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Abstract

Background: Inter-genogroup reassortment of Rotavirus A (RVA) strains has highlighted the spread of unusual RVA strains
worldwide. We previously reported the equine-like G3 RVA as predominant strains in Indonesia in 2015-2016. However, since
July 2017, typical human genotypes G1 and G3 have replaced these strains completely. To understand how dynamic changes
in RVA occur in Indonesia, we performed a detailed epidemiological study. Main body: A total of 356 stool specimens were
collected from hospitalized children in Sidoarjo, Indonesia between 2018 and 2022. Whole-genome sequencing was performed
for all 26 RVA-positive samples using next-generation sequencing. Twenty-four samples were determined to be the unusual RVA
G9P[4], while 2 were G9P[6]. Detailed analysis revealed that seven G9P[4] strains had the typical DS-1-like backbone, while
the other strains exhibited a double-reassortant profile (G9-N1) on the DS-1-like backbone. The Bayesian evolutionary analyses
suggested that the Indonesian G9P[4] strains share a common ancestor with previously reported G9P[4] strains in the VP7 and
VP4 genes. Conclusions: G9P[4] DS-1-like strains were identified as the predominant genotype in Indonesia in 2021 for the
first time. These results suggest that the G9P[4] strains were generated from the previous G9P[4] strains that had undergone
further intra-reassortments with the other circulating strains.
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Abstract

Background: Inter-genogroup reassortment of Rotavirus A (RVA) strains has highlighted the spread of
unusual RVA strains worldwide. We previously reported the equine-like G3 RVA as predominant strains in
Indonesia in 2015-2016. However, since July 2017, typical human genotypes G1 and G3 have replaced these
strains completely. To understand how dynamic changes in RVA occur in Indonesia, we performed a detailed
epidemiological study.

Main body: A total of 356 stool specimens were collected from hospitalized children in Sidoarjo, Indonesia
between 2018 and 2022. Whole-genome sequencing was performed for all 26 RVA-positive samples using
next-generation sequencing. Twenty-four samples were determined to be the unusual RVA G9P[4], while 2
were G9P[6]. Detailed analysis revealed that seven G9P[4] strains had the typical DS-1-like backbone, while
the other strains exhibited a double-reassortant profile (G9-N1) on the DS-1-like backbone. The Bayesian
evolutionary analyses suggested that the Indonesian G9P[4] strains share a common ancestor with previously
reported G9P[4] strains in the VP7 and VP4 genes.

Conclusions: G9P[4] DS-1-like strains were identified as the predominant genotype in Indonesia in 2021
for the first time. These results suggest that the G9P[4] strains were generated from the previous G9P[4]
strains that had undergone further intra-reassortments with the other circulating strains.

(200 words)

1. INTRODUCTION

Rotavirus A (RVA) is a major cause of viral acute gastroenteritis (AGE) in infants and young
children worldwide1-4. RVA-associated AGE is a global concern, affecting 128,500 children un-
der 5 years of age globally in 20165. Notably, within Southeast Asia, RVA-associated diarrhea
accounted for 40.8% of cases between 2008 and 2018, and is the leading cause of illness and
mortality among children under 5 years of age6. In Indonesia in 2016-2018, the prevalence of
RVA infection in patients under five years of age was 31.7%-55.4%, and RVA was a major cause
of acute gastroenteritis in hospitalized patients in pediatric hospitals and general hospitals7.

The first RVA vaccine was approved in the United States in 2006. The World Health Orga-
nization (WHO) currently recommends the use of four oral RVA vaccines: Rotarix® (Gla-
xoSmithKline Biologicals, Rixenstart, Belgium), RotaTeq® (Merck Sharp & Dohme LLC,
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Rahway, NJ), RotaSiil® (Serum Institute of India, Pune, India), and Rotavac® (Bharat Bio-
tech, Telangana, India)8. Clinical trials and real-world usage of these vaccines have validated
the safety and efficacy of all RVA vaccines. However, their effectiveness is lower in developing
countries than in developed countries. In low-income countries lacking government RVA vac-
cination programs, diarrhea caused by RV infection has serious consequences, contributing to
the diversity of RVA genotypes9. In Indonesia, two RVA vaccines, Rotarix and RotaTeq, have
been available commercially since 2013. However, neither of these vaccines has been included
in the universal immunization program thus far.

