Ger-
many). The VP7 and VP4 genes were amplified by reverse transcription-polymerase chain
reaction (RT-PCR) amplification [27] using AccessQuick RT PCR MasterMix (Promega Cor-
poration, Madison, WI, USA). For G genotyping, primers VP7-R, G1, G2, G4, and G8 were
used as described previously [28], while for G3 and G9 genotypes, the primers used were
described by Gouvea et al., [28]. Primers for P genotyping were used according to Gunasena
etal. [29]. Respective genotypes were determined primarily by estimating the molecular weight
of the amplicons after running in agarose gel. Nucleotide sequencing of the amplicons were
determined; genotypes were determined by submitting nucleotide sequences to the rotavirus
genotyping tool (https://www.viprbrc.org/bre/rvaGenotyper.spg?method=
ShowCleanInputPage&decorator=reo).

Nucleotide sequencing, phylogenetic analyses and nucleotide identity

The nucleotide sequence of the amplicons was determined using the BigDye Terminator Cycle
Sequencing Kit (v. 3.1; Applied Biosystems, Foster City, CA, USA), according to the manufac-
turer’s instructions, and the product was run on an ABI Prism 3100 Genetic Analyzer (Applied
Biosystems). Nucleotide sequences of the VP7 and VP4 genes of Sabahan strains and other
strains retrieved from GenBank were used for phylogenetic analyses. Phylogenetic analyses
were done with the neighbour joining method using MEGA X (https://www.megasoftware.
net) after aligning the nucleotide sequences using CLUSTAL W. The branching patterns were
evaluated using a bootstrap analysis of 1,000 replicates. The nucleotide identities of the VP7
and VP4 genes of different lineages were calculated by online software (www.bioinformatics.

org).

Determination of electropherotypes

The genomic dsRNA was extracted from rotavirus-positive samples and electropherotype was
determined by subjecting the extracted dsRNA to PAGE according to a previously published
method [30,31]. In brief, 5 pl of extracted dsRNA mixed with 5 pl of loading buffer was loaded
in each lane of a 10% polyacrylamide gel and run for 16 h at constant a current of 8 mA. Num-
bering of electropherotypes was arbitrarily assigned and based upon distinct changes in the
migration patterns within at least one of the four groups of segments, i.e., segments 1 to 4, 5
and 6,7 to 9, or 10 and 11.

Results

A total of 285 samples were collected during the study period. The male:female ratio of the
subjects was 1.5:1 (153 male, 102 female and 30 undetermined). Their median age was 18
months and ranged from 15 days to 66 months (only one child was 66 months). Rotavirus was
detected in 15.1% (43/285) of the samples. The male:female ratio of the rotavirus-infected chil-
dren was 1.9:1. The median age of patients with rotavirus diarrhea was 14 months and ranged
from 15 days to 55 months. Rotavirus was identified most commonly in children aged 12-23
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Fig 1. Age distribution. The number of cases with rotavirus diarrhea distributed according to age.

https://doi.org/10.1371/journal.pone.0254784.9001

months, followed by those aged 24-35 months (Fig 1). Rotavirus was less likely to affect chil-
dren aged 6-11 months and 48-59 months.

Forty-two rotavirus-positive samples were available for G and P genotyping. The predomi-
nant G genotype was G3 (74% n = 31) followed by G1(14% n = 6), G12(7% n = 3), G8(2%

n = 1), and in one sample (2%) the G genotype could not be determined. P genotypes were
identified in 42 rotavirus-positive samples. The predominant P genotype was P[8], which was
detected in 39 (93%) of the samples, followed by P[6] in 3 (7%) of the samples. Based on the G
and P genotype combinations, the predominant genotype was G3P[8] (74% n = 31), followed
by G1P[8] (14% n = 6), G12P[6](7% n = 3), G8P[8](3% n = 1), and GxP[8] (3% n = 1).

Of the samples subjected to PAGE, all 11 segments could be identified in 34 samples and
their electropherotypes could be determined. All 11 segments were not visible in remaining
samples because genomic RNA yield was less possibly due to the lower concentration of virus
particles. Three short and eight long electropherotype patterns were identified (Fig 2). Among
the short electropherotypes, 11 strains belonged to S1, 11 to S2 and 1 to S3 electropherotype.
Among the long electropherotypes, there were two each of L1, L2 and L3 electropherotypes.
There was one strain of each electropherotype L4, L5, L6, L7 and L8.

