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Abstract: Rotavirus (RVA) is a leading cause of childhood gastroenteritis. RVA vaccines have reduced
the global disease burden; however, the emergence of intergenogroup reassortant strains is a growing
concern. During surveillance in Ghana, we observed the emergence of G9P[4] RVA strains in the
fourth year after RVA vaccine introduction. To investigate whether Ghanaian G9P[4] strains also
exhibited the DS-1-like backbone, as seen in reassortant G1/G3/G8/G9 strains found in other
countries in recent years, this study determined the whole genome sequences of fifteen G9P[4] and
two G2P[4] RVA strains detected during 2015–2016. The results reveal that the Ghanaian G9P[4]
strains exhibited a double-reassortant genotype, with G9-VP7 and E6-NSP4 genes on a DS-1-like
backbone (G9-P[4]-I2-R2-C2-M2-A2-N2-T2-E6-H2). Although they shared a common ancestor with
G9P[4] DS-1-like strains from other countries, further intra-reassortment events were observed among
the original G9P[4] and co-circulating strains in Ghana. In the post-vaccine era, there were significant
changes in the distribution of RVA genotype constellations, with unique strains emerging, indicating
an impact beyond natural cyclical fluctuations. However, reassortant strains may exhibit instability
and have a limited duration of appearance. Current vaccines have shown efficacy against DS-1-like
strains; however, ongoing surveillance in fully vaccinated children is crucial for addressing concerns
about long-term effectiveness.

Keywords: rotavirus A; G9P[4] strain; DS-1-like; evolution; reassortment; next generation sequencing

1. Introduction

Rotavirus A (RVA) is the predominant etiological agent of acute gastroenteritis in
young children worldwide. Each year, it causes more than 110 million diarrheal episodes,
25 million physician visits, 2 million hospitalizations, and 215,000 deaths [1,2]. Although
the proportion of RVA detected in children is the same in developed and developing
countries, the recorded mortality is much greater in Africa and Asia [2,3].

RVA belongs to the Reoviridae family. Its genome comprises 11 segments of double-
stranded RNA that encode six structural viral proteins (VPs) and six nonstructural proteins
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(NSPs) [4]. RVAs have been classified using various approaches. Specifically, they have
been categorized based on the antigenic properties of VP6, VP7, and VP4 (sub-groups
and serotypes); the migration pattern of the RNA genome segments when subjected to
polyacrylamide gel electrophoresis (long, short, and super short electropherotypes); the
whole-genome RNA hybridization patterns; and the nucleotide sequence analysis (geno-
types). The G and P serotypes are defined by the antigenicity of the outer capsid neutraliza-
tion proteins, VP7 and VP4, respectively. These serotypes are often referred to as G and
P genotypes, respectively, because molecular assays are more commonly used for their
determination than are serologic assays. The genotype classification has been expanded
to include all 11 genome segments. This classification system denotes the VP7-VP4-VP6-
VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5/6 genes of an RVA strain as a descriptor
Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx (x indicating genotype number), respectively. With
the application of the nucleotide sequence-based genotype classification system, the Wa, DS-
1, and AU-1 genogroups, which were redefined as genotype constellations, are described
as G1/G3/G4/G9-P[8]-I1-R1-C1-M1-A1-N1-T1-E1-H1, G2/G8-P[4]-I2-R2-C2-M2-A2-N2-
T2-E2-H2, and G3-P[9]-I3-R3-C3-M3-A3-N3-T3-E3-H3, respectively [5].