RVA belongs to the family Reoviridae . RVA is adouble-stranded RNA virus consisting of 11
segments of the genome encoding six structural proteins (VP1, VP2, VP3, VP4, VP6, and
VP7 genes) and six non-structural proteins (NSP1, NSP2, NSP3, NSP4, and NSP5/NSP6)2,3.
The outer layer proteins consist of VP7 glycoprotein (the G genotype) and VP4 protein (the
P genotype). Up to June 2024, Rotavirus Classification Working Group has proposed
at least 42G, 58P, 32I, 28R, 24C, 23M, 39A, 28N, 28T, 32E, and 28H genotypes
(https://rega.kuleuven.be/cev/viralmetagenomics/virus-classification/rcwg). The common re-
combinant genotypes were found in seven G genotypes (G1-G4, G8, G9 and G12) and three P
genotypes (P[4], P[6], and P[8]), all of which are usually associated with human infections2,10,11.
RVA genomic constellations are divided into three groups, Wa-like constellation (G1-P[8]-I1-
R1-C1-M1-A1-N1-T1-E1-H1), DS-1-like (G2-P[4]-I2-R2-C2-M2-A2-N2-T2-E2-H2), AU-1-like
(G3-P[9]-I3-R3-C3-M3-A3-N3-T3-E3-H3) a minor genomic constellation2,4,11.

The existence of the inter-genogroup reassortants highlights the wide diversity within RVA13.
Moreover, recent findings on these inter-genogroup reassortant strains underscore the ongoing
spread of rare RVA strains across Asia and other regions12. Although the reassortant RVA strains
have been described in many studies, they appeared only sporadically until the emergence of reassortant
G1P[8]-DS-1-like reported in Japan in 201413. We previously reported the equine-like G3 RVAs as predomi-
nant strains among children in Indonesia in 2015-2016. However, from July 2017 until 2018, the predominant
RVA strains were completely replaced by typical human G1 and G3 genotypes, suggesting the dynamic
changes in RVA genotypes from equine-like G3 to typical human G1 and G312.

The G9 genotype have emerged and spread globally since 1995. It is now acknowledged as the fifth major
human RVA genotype14. The geographical distribution of G9 strains has contributed to their diversity,
leading to the identification of various combinations involving the G9 genotype and the P genotype, including
G9P[8], G9P[6], G9P[4], and G9P[11]13,15-17. It is noteworthy that the majority of G9 RVA reported cases
were characterized as a combination of P[8] genotypes16. Reassortant G9P[4]-DS-1 like RVA strains exhibited
notably high prevalence rates in several countries, including Mexico (80%), Guatemala (66%), Bangladesh
(31.8%), India (35.3%), Iran (30.3%), and Ghana (16%)15,17-19. In Japan, G9P[4] prevalence has surged,
reaching the levels between 11.5% and 21.2% during the years 2010-201213. Although unusual rotavirus
strains have been described, they appeared only sporadically until the reassortment G1P[8] genotype on the
DS-1 genetic backbone was discovered in several countries20. Notably, the emergence of G9 RVA with the
P[8] genotype combination has been documented in many studies4,6,21.

During RVA surveillance conducted in Sidoarjo, Indonesia, we initially identified four cases of G9P[4] RVA
infections in the years 2018 and 2020. Surprisingly, in 2021, the majority of RVA-positive specimens (19
out of 21) were identified as G9P[4], while the remaining three strains were G9P[6]. To gain insights into
the genetic characteristics of these G9P[4]/P[6] strains, we conducted whole-genome sequencing for all 26
of the detected G9P[4]/P[6] strains using next-generation sequencing (NGS). In addition, we investigated
the evolutionary patterns and genetic diversity among Indonesian G9P[4] strains, along with comparisons
to RVA strains detected in other countries. We demonstrate that the emergence of G9P[4] was derived from
the genetic diversity circulating in Indonesia, whereas the predominant strain survived for about a year and
changed rapidly alongside or in connection with other genotypes.