Phylogenetic analysis of the VP7 gene of genotype G1 showed that two G1 rotavirus strains
from Sabah formed an independent cluster but were closely related to strains from Indonesia
and belonged to lineage Ic (Fig 3). The VP7 genes Sabahan strains shared 99.9% nucleotide
identity among themselves and 99.5-99.8% identity with Indonesian strains. One G1 strain
formed a cluster with strains from South Africa and Vietnam, and belonged to lineage II.
These strains shared 99.2-99.5% nucleotide identity among themselves. The other three strains
from Sabah also belonged to lineage II and clustered with a strain from Pakistan. There was
99.8-99.9% nucleotide identity among strains from Sabah. Sabahan strains shared 99.5-99.6%
nucleotide identity with Pakistani strain.
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Fig 2. Electropherotypes of rotaviruses identified in Sabah. In total, 11 electropherotypes were identified, three short
(S1-S3) and eight long (L1-L8) electropherotype patterns were identified. The strain number and genotype of each
electropherotype is shown above the electropherotype.

https://doi.org/10.1371/journal.pone.0254784.9002

Phylogenetic analysis of the VP7 genes showed that our G12 P[6] strains belonged to line-
age III and formed an independent cluster; these strains shared 100% nucleotide identity. A
strain from China was close to this cluster and shared 99.6% identity with Sabahan strains (Fig
4). The only G8P[8] strain from Sabah formed a cluster with strains from Thailand, Japan,
Vietnam and Czech Republic (Fig 5). These strains shared 99.5-99.7% nucleotide identity
among themselves.

The G3 strains from Sabah are divided into lineages I and III. Lineage I includes equine-
like G3 strains (n = 25, 59.5%) of human origin and from horses and other animals such as
dogs and cats. Lineage III contains only human G3 strains (Fig 6). The equine-like G3 strains
from Sabah were divided into three clusters. In one cluster, although the Sabah strains grouped
together, they were closely related to strains from Japan, Hungary, Thailand, Spain, Australia,
Brazil, USA and Indonesia. Sabahan strains had 99.7-100% and 99-99.8% nucleotide identity
among themselves and with strains from those countries, respectively. The other cluster con-
tained one strain from Sabah and others from Indonesia, Thailand and Japan. These strains
shared 99.2-99.6% nucleotide identity among themselves. The third cluster contained strains
from Sabah only and shared 99.5-100% nucleotide identity among themselves. Strains in line-
age III were divided into two clusters; one contained only strains from Sabah (99.8-100%
nucleotide identity), the other contained strains from China (99.4-100% nucleotide identity).

PLOS ONE | https://doi.org/10.1371/journal.pone.0254784  July 28, 2021 6/20


https://doi.org/10.1371/journal.pone.0254784.g002
https://doi.org/10.1371/journal.pone.0254784

PLOS ONE Equine like G3 in Sabah, Malaysia

a5 | @ LC541522/MYS/KNI52018/G1P8

@ LC541521/MYS/KNI22018/G1P8
LC581275/Human-wt/STM4302017/G1P8
LC434538/Human-wt/ DN/ST M457/2018/G1P8
MGB52314/Human-wt/DOM30005037 11/2015/G1 F8
o [ MKB52667/Human-wtAND/IDH 7371/2015/G1P8
MKB52669/Human-wtINDADH 9009/2016/G1P8
ABI05462/Human-wt/BTN/BT N-39/2010/G1PX
FJ948855/Human-w/IND/£361/2006/G 1P8
AB585922Human-wt/HKD/4743/2007 /G1P8
AB534521 Human-wt/BG D/Strain408/2006/G 1P8
EU839916/Human-wt/BGD/DH402/2005/G1 P8

Lineage-Ic

ABI05455Human-wt/BTN/BTN-232010/G1P8
DQ512974/Human-wtVNMAN-755/2003/G1PX
ABOB1801/Human-wilJ PN/AUBA 00/ G1PX
FJ948839/Human-wtAND/613160/,2006/G1P8
U26364/Human-wt/BGD/Ban-48/xxx/G 1PX
D16319/Human-wt/JPNAK18/1979-1980/G1PX
AB585921 Human-wt/HKG/13482007/G1P8
EUB79394/Human-wt/KOR/CAU 219/2006/G1P8
GU377206/Human-wt4) PN/0BOT10,2008/G1P8
DQ377593/Human-wiA TA/PA19.012001/G1P8 | Lineage-Tb
DQ377567 Human-wi/I TAPA17 ¢/86/1986/G1P8 | Lineage-la
AB5859 13/Human-wt/HKG£538/2004/G1P8