The research suggests that RVA vaccines are most effective at preventing the most
severe and life-threatening cases of RVA. The first widely used RVA vaccine was approved
in the United States in 2006. Today, there are four oral RVA vaccines recommended for
use by the World Health Organization (WHO): Rotarix® (GlaxoSmithKline Biologicals),
RotaTeq® (Merck), RotaSiil® (Serum Institute of India), and Rotavac® (Bharat Biotech) [6].
Among these vaccines, Rotarix® and RotaTeq® are the most widely used, as both have
shown good efficacy against RVA infections in clinical trials and real-world settings [7,8].
Since the approval of RVA vaccines, they have had a notable impact on the reduction of
RVA-related deaths. According to a study published in 2018, the use of RVA vaccines
prevented approximately 28,900 child deaths globally in 2016 [9]. However, the widespread
use of RVA vaccines would result in selective evolutionary pressure resulting in strain
replacement. Recently, a larger proportion of reassortant DS-1-like strains (G1/G3/G8/G9-
P[8]/P[4]/P[6]-I2-R2-C2-M2-A2-N2-T2-E2-H2) were reported in many countries. While
unusual, G1/G3/G8 DS-1-like strains have emerged in many parts of the world (Africa,
Asia, Australia, Europe, and the Americas) [10–18]; G9P[4] DS-1-like strains have only
been found with high prevalence in Latin American countries, India, Bangladesh, and
Iran [19–22]. Although, G9P[4] strains have also been reported in the US, Japan, Italy, South
Korea, and the Czech Republic, they only appear sporadically in these countries [16,23–26].
The first appearance of reassortant G9P[4] was reported in Latin American countries
after a few years of RVA vaccine introduction, possibly due to the selective pressure.
However, this strain also showed a significant increase in prevalence in Bangladesh and
India during 2010–2013 when RVA vaccines had not been introduced into the national
immunization program. Thus, it remains unclear whether the observed increased detection
of reassortant G9P[4] strains is due to RVA vaccine introduction or due to the genetic
background fluctuations.

In Ghana, during the pre-vaccine period, the G1, G2, and G3 genotypes of VP7 genes,
in conjunction with the P[8] and P[6] genotypes of VP4, were the predominant genotypes,
accounting for over 65% of the circulating G and P types. However, in the first three
RVA seasons after the introduction of the vaccine (2012–2015), the G12P[8] and G10P[6]
genotypes became the most prevalent, representing 36% of the circulating G and P types.
Notably, in the fourth year following the introduction of the RVA vaccine, we observed the
emergence of the G9P[4] RVA strain [27], which had initially been detected in Ghana in
the early 2000s. Its successive detection occurred in 2013 with a prevalence of 2 out of 144
(1.4%), and it spiked in 2016 with a prevalence of 8 out of 51 (15.7%) [27].

To investigate whether Ghanaian G9P[4] strains also exhibited the DS-1-like backbone,
as seen in G9P[4] strains detected in India between 2011 and 2013, and the G1/G3/G8
DS-1-like strains found in Asian countries from 2011 to 2016, this study aimed to analyze
the whole genome sequences of fifteen G9P[4] and two G2P[4] RVA strains identified in
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Ghana during 2015–2016. The results of this study can shed light on the origin of G9P[4] in
Ghana and may provide evidence that the appearance of these unusual G9P[4] strains was
influenced by selective pressures stemming from RVA vaccines.

2. Materials and Methods
2.1. Specimens and Ethical Approval

A total of 75 stool specimens were collected from children less than five years of
age with acute gastroenteritis at the Navrongo War Memorial Hospital in the Upper
East region of Ghana between 2015 and 2016. Additionally, during the same period,
583 samples and 126 samples were also collected from children less than five years of
age with acute gastroenteritis at hospitals in Accra (Greater Accra region) and Sekondi
(Western region), respectively (Table 1). Gastroenteritis was defined as three or more
passages of watery diarrhea or looser-than-normal stool within 24 h. This study was
conducted in accordance with the ethical clearance and was approved on 20 November
2015 by the Institutional Review Board of the Noguchi Memorial Institute for Medical
Research (NMIMR), Ghana (IRB 00001276). All stool samples were initially screened for
RVA using enzyme immunoassay (ProSpecTTM, Oxoid Cambridge, UK) at the NMIMR,
University of Ghana. The G and P genotypes of all RVA-positive specimens were examined
by RT-PCR [27].