MATERIAL AND METHODS

3
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Specimens

We collected 356 stool samples from children under 5 years old who were hospitalized for acute gastroen-
teritis (AGE), in Sidoarjo, Indonesia between August 2018 and February 2022. AGE was defined as three
times or more occurrence of looser than normal stools within 24 h. All stool samples were screened by an
immunochromatography, Dipstick “Eiken” Rota kit (Eiken Chemical, Tokyo). The kit detected a total of
26 RVA-positive samples, which were analyzed by RT-PCR to determine their G and P genotypes. We pri-
marily focused on detecting and characterizing G9P[4]/P[6] strains, which were subsequently subjected to
whole-genome sequencing at the National Institute of Infectious Diseases in Tokyo.

This study was approved by the Research Ethics Board of both hospitals, Universitas Airlangga (ethics
approval number 2054/ UN3.14/LT/2015) in Indonesia and Kobe University (ethics approval number 1857)
in Japan. Written informed consent was obtained from the children’s parents or guardians.

RNA extraction and RT-PCR genotyping

To prepare a 10% (wt/vol) stool suspension, we utilized phosphate-buffered saline (PBS; pH
7.4) and clarified it by centrifugation at 21,130×g for 10 min. The supernatant was collected
and stored at –80°C until further use. The viral RNA was extracted using the Direct-zol-96
MagBead RNA (with DNase treatment) kit (Zymo Research, Irvine, CA) . In brief, 100 μl of
stool suspension in PBS was mixed with 300 μl of Trizol LS reagent (Thermo Fisher Scientific, Waltham,
MA). Further RNA extraction steps were then carried out using the automated KingFisher Flex System
(Thermo Fisher Scientific). The extracted viral RNAs were eluted using DNase/RNase-free water and were
employed for RT-PCR genotyping and whole-genome analysis by NGS.

All of the positive samples were subjected to genotyping in the VP7 (G typing) and VP4 (P typing) genes
by multiplex RT-PCR. The primer sets of VP7 and VP4 were described previously 12, which enabled us to
genotype the equine-like G3 strain along with other strains (G1, G2, typical human G3, G4, G8, G9, and
G12)13. The RT-PCR products were subjected to 2% agarose gel electrophoresis.

Complementary DNA (cDNA) library building and Illumina MiSeq sequencing

The cDNA library preparation and the Illumina Miseq sequencing were conducted as previously described15.
Briefly, a 300-bp fragment library ligated with bar-coded adapters was constructed for individual strains
using an NEBNext Ultra RNA library Prep Kit for Illumina ver. 1.2 (New England Biolabs, Ipswich, MA).
Library purification was performed with Agencourt AMPure XP magnetic beads (Beckman Coulter, Brea,
CA). The quality of the final DNA libraries was assessed using the High Sensitivity D1000 ScreenTape assay
on 4150 TapeStation (Agilent Technologies, Santa Clara, CA) and quantified with Qubit 1X dsDNA High
Sensitivity (HS) using the Qubit Flex Fluorometer (Thermo Fisher Scientific). Sequencing was performed
on an Illumina MiSeq sequencer (Illumina, San Diego, CA) using the Miseq Reagent Kit ver. 2 (Illumina)
to generate 151 paired end reads. Data analysis was performed using QIAGEN CLC Genomics Workbench
v22 (CLC Bio, Tokyo, Japan). The nucleotide sequences of each gene segment of 26 Indonesian G9P[4]/P[6]
strains was obtained by de novo assembly.