100 [ EF179190/Human-wt/PR Y/Py03SR286/2002-2005/G1 P8
EF179192/Human-wt/PR Y/Py03SREAJ2002-2005/G1P8
EF179191/Human-wt/PR Y/Py03SR326/2002-2005/G1P8
AF043678/Human-w/AUS/G192B/1992/G1PX

100 |- D16325/Human-wtl) PNB0/1980/G1PX
AF183859/Human-wt/TWN/DC03/1994/G1P8
DQ015682/Human-wt/PRY/Py99365/1999/G1F8

@ LC541519/MYSKN28/2018/G1 P8 Lineage-II

71

100

70

KX363298/Human-wt/VNM/1207 0 942013/G1P8
MNB37001/Human-wt/T HA/B5327/2018/G1P6
MN552071Human-wt/RUSMN ovosibirsk/NS17-AB532017/G1P8
MH557051/Human-wt/PAK/MNIH-BBH-45872015/G1P6

@ LC541520MY S/KN79/2018/G1P8

@ LC541518/MYS/L94/2018/G1P8

751 @ LC541517/MYSILB72018/G1P8
100 [~ D16326/Human-wtl PN/421/1980/G1PX
Lineage-IV
U26377/KOR/K54/1988/G1PX
DQ377573/Human-w/I TA/PAS/30/1990/G1P8
DQ377572/Human-wtATA/PA7 889/1989/G1P8 Lineage-V
DQ377587/Human-wtA TA/PAT080/1990/G1P8
JX406755/Human-tc/U SAMa/1974/G1P8
—,__ Lineage-IT
100 L— D 16344 /Human-wt/JPN/KB/1980/G1PX
M92651/Bovin/T449/USASx0x
100 L24164/Porcine/CB0A00x Lineage-VII
L24165/Porcine/C95 hoox
L————————————— AB018697/4PN/AU19/1998 | Lineage-v1

AB257126/KH210/G5P6/2004 (As outgroup)

b ey
005

Fig 3. Phylogenetic tree constructed with the nucleotide sequences of the VP7 gene of G1 strains. Human rotavirus
KH210 (G5) was used as an outgroup. The number adjacent to the node represents the bootstrap value and values
lower than 70% have not been indicated. Scale bar shows genetic distance expressed as nucleotide substitutions per
site. The strains identified in this study are marked with a filled circle. Strains from Sabah belong to lineage Ia, and II.
The nucleotide sequences of our strains have been submitted to the databases of the DNA DataBank of Japan, the

European Molecular Biology Laboratory, and GenBank. The accession numbers are shown at the beginning of each
strain.

https://doi.org/10.1371/journal.pone.0254784.9003

The VP4 gene of the P[8] rotaviruses all belonged to lineage III (Fig 7). There were two clus-
ters containing only equine-like G3 rotaviruses from Sabah. The strains in these two clusters
also formed clusters in the VP7 phylogenetic tree. The first cluster is closely related to strains
from Japan, Thailand and Hungary, as in the VP7 tree. The VP4 gene of Sabahan strains
shared 100% and 99.5% nucleotide identities among themselves and with a strain from Japan.
The second cluster was very closely related to strains from China but was an independent
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Fig 4. Phylogenetic tree constructed with the nucleotide sequences of the VP7 gene of G12 strains. Human
rotavirus Wa-40-AG (G1) was used as an outgroup. The number adjacent to the node represents the bootstrap value
and values lower than 70% have not been indicated. Scale bar shows genetic distance expressed as nucleotide
substitutions per site. The strains identified in this study are marked with a filled circle. Strains from Sabah belong to
lineage III. The nucleotide sequences of our strains have been submitted to the databases of the DNA DataBank of
Japan, the European Molecular Biology Laboratory, and GenBank. The accession numbers are shown at the beginning
of each strain.