Table 1. Summary of sample collection and proportions of RVA-positive samples in Navrongo,
Greater Accra and the Western region (2015–2016).

Age
Distribution

(Months)
Navrongo Greater Accra Western Region Total

Number of
AGE

Samples

Number of
RVA

Samples (%)

Number of
AGE

Samples

Number of
RVA

Samples (%)

Number of
AGE

Samples

Number of
RVA

Samples (%)

Number of
AGE

Samples

Number of
RVA

Samples (%)

<6 3 0 (0) 129 26 (20.2) 10 3 (30.0) 142 29 (17.1)
6–12 30 10 (33.3) 162 36 (22.2) 48 22 (45.8) 240 68 (23.1)
13–24 25 14 (56.0) 199 43 (21.6) 60 37 (61.7) 284 94 (25.2)
>24 17 3 (17.6) 93 21 (22.6) 8 2 (25.0) 118 26 (21.2)

Total 75 27 (36.0) 583 126 (21.6) 126 64 (50.8) 784 217 (27.7)

AGE: acute gastroenteritis. %: The percentage of samples that tested positive for RVA among the collected
samples.

2.2. RNA Extraction

The RVA dsRNA was extracted from 10% stool suspensions by the phenol/chloroform
method following the protocol described in a previous study [28] and was purified with an
RNaid Kit (Bio 101, Carlsbad, CA, USA).

2.3. cDNA Library Preparation and Illumina MiSeq Sequencing

cDNA library preparation and Illumina MiSeq sequencing were conducted following
previously established protocols [20]. Briefly, individual strains were subjected to library
construction using a NEBNext Ultra RNA library Prep Kit for Illumina v1.2 (New England
Biolabs, Ipswich, MA, USA), incorporating bar-coded adapters to generate a 200 bp frag-
ment library. The resulting libraries were purified using Agencourt AMPure XP magnetic
beads (Beckman Coulter, Brea, CA, USA) and were assessed for quality on a MultiNA
MCE-202 bioanalyzer (Shimadzu Corporation, Kyoto, Japan). Nucleotide sequencing was
performed on an Illumina MiSeq sequencer (Illumina, San Francisco, CA, USA) with a
MiSeq Reagent Kit v2 (Illumina) to generate 151 paired-end reads. Data analysis was carried
out with CLC Genomics Workbench v22 (CLC Bio, Tokyo, Japan). The complete or nearly
complete nucleotide sequence of each gene segment of Ghanaian RVA strains was obtained
by de novo assembly and mapping reads to reference in CLC Genomics Workbench.
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2.4. Genetic Analysis Algorithms

Genotyping: Genotypes of confirmed RVA gene segments were determined using the
automated genotyping tool Viral Pathogen Database and Analysis Resource [29].

Selecting reference sequences for phylogenetic analyses: To interpret the evolution of
Ghanaian G9P[4] RVA strains at the lineage level, we utilized all reference sequences of
the G2P[4] and G9P[4] strains from our previous paper [20] and a set of reference strains
for genotype 2 genes [30] for phylogenetic tree analyses in this study. Additionally, we
collected nucleotide sequences carrying the G9, P[4], I2, R2, C2, M2, A2, N2, T2, and H2
genotypes, detected in Ghana, by applying specific filters on the RVA database of the NCBI
Virus Variation Resource. Sequences longer than 90% of the full length of each segment
were included in our analysis.

To compile the NSP4 gene sequences for the E6 genotype, we utilized the BLAST
program (http://blast.ncbi.nlm.nih.gov/, accessed on 23 October 2023) with the NSP4
sequence of our G9P[4] as the query. To ensure the inclusion of all relevant sequences, we
increased the ‘Max target sequences’ option in the BLAST program to 250. A preliminary
phylogenetic tree was constructed using the MEGA 6.0 software package [31] to identify
the E6 genotype cluster, using outgroup strains as indicators and removing sequences
from other genotypes. From this analysis, we obtained 51 nucleotide sequences for the E6
genotype; however, only sequences longer than 90% of the full length of the NSP4 gene
were retained for further analysis. Additionally, we included eight NSP4 sequences of the
E1, E2, and E3 genotypes, which exhibited the closest similarity to the E6-NSP4 sequences
based on BLAST research results, in the NSP4 phylogenetic tree.