Phylogenetic analysis

Nucleotide sequence comparisons were carried out with the references retrieved from GenBank by using
the BLAST program (http://blast.ncbi.nlm.nih.gov/) with the sequences of our G9P[4] and G9P[6] strains
as the query sequences for the VP7 (G9 genotype), VP4 (P[4] and P[6] genotype) and NSP2 (N1 and N2
genotype) genome segments. Phylogenetic trees were constructed using Molecular Evolutionary Genetic
Analysis (MEGA) ver. 11.0 with reference sequences retrieved from the DDBJ/EMBL/GenBank databases
using the Maximum Likelihood method. Alignments were performed using the CLUSTAL W in MEGA
11 and phylogenetic trees were constructed by the neighbor-joining method. To confirm the reliability of
phylogenetic tree analysis, bootstrap resampling and reconstruction were carried out 1,000 times22. The full-
length genome sequences determined in this study were subjected to multiple alignment with the sequences
obtained from the GenBank database using the MAFFT multiple sequence alignment, ver. 7.023.
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Bayesian evolutionary analysis using BEAST

Estimation time of Most Recent Common Ancestor (tMRCA) was determined for the VP7, VP4 and NSP2
genes of the G9P[4] and G9P[6] strains by the Bayesian Markov chain Monte Carlo (MCMC) method in
BEAST ver.1.8.124. The models used for BEAST analyses of G9P[4] and G9P[6] were GTR + G (VP7), T92
+ 1 (VP4) and GTR + G (NSP2). Strict clock, relaxed clock and coalescent exponential growth models were
used. MCMC runs were carried out for 100 million generations and evaluated using Tracer ver.1.624. Only
parameters with an effective sample size of >200 were accepted. The maximum clade credibility (MCC)
trees were annotated with the Tree annotator and viewed with FigTree ver.1.424.

Nucleotide sequence accession numbers

All the nucleotide sequences of the 11 gene segments of G9P[4] and G9P[6] have been deposited in the
DDJB/GenBank/EMBL database under the accession numbers PP948908 - PP949193.

RESULTS

Nucleotide sequence and genotype constellation of Indonesian G9 strains

From 2018 to 2021, a total of 356 stool samples were collected from hospitalized children
with AGE. In our previous surveillance conducted in Sidoarjo, Indonesia, from 2015 to 2017,
the G9P[4] strain was not detected. Interestingly, in this study, we first detected the G9P[4]
strain in 2018, and G9P[4] strain continued to be detected in 2019 and 2020, albeit with low
prevalence (2 out of 44, 4.5% in 2019 and 1 out of 7, 14% in 2020). Remarkably, in 2021, the
majority of RVA-positive specimens (19 out of 22, 86.4%) were identified as G9P[4], while the
remaining three strains (13.6%) were G9P[6].

Among them, a total of 26 samples, collected between 2018 and 2021 (Table 1) and tested
positive for rotavirus kit, were analyzed by whole genome sequencing using NGS Illumina MiSeq
technology. The most predominant genotype was G9P[4] (24/26, 92.3%) followed by G9P[6] (2/26,
7.7%), respectively. The genome constellation of G9P[4] (6/19, 31.5%) was G9-P[4] (G9-P[4]-I2-R2-C2-M2-
A2-N2-T2-E2-H2), i.e., the DS-1-like backbone. The reassortant strain found in G9P[4] (14/24, 58.4%),
including the G9-VP7 and N1-NSP2 genes with a DS-1-like genotype constellation (G9-P[4]-I2-R2-C2-M2-
A2-N1-T2-E2-H2) (Table 2). The reassortant strain found in all G9P[6] genotypes, including the G9-VP7
and N1-NSP2 genes with a DS-1-like genotype constellation (G9-P[6]-I2-R2-C2-M2-A2-N1-T2-E2-H2) (Table
2).

Phylogenetic tree analysis

To assess the evolutionary dynamics of Indonesian reassortant G9 RVA strains at the lineage level, our
phylogenetic analysis incorporated sequences from the published G9P[4] RVA strains available in the DNA
database. Additionally, we included a set of reference strains for genotype 2 RVA for lineage and sub-lineage
classification21. Furthermore, to elucidate the relationship between the DS-1-like backbone of the newly
detected reassortant G9 RVA strains in this study and the equine-like G3P[8] strains found in Indonesia
during 2015-2016, we analyzed the nucleotide sequences carrying genotypes I2, R2, C2, M2, A2, N2, T2, and
H2 from these equine G3P[8] DS-1-like strains (Supplementary Fig. 1).