https://doi.org/10.1371/journal.pone.0254784.g004

cluster in the VP7 tree. The VP4 gene of Sabahan strains shared 99.4-100% and 99.1-99.6%
nucleotide identities among themselves and with a strain from China. An independent cluster
was formed by three G3 that also contained an equine-like G3 (strain MS18). These strains
shared 99.9-100% nucleotide identity among themselves. Another cluster contained three G3
and one equine-like G3 (KN4) and strains from India. The VP4 gene of Sabahan strains shared
99.9-100% and 99.6-99.9% nucleotide identities among themselves and with Indian strains.
The equine-like G3 formed a cluster with these Indian strains in the VP7 phylogenetic tree.
The VP4 gene of the P[8] strains of G1 formed three clusters. In one cluster, a G1P[8] rotavirus
from Sabah clustered with a South African G1P[8] rotavirus. These strains shared 99.6% nucle-
otide identity. This South African strain was the same one that this Sabahan strain clustered in
VP7 phylogenetic tree. Another cluster was formed by two G1 strains from Sabah with a 100%
nucleotide identity and was very close to a G3P[8] strain from Japan, indicating a possible
common origin of the VP4 gene of P[8] for these G1 and G3 rotaviruses. Also, another cluster
was formed by three G1P[8] rotaviruses from Sabah, which was very close to an Indian and a
Pakistani G1P[8] rotavirus. The VP4 gene of Sabahan strains shared 99.9-100% and 98.1-
98.9% nucleotide identities among themselves and with a strain from Pakistan. The VP7 phy-
logenetic tree of these G1 was also close to a different Pakistan strain of G1P[8]. Two G8P[8]
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Fig 5. Phylogenetic tree constructed with the nucleotide sequences of the VP7 gene of G8 strains. Human rotavirus
Wa-40-AG (G1) was used as an outgroup. The number adjacent to the node represents the bootstrap value and values
lower than 70% have not been indicated. Scale bar shows genetic distance expressed as nucleotide substitutions per
site. The strains identified in this study are marked with a filled circle. The nucleotide sequences of our strains have
been submitted to the databases of the DNA DataBank of Japan, the European Molecular Biology Laboratory, and
GenBank. The accession numbers are shown at the beginning of each strain.

https://doi.org/10.1371/journal.pone.0254784.g005

and GxP[8] strains from Sabah formed an independent cluster but were very close to a G8P[8]
strain from Singapore; however, in the VP7 phylogenetic tree, this Sabahan G8 strain clustered
with strains from Japan, Vietnam and Czech Republic. The VP4 gene of Sabahan strains
shared 99.6% and 99.4-99.5% nucleotide identities among themselves and with a strain from
Singapore. The G8P[8] and GxP[8] strains were very similar to each other, indicating the pos-
sibility of another G8 strain.

The P[6] belonging to lineage I of our G12P[6] strains was close to that of human G12P[6]
strains from Pakistan, and China (Fig 8). The Sabahan strains shared 98.5-99.8% and 97.8-
99.3% nucleotide identities among themselves and with Pakistani and Chinese strains, respec-
tively. The Chinese strain was the same that clustered together with Sabahan strains in the VP7
phylogenetic tree.

In the present study, we compared the VP7 and VP4 (VP8*) antigenic epitopes of the Saba-
han G3 and equine-like G3 strains with those of the RotaTeq (WI78-8) vaccine strain. Within
the 29 amino acid residues comprising the VP7 antigenic epitopes, seven differences were
found in our strains (Fig 9). In equine-like G3 strains only, one substitution (T87I) occurred
in the 7-1a region. Within the 7-1b epitope of equine-like G3 and G3 strains, four substitutions
(A212T, N213T, K238D/K238N, D242A) and three substitutions (A212T, K238N, D242N)
were detected, respectively. Within the 7-2 epitope of equine-like G3 and G3 strains two
(A221T and L148M) and one substitution (A221D) were detected, respectively.