Phylogenetic analysis: The nearly full-length genome sequences were aligned with ref-
erence sequences using the MAFFT multiple sequence alignment program, version 7.0 [32].
The selection of the best substitution models for phylogenetic tree construction was based
on the corrected Akaike Information Criterion (AICc) value, implemented in MEGA6 [31].
The following substitution models were used in this study: Tamura 3-parameter (T92) + G
for VP7, VP4, NSP1, NSP3, NSP4, and NSP5; T92 + G + I for VP1, VP6, and NSP2; Tamura-
Nei (TN93) + G + I for VP2; and General Time Reversible (GTR) + G + I for VP3. For each
genome segment, a maximum likelihood tree was constructed using the MEGA6 package.
Lineage designations were defined based on previous studies for VP7-G9, NSP4-E6, and
genotype 2 genes [20,30,33].

Proportional p-distances of nucleotide sequences: The genetic distance (p-distance)
was calculated using the MEGA6 package. Figures and a statistical analysis of the p-distance
were generated using GraphPad Prism version 9.

2.5. Nucleotide Sequence Accession Numbers

The nucleotide sequences described in this study were deposited to DDJB/GenBank/
EMBL databases under the accession numbers OR890100 to OR890286.

3. Results
3.1. The Collection of Samples, Age Distribution, and Proportion of Rotavirus Detection

A total of 784 stool specimens were collected from children experiencing acute gas-
troenteritis in three distinct regions of Ghana between 2015 and 2016. Among these samples,
142 (18%) were obtained from children under 6 months old, 240 (31%) from those aged 6
to 12 months, 284 (36%) from the 13–24-month age group, and 118 (15%) from children
older than 24 months. All collected samples underwent screening for RVA using enzyme
immunoassay, revealing that 217 (27.7%) samples tested positive for RVA. Upon catego-
rizing the proportion of RVA-positive cases by age group, the detection rate ranged from
17.1% to 25.2% across the four age groups. A further analysis of RVA detection rates in
different regions showed the highest rate in the Western region at 50.8%, followed by 36%
in Navrongo and 21.6% in Greater Accra (Table 1).

http://blast.ncbi.nlm.nih.gov/
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3.2. Genotype Constellation

Among the RVA-positive samples, we selected the 15 G9P[4] RVA strains from the
2015–2016 RVA season, taking into consideration the sufficient volume of samples avail-
able for subsequent whole-genome characterization. These selected strains were then
sent to the National Institute of Infectious Disease in Tokyo, Japan for next-generation
sequencing (NGS) analyses. These samples included seven collected from the Greater
Accra region (named as 039M, 082M, 103M, 110M, 119M, 132M, and 135M); seven collected
from the Navrongo in the Upper East regions (named as WMH-1439, WMH-1441, WMH-
1445, WMH-1446, WMH-1451, WMH-1452, and WMH-1453); and one additional sample
(named as EUHC-002) collected in the Western region of Ghana. Complete nucleotide
sequences for 11 genome segments of these 15 G9P[4] strains were determined by the short
reads NGS using the Illumina MiSeq platform. All fifteen Ghanaian G9P[4] strains were
double-reassortant strains carrying the G9-VP7 and E6-NSP4 genes on a DS-1-like genetic
background (G9-P[4]-I2-R2-C2-M2-A2-N2-T2-E6-H2). Two Ghanaian G2P[4] strains were
typical DS-1 strains (G2-P[4]-I2-R2-C2-M2-A2-N2-T2-E2-H2). We conducted a comparison
of the genotype constellations of the newly identified Ghanaian G9P[4] strains with other
G9P[4] strains available in the GenBank databases. Our analysis revealed that the genotype
constellations of the Ghanaian G9P[4] strains closely resemble those of six of the G9P[4]
strains that were highly prevalent in Pune and Kolkata, India during 2010–2013 (G9-P[4]-I2-
R2-C2-M2-A2-N2-T2-E6-H2). However, the Ghanaian G9P[4] strains differ from sporadic
G9P[4] strains detected in Japan, Bangladesh, Paraguay, South Korea, Italy, and the Czech
Republic between 2007 and 2018. Notably, only one sporadic G9P[4] strain detected in the
USA in 2010 (LB1562) exhibited a similar genotype constellation to the Ghanaian G9P[4]
strains identified in our study (Supplementary Table S1).