Based on the recently proposed lineage classification for globally circulating DS-1-like strains and G9 VP7
genes13, the Indonesian reassortant G9P[4]/P[6] strains were assigned to the following significant lineages:
major sub-lineage III for VP7; lineages IV for VP4, VP2, NSP1, and NSP5; lineages V for VP1, VP6,
NSP2-N2, and NSP3; and lineage VI for VP3 and NSP4.

The phylogenetic trees showed that the branch topology of most segments of the Indonesian reassortant G9
RVA strains detected during 2018 to 2021 fell within the same monophyletic lineage, except for the NSP3 and
NSP4 genes of three G9 strains detected in 2021 and 2022 (SOEP-733, SOEP-735 and SOEP-740). These
results indicate a high nucleotide identity of 99.2% among the sequences of the Indonesian G9P[4]/P[6] strains
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(Fig. 1). The genetic background remains consistent among G9P[4] strains found sporadically between 2018
and 2021, when they circulated at a high prevalence.

In the VP7 phylogenetic tree, Indonesian reassortant G9 RVA strains wereclustered within the major lineage
sub-lineage-III, comprising 103 G9 strains retrieved from the GenBank database spanning from 2006 to 2020
(Fig. 1A) . While the major sub-lineage III includes the G9P[4] strains identified in India, Denmark, and the
USA between 2011 and 2015 as well as G9P[4] strains detected in 2018 and 2020, along with G9P[8] strains
detected in Indonesia in 2018 (DSA48, DSA50, and DSA62), the newly identified G9 strains in this study
exhibits a closer genetic affinity with G9P[4] strains detected in the Czech Republic in 2018 (CZE/H186/2018
and CZE/H187/2018), Russia in 2018, and Italy from 2019 to 2020. The Indonesian reassortant G9 DS-
1-like strains formed a monophyletic lineage with G9P[4] strains detected between 2018 and 2020, sharing
approximately 99.6% nucleotide identity within their VP7 genes (Fig. 1).

In the VP4 phylogenetic tree, all of the 23 Indonesian G9P[4] strains were clustered within lineage IV,
alongside VP4 genes from previously identified G9P[4]-DS-1-like strains (Fig. 2) . Similar to the VP7
genes, the VP4 gene of Indonesian G9P[4] strains exhibited the closest relationship to the VP4 genes of
G9P[4] DS-1-like strains detected in the Czech Republic in 2018 and in Italy in 2020 (ITA/PA374-20/2020,
CZE/H186/2018, and CZE/H187/2018). The nucleotide similarities among them ranged from 99.6% to
99.7%. However, the VP4 gene of the reassortant G9P[6] strain detected in Indonesia in this study exhibited
the highest similarity to VP4 genes from equine-like G3P[6] DS-1-like strains identified in Indonesia during
2015-2016 (Fig. 2).

In the NSP2 phylogenetic tree, 14 samples exhibited reassortment in N1-NSP2, with a 99.6% sequence iden-
tity shared with CZE/H186/2018 and CZE/H187/2018, and were therefore clustered into lineage-III(Suppl.
Fig. S1) . This result indicates that Czech G9P[4] strains contain Wa-like segment in the N1-NSP2 region,
a trait reminiscent of G9P[4] strains found in Indonesia. To elucidate the origin of N1-NSP2, we collected
the N1 sequences available from the GenBank database (Suppl. Fig. S1) .

The remaining 8 phylogenetic trees are shown in supplementary Fig. S3-S10 associated with the VP1-
VP3, VP6, and NSP1-NSP5 genes. Indonesian reassortant G9P[4]/P[6]-DS-1-like strains exhibited the most
significant genetic closeness to the G9P[4] DS-1-like strains detected in the Czech Republic in 2018, along
with other contemporary DS-1-like RVA strains. Notably, these Indonesian strains differed slightly from
G9P[4]-DS-1-like strains identified during the period from 2011 to 2015. Furthermore, the VP1-VP3, VP6,
and NSP1-NSP5 genes in most of the Indonesian reassortant G9 DS-1-like strains showed genetic variations
different from those observed in the equine-like G3P[8] strains found in Indonesia during 2015-2016. Notably,
three strains detected in 2021-2022 (SOEP-733, SOEP-735, and SOEP-740) in this study showed similar
genetic distances in the NSP3 and NSP4 genes to the equine-like G3P[8] strains.