Of the 25 amino acid residues comprising the VP4 antigenic epitopes, six differences were
found in our strains (Fig 10). Within the 8-1 epitope of G3 and equine-like G3 strains, two
substitutions (S146G, D196S) and three substitutions (S146G, N150S, D196S/D196G) were
detected, respectively. No substitution was detected in the 8-2 epitope. Within the 8-3 epitope,
one substitution (N113D) was detected in the equine-like G3 and G3 strains. Within the 8-4
epitope of G3 and the equine-like G3 strains, one (T88I) and two substitutions (T88I and
NB89S) were detected, respectively.
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Fig 6. Phylogenetic tree constructed with the nucleotide sequences of the VP7 gene of G3 strains. Human rotavirus
Wa-40-AG (G1) was used as an outgroup. The number adjacent to the node represents the bootstrap value and values
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lower than 70% have not been indicated. Scale bar shows genetic distance expressed as nucleotide substitutions per
site. The strains identified in this study are marked with a filled circle. Strains from Sabah belong to lineages I and III.
The nucleotide sequences of our strains have been submitted to the databases of the DNA DataBank of Japan, the
European Molecular Biology Laboratory, and GenBank. The accession numbers are shown at the beginning of each
strain.

https://doi.org/10.1371/journal.pone.0254784.9006

Discussion

Rotavirus genotypes G1-G4, G9 and G12 in combination with P[8], P[6] and P[4] are respon-
sible for more than 90% of rotavirus diarrhea cases worldwide [18]. Sporadic incidence of
infection with rare genotypes like G5, G6, G8, G10, G11, P[1], P[3], P[9], P[10], P[19], P[14]
and P[25] have been detected [11,18,27,32-36]. In general, the G and P distribution patterns of
rotavirus fluctuates place to place and year to year [37]. Studies done in Malaysia from 1977 to
2010 showed that G1P[8] and G4P[8] were codominant followed by G9P[8], G2P[4], and G3P
[8] [22]. Although G3 was never a predominant genotype in those studies they did not include
Sabah. In the present study, we found that equine-like G3P[8] is the predominant (59.5%)
genotype circulating in Sabah.

Phylogenetic analysis clearly shows that several strains of both human G3P[8] and equine-
like G3P[8] are circulating among children in Sabah, indicating the presence of strains found
only in Sabah and other strains that have possibly invaded Sabah from different sources, after
which local spread occurred and they spread across the state. During the period of our study
(2018-2019) human G3P[8] was the dominant genotype in Bangladesh; those strains were
phylogenetically related to the Indian strains circulating in 2015-2017 [38,39]. In Pakistan and
Myanmar, human G3P[8] was also predominant during 2016 and 2017, respectively [6,40].
However, these strains were not related to those from Sabah; rather, the latter were ether inde-
pendent or related to Chinese strains.

Sabahan equine-like G3P[8] rotaviruses exhibited short electropherotypes similar to those
of the Thai equine-like G3P[8] that was dominant during 2015 and 2016 [37]. However, only
one of our strains was clustered with this strain in the phylogenetic tree. Our other equine-like
G3P[8] belonged to independent clusters, indicating that ancestors of these clusters possibly
entered Sabah in the past and evolved. Equine-like G3P[8] with short electropherotypes
emerged in Australia and Thailand in 2013, in Spain and Hungary in 2015, and in Brazil, Indo-
nesia and Japan in 2016 [37]. Whole-genome sequence analyses revealed that these equine-like
G3P[8] with short electropherotypes had a DS-1-like backbone; i.e., a G3P[8]-
12-R2-C2-M2-A2-N1/2-T2-E2-H2 constellation [37]. In neighboring Indonesia’s Central Java
and Yogyakarta areas, equine-like G3P[8] with G3P[8]-12-R2-C2-M2-A2-N1/2-T2-E2-H2
constellation has become dominant and has been identified in samples from 2014 and 2015
[41]. A study from Surabaya, Indonesia, identified two distinct equine-like G3P[8] and G3P[6]
strains with short electropherotypes circulating in 2015-2016 [42]. It is noteworthy that the
Thai equine-like strains possessed distinct NSP4 genes: one bovine-like and the other human-
like [37]. As we are not sure which of these our strains belong to, in future, the whole genome
sequence analysis of equine-like G3 strains can be performed to clarify about the reassortment
events.