3.3. Comprehensive Collection of RVA Genotype Constellations in the Pre-Vaccination Era

To assess the changes in the distribution of genotype constellations in recently reported
RVA strains and to determine whether these changes are attributed to natural cyclical
fluctuations of predominant circulating strains or the impact of the RVA vaccine, we
gathered all available data on RVA genotype constellations detected before the introduction
of the RVA vaccine (during the period of 1974–2006) from the DNA database. We then
compared these findings with those of the RVA strains determined in recent years. A
total of 879 RVA genotype constellations from human RVA strains isolated between 1974
and 2006 were collected, representing 27 countries across five continents. Among these
879 RVAs, 735 strains carried the typical human RVA genotype constellations, 119 strains
carried unusual genotype constellations, and 25 strains had mixed genotypes (Figure 1a
and Supplementary Table S2).

Out of 735 typical RVA strains, 614 (84%) exhibited the G1, G3, G4, G9, and G12
genotypes in combination with P[8] and P[6], carrying the Wa genotype constellation.
Additionally, 114 (15%) strains showcased the G2 and G8 genotypes in combination with
P[8] and P[6], featuring the DS-1 genotype constellation. Only 7 (1%) of the strains were
identified as the G3P[9]-AU-1 genotype constellation. The most predominant genotype
constellation was G1P[8] Wa-like, accounting for 484 strains, followed by G2P[4] DS-1-like
with 75 strains (Figure 1b,d and Supplementary Table S2a).

In our study, unusual RVA genotype constellations were defined based on criteria
such as constellations resulting from intergenogroup reassortment strains, human RVAs
with at least one genome segment originating from animal RVA strains, or genotypes
exclusive to a specific geographical region. Remarkably, only 13% of the RVA strains
collected during 1976 and 2006 carried the unusual genotype constellations (Figure 1a
and Supplementary Table S2). Among these unusual RVA strains, there were 58 distinct
genotype constellations. It is noteworthy that most of these unusual genotype constellations
were sporadically detected, except for two unusual genotype constellations that exhibited
repeated circulation and were detected with high prevalence in a specific geographical
region. The first exception is the mono-reassortant G2P[4] strains that exhibited repeated
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circulation over a period of 6 years (1985–1990) in Japan [34]. The second exception is the
high detection rate of an unusual RVA strain (G10-P[11]-I2-R2-C2-M2-A1-N1-T1-E2-H3) in
neonatal nurseries in India (Figure 1b and Supplementary Table S2b).
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Figure 1. Genotype Constellations of Human RVAs Detected Before Vaccine Introduction (1976–2006).
(a) Distribution of all 879 human RVA genotype constellations based on three classifications: typical,
unusual, and mixed-genotype constellations. (b) Distribution of 735 typical human RVA genotype
constellations categorized into three major genogroups: Wa, DS-1, and AU-1. (c) Distribution of
119 unusual genotype constellations. Within this set of unusual RVA strains, there were 58 distinct
genotype constellations (X-axis). Various dot colors denote different unusual constellation groups,
reflecting their origin of formation: intergenogroup reassortant