Bayesian evolutionary analysis

To understand the origin and emergence timeline for unusual G9P[4] strains in Indonesia,
we performed Bayesian evolutionary analysis on the G9-VP7, P[4]-VP4 and N1-NSP2 genes
(Fig.3, Fig. 4, Suppl. Fig. S2). This analysis of the sequence data over time from the
GenBank database enabled the estimation of substitution rates and the time of tMRCA for
the G9P[4] genotype. Maximum clade credibility (MCC) trees were constructed using the
Bayesian MCMC framework. The estimated time of tMRCA for the VP7 MCC tree including
G9 was in 2004 with a 95% highest probability density (HPD) interval of 2001-2021.The estimated
evolution rate was 6.43 × 10-3(4.12-8.74 × 10-3) (nt substitutions/site/year)(Fig. 3). The tMRCA
for the P[4]-VP4 strains was 1994 (95% HPD interval 1990-2021) and the estimated evolution
rate was 2.53 × 10-3 (1.54-3.52 × 10-3) (Fig. 4). The tMRCA of the P[6]-VP4 strains was 2008
(95% HPD interval 2000-2021), and the estimated evolution rate was 2.11 × 10-3 (1.35-2.86
× 10-3) (Fig. 4). Within the G9P[4] strains, the NSP2 gene of the reassortant G9-N1 strains
diverged from the typical DS-1-like G9-N2 strains in 2003 (95% HPD interval 2000-2021) with
the estimated evolution rate of 7.05 × 10-3 (4.22-9.88 × 10-3) and in 1998 (95% HPD interval
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1996-2021) with the estimated evolution rate of 1.85 × 10-3 (1.48-2.22 × 10-3) (Suppl. Fig.
S2). Based on the NSP2 MCC tree, the G9-N1 reassortment started in 2011 and was found
in several countries such as the Czech Republic in 2018 and in India in 2013. The 11 segments
of the unusual G9P[4] Indonesian strain had high nucleotide identities with all the segments from the Czech
Republic (VP1-4, VP6, VP7, NSP1-5) ranging from 99.6-99.8% and were clustered into the same lineage.

Amino acid (aa) substitution of VP7 and VP6 Genes

To determine the predominance of the unusual G9P[4] circulating in Indonesia, we performed
aa analyses of RVA interaction sites on host cells, focusing on the outer and inner capsid
proteins G9-VP7 and I2-VP6. Aa substitutions were deduced from 9 VP7-G9 and VP6-I2
reference strains from the GenBank database (2009-2015). The aa substitutions of T78I and
T108I were determined in the VP7 gene (Table 3). Additionally, a single aa substitution of
L291S was detected in the VP6 gene (Table 4).

DISCUSSION

Previously, we reported dynamic changes in RVA genotypes from equine-like G3 to human G1/G312,25.
Complex RVA genotype diversity is more common in developing countries than in developed countries21,26,27.
Inter-genogroup reassortant strains highlight the ongoing spread of the unusual RVA strains throughout Asia
and other countries28. It has been suggested that evolution occurs primarily through the selection of point
mutants in the antigenic site or by the reassortant of each segment of the RVA genome3. The mutation rate
of RVA was estimated to be around the value of 5×10-5 per nucleotide during genome synthesis, suggesting
that approximately one mutation emerges in each new copy10.