Although equine-like G3P[8] has been detected in several countries, the detection rate var-
ies. Few equine-like G3P[8] strains have been detected in Germany, Hungary, Japan and the
USA [37]. In Australia and Spain, the detection rate was moderate, between 14.4 and 37.4%.
Equine-like G3[P8] was predominant in Brazil [42,43], Indonesia [44] and Thailand during
the 2016-2017 seasons [37]. In Australia, the dominance of equine-like G3P[8] is attributed to
high Rotarix vaccine coverage-related vaccine-induced selective pressure [45]. The dominance
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Fig 7. Phylogenetic tree constructed with the nucleotide sequences of the VP4 gene of P[8] strains. Human
rotavirus DS-1 (P[4]) was used as an outgroup. The number adjacent to the node represents the bootstrap value and
values lower than 70% have not been indicated. Scale bar shows genetic distance expressed as nucleotide substitutions
per site. The strains identified in this study are marked with a filled circle. All strains from Sabah belong to lineage III.
The nucleotide sequences of our strains have been submitted to the databases of the DNA DataBank of Japan, the
European Molecular Biology Laboratory, and GenBank. The accession numbers are shown at the beginning of each
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Fig 8. Phylogenetic tree constructed with the nucleotide sequences of the VP4 gene of P[6] strains. Human
rotavirus Wa (P[8]) was used as an outgroup. The number adjacent to the node represents the bootstrap value and
values lower than 70% have not been indicated. Scale bar shows genetic distance expressed as nucleotide substitutions
per site. The strains identified in this study are marked with a filled circle. All strains from Sabah belong to lineage I.
The nucleotide sequences of our strains have been submitted to the databases of the DNA DataBank of Japan, the
European Molecular Biology Laboratory, and GenBank. The accession numbers are shown at the beginning of each
strain.

https://doi.org/10.1371/journal.pone.0254784.g008

of equine-like G3P[8] in Thailand and Hungary is also attributed to vaccine-induced selective
pressure, although Rotarix is only available on the private market and has lower national cov-
erage in these two countries [45]. Furthermore, the equine-like G3P[8] dominance in Spain is
also attributed to vaccine-induced selective pressure, although RotaTeq has been primarily
used there [45]. In Malaysia, the national coverage of rotavirus vaccine usage is unknown [46].
Because no trial was conducted in Malaysia, it is not clear how effective these vaccines will be
in the local context.

To shed light on vaccine effectiveness we compared the antigenic epitopes of our G3 and
equine-like G3 strains with that of the RotaTeq G3 vaccine strain and identified a number of
substitutions. Although the number of substitutions in the 7-1a epitope was small, several sub-
stitutions were found on epitope 7-1b (aa208-223), which might lead to a ten-fold increase in
resistance toward the binding of the neutralizing antibody [47]. The substitution K238N in
this epitope is also known to be associated with a potential N-linked glycosylation site [48],
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Fig 9. Comparison of the antigenic residues of VP7 present in genotype G3 strains of RotaTeq and the strains
circulating in Sabah, Malaysia. The respective antigenic epitopes are shown above the residue numbers. The amino
acid residues in the Sabahan strains that differed from those in the vaccine strains are highlighted in yellow.
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which would prevent neutralizing antibody activity [49]. Substitution (K238N) was previously
identified in Belgian [48], Iranian [50], Russian [51] and Tunisian [52] strains. Amino acid
changes at residues 100, 146, 148, 150, 188, 190, 194, 180, 183, 114, 116, 133, 135, 87, 88, 89
have been shown to cause escape from neutralization with monoclonal antibodies [53]. In this
study, the VP4 of Sabahan G3 and equine-like G3 strains that underwent substitutions at
aal46, 150, 88, 89 have the potential to escape neutralization by vaccine-induced antibodies.

As in many other countries, in Malaysia, the prevalence of rotavirus infection varies region-
ally. Previous studies showed that the prevalence of rotavirus infection is the highest in Penang
(54%), followed by Kuching, Sarawak (46%), and Kuala Lumpur (22-46%), then Johor Bahru,
Johor (18%), with the lowest in Kota Kinabalu (16%) [26]. This previous result from Kota Kin-
abalu is consistent with our results. Although the age prevalence of rotavirus infection varies
between developed and developing regions, it generally occurs among children 4- 23months
of age [27,54-56]. We found most of the rotavirus infections in children 6-23 months old (Fig
1), with a peak at 12-17 months old. These findings are similar to those of a study in Bangla-
desh, where rotavirus mainly affected children 3-23-month old children and peaked at 6-
11-month-old [11].
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Fig 10. Comparison of the antigenic residues of VP4 present in genotype G3 strains of RotaTeq and the strains
circulating in Sabah, Malaysia. The respective antigenic epitopes are shown above the residue numbers. The amino
acid residues in the Sabahan strains that differed from those in the vaccine strains are highlighted in yellow.