In this study, we examined the whole genome sequences of the unusual G9P[4] RVA detected in 2021 in
Indonesia. This is the first report of the whole genome sequence of the unusual G9P[4] RVA in Indonesia.
The newly identified unusual Indonesian G9P[4] strains exhibit genotypes within the G9P[4] constellation
distinct from the sporadic G9P[4] strains detected in India, Bangladesh, Japan, and South Korea from 2007 to
2012. The more prevalent G9 genotype in the Americas (18%) and Europe (13%) underwent recombination
with the P[8] genotype in 2003 –200410. Human RVA G9P[4] was first identified in Brazil in 1999 as an
uncommon genotype14. Reassortant in the G9P[4] genotype variation was found in Paraguay with mixed
infection of G2G9P[4] from Bangladesh in 2005 and from India in 20081,18. The unusual G9P[4] with a
genomic constellation backbone of DS-1-like was reported in Indonesia and was detected in several countries
such as the USA, Japan, India, Italy, Mexico, and Bangladesh21,27-31. Human RVA reassortant with genomic
constellation backbone of Wa-like or DS-1-like were found more frequently16. The double-reassortant strain
(G9-P[4]-I2-R2-C2-M2-A2-N2/N1-T2-E6-H2) detected in India and in the Czech Republic have the same
genotypic constellation as the Indonesian strain15,32. In 2013, triple-reassortant strains (G9-P[4]-I2-R2-C2-
M2-A2-N1-T2-E6-H2) were found, following the detection of unusual G9P[4] strains in India during 2011-
201315.

A time-scaled Bayesian phylogenetic tree was constructed to examine the evolution of the RVA genotype14,32.
The evolutionary rate of VP7-G9 in this study was estimated to be 6.43×10-3 nucleotide substituti-
ons/site/year, which was similar to those of the VP7-G9 genotype with 1.38×10-3, 1.87x10-3, and 1.609x10-3

nucleotide substitutions/site/year in China and Ghana3,16,33. The evolutionary rate of the VP4-P[4] in
this study was 2.53x10-3 nucleotide substitutions/site/year, comparable to the Chinese strain’s evolution-
ary rate of 1.172x10-3 nucleotide substitutions/site/year33. Conversely, the VP4 gene in Ghana showed a
higher evolutionary rate at 8 x10-4nucleotide substitutions/sites/year21. These results align with the evo-
lutionary rates typical of many RNA viruses, which evolve at a rate of approximately 1x10-3 nucleotide
substitutions/site/year4. The parent viruses spread regionally within 1-3 years, whereas the ancestral virus
takes 2-6 years to propagate13. In the present study, the evolutionary rates of both the VP7/VP4 G9P[4]
genes of RVA show similar evolutionary speed to those of G9 from China and Ghana. However, the evolution
of the P[4] genotype happened more rapidly than previously observed in Ghana. It is essential to monitor
the evolutionary rates of RVA genotypes to identify trends in RVA genotype evolution.
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The tMRCA analysis predicts the rate of transmission of RVA genotypes13,16. The tMRCA of the G9-VP7
of the unusual G9P[4] strains in lineage-III was estimated to be in 2004 (95% HPD interval 2001-2021)
(Fig. 3), showing similar results to the unusual G9P[4] RVA strain in India15. Monitoring of genotype
diversity revealed that rotavirus G9P[4]-VP7 lineage-III was detected in surveillance networks worldwide in
the beginning of the millennium2. The tMRCA of the G9P[4]-VP4 in this study was estimated to be in
1994 (95% HPD interval 1990-2021) (Fig.4). The prevalent P[4]-VP4 genotype, G2P[4], emerged in 1959
(95% HPD interval 1923-1984)16,33. This finding suggests that the unusual G9P[4] strain began spreading
with the onset of reassortment in the VP4 gene in the 1990s. The NSP2 gene was generated by reassortant
between N1 and N2. The ancestor of NSP2-N1 emerged in 1986 (95% HPD interval 1981-2021), while NSP2-
N2 appeared in 1998 (95% HPD interval 1996-2021). NSP2-N1 appeared 10 years earlier than NSP2-N2,
indicating that the Wa-like strain appeared earlier than the DS-1-like strain and that both strains are still
circulating worldwide.