https://doi.org/10.1371/journal.pone.0254784.g010
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The number of rotavirus infections was lowest in patients <3 months of age, presumably
because of the presence of maternal antibodies from breastfeeding. As found in our study,
male patients have been reported as more likely to be affected with rotavirus acute gastroenter-
itis [57-59]. Similar to the findings in the countries of the Indian subcontinent [11,34], the
G12 detected in Sabah were in combination with P[6]. However, our G12 strains formed an
independent subcluster with G12P[6] strains from China. The P[6] genotype is mainly distrib-
uted in pigs [60-62]. Studies have shown that uncommon rotaviruses with P[6] genotypes
emerged in human populations as a result of genetic reassortment between human and por-
cine rotaviruses [36]. The phylogenetic analysis also showed that the Sabahan P[6] was similar
to human P[6] strains rather than porcine P[6] strains, although human P[6] was originally
derived from porcine P[6] strains.

Genotype G9P[8] is the fifth most predominant G genotype globally, and is one of the com-
mon circulating genotypes in developing countries [63,64]. In the present study, no G9 was
identified; however, the G9 genotype was identified previously as the predominant genotype
in Johor, West Malaysia [23].

Another significant finding in this study is the identification of a G8P[8] strain. The unex-
pected emergence of a rotavirus G8 strain for the first time in Malaysia has raised the epidemi-
ologic significance of this strain. G8 was initially identified in neighboring Indonesia [65] and
later in other countries [66-69] but has never been reported in Malaysia. In Africa, childhood
infections caused by G8 strains are more common, accounting for 5-20% of the strains, and
are frequently associated with P[6], P[4], or P[8] [70]. The identification of closely related G8P
[8] strains in Vietnam, Japan and Thailand indicates that they are spreading in Asia [69,71,72],
suggesting a common origin. According to VP7 sequence analysis, the G8 strains from Asia
are related to animal strains and more distantly to G8 strains from Africa, where historically
this genotype has been more commonly detected [69]. In fact, whole-genome analysis of a rep-
resentative G8 strain obtained during the 2014 outbreak in Japan indicated that it emerged
from the reassortment of human, sheep and bovine rotavirus genome segments [73]. It has
been suggested that high vaccine coverage played a significant role in the recent emergence of
G8 strains in Australia [45].

The detection of 11 different electropherotypes among 34 electropherotyped samples in our
study might indicate the substantial diversity of rotaviruses circulating in Sabah compared
with Turkey (5/38) [27], Sri Lanka (18/74) [35], Hong Kong (35/432) [74], Bhutan (10/38) [34]
and Bangladesh (15/88) [11]. While the reason for the high diversity of rotavirus in Sabah is
unknown, it indicates high rates of interaction among different strains that might be responsi-
ble for reassortant strains. Support for this speculation also comes from the phylogenetic anal-
yses of the VP7 and VP4 genes of different strains. Some of the VP7 and VP4 components
arose from the same strains, while arose from different strains, indicating the reassortment of
genes. The factors behind the high diversity of strains and the unusual genotype distributions
found in Sabah are complex.

There are large number of undocumented immigrants from neighboring Indonesia
and the Philippines. These movements of people might contribute to the generation of
diversity in the Sabahan rotavirus gene pool. In addition, 32 different ethnic groups with
their different ways of life live in Sabah. Several of these, particularly in the rural areas,
have close contact with animals, which creates opportunities for species jumps. Continu-
ous surveillance of circulating rotavirus strains in Sabah is therefore important not only to
monitor the pre- and post-vaccination genotype distribution, but also to monitor the
emergence of new reassortant strains.
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Conclusions

In Sabah, rotavirus mainly affected children under two years of age. The predominant rotavi-
rus circulating among the children in this study was the equine-like G3P[8] with a short elec-
tropherotype. Other genotypes circulating among the children of Sabah were G3P[8], G1P[8],
G12P[6] and G8P[8]. The circulating genotypes were phylogenetically diverse and related to
strains from different countries. A number of electropherotypes were also observed among
Sabahan rotavirus strains. These results indicate that considerable genetic exchange is occur-
ring in strains from Sabah. Compared with the RotaTeq vaccine strain, the antigenic epitopes
present on VP7 and VP4 of Sabahan G3 and equine-like G3 differed considerably. Continuous
surveillance of rotavirus strains is necessary to monitor circulating rotavirus genotypes before
and after the introduction of rotavirus vaccine in Sabah.
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