The outer membrane protein of the VP7 gene contains major antigenic epitopes that induce specific neutral-
izing antibody responses21. In the present study, the deduced aa substitutions in the VP7 gene were T78I
and T108I, conserved in G9P[4] RVA in India15. Interestingly, the Indian G9P[4] strain presents a mutation
E154K in VP7, whereas the Indonesian G9P[4] strain lacks this mutation. The aa sequence in the VP7 has
been deduced and reported2. One of the strains was linked to the segment within aa 271-342 of VP6, which
is necessary for interaction with VP734. In addition, a pair of van der Waals interactions between aa 279-281
on VP7 and aa 313 on VP6, as well as a side chain hydrogen bond between aa 305 on VP7 and aa 310 on
VP6 were reported as interaction sites between VP7 and VP613. In viral self-defense, the virus was capable
of mutating at their interaction sites of the outer capsid protein VP7 and the inner capsid VP615. The aa
substitution S291L on the VP6 protein is linked to the interaction between VP7 and VP6 proteins. In this
context, the altered relationship between G9 and I2, with a substitution at the VP6 protein interaction site,
may be more sustainable than the unusual relationship without substitutions15. In the present study, aa 291
did not receive any substitutions as previously described. This phenomenon is consistent with the notion
that the unusual G9P[4] strains circulating in Indonesia can rapidly change into G9P[6] strains.

CONCLUSIONS

The recent discovery of the unusual G9P[4] RVA strains emphasizes the ongoing spread of RVA in Asia and
other regions. In particular, the G9P[4]-DS-1-like strain, which had been reported in several countries outside
Southeast Asia since 2011, was first detected in Indonesia in 2018. By 2021, the majority of RVA-positive
cases (19 out of 21) were identified as G9P[4], with the remaining 3 as G9P[6]. These Indonesian G9P[4]/P[6]-
DS-1-like strains, discovered between 2018 and 2022, show genetic variations from strains reported in other
countries between 2011 and 2015, particularly in the NSP4 gene (which has E2 genotype instead of E6
genotype). These strains share a common ancestry in VP7 and VP4 genes with previously reported G9P[4]
DS-1-like strains but exhibit slight genetic differences in other genes. These results suggest that there were
multiple intra- reassortant events between the original G9P[4] strains and the DS-1-like RVA strains that
coexist in Indonesia and elsewhere. Continuous monitoring of RVA genotype dynamics is crucial given that
G9P[4] strains emerged as the predominant genotype in Indonesia in 2021. This monitoring is essential to
assess the prevalence and genetic diversity of circulating RVA strains and to evaluate the efficacy of RVA
vaccines.
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Figure legends

Figure 1. Phylogenetic tree analysis of VP7 gene sequences. A total of 24 G9P[4] strains and 2
G9P[6] strains were detected in this study (indicated by black bold font). Additionally, 3 G9P[8] strains
were detected in 2018 (indicated by blue bold font). The VP7 genes of 94 G8 RVAs were retrieved from the
GenBank database. The genetic distance is indicated at the bottom, and the percent bootstrap support is
displayed at each node when the value was 70% or larger.

Figure 2. Phylogenetic tree analysis of VP4 gene sequences. A total of 24 G9P[4] strains and 2
G9P[6] strains were detected in this study (indicated by black bold font). Additionally, 3 G9P[8] strains
were detected in 2018 (indicated by blue bold font). The VP7 genes of 94 G8 RVAs were retrieved from the
GenBank database. The genetic distance is indicated at the bottom, and the percent bootstrap support is
indicated by the value at each node when the value was 70% or larger.

Figure 3. Simplified maximum clade credibility (MCC) drawn from representative sequences of
VP7 genes. The MCC tree was constructed using a Bayesian MCMC analysis framework with a strict clock
model. Reference sequences were obtained from the GenBank database (www.ncbi.nlm.nih.gov). The years
of divergence of each lineage are indicated at each node. Major lineage have been collapsed for simplicity.

Figure 4. Simplified maximum clade credibility (MCC) drawn from representative sequences of
VP4 genes. The MCC tree was constructed using a Bayesian MCMC analysis framework with a strict clock
model. Reference sequences were obtained from the GenBank database (www.ncbi.nlm.nih.gov). The years
of divergence of each lineage are indicated at each node. Major lineage have been collapsed for simplicity.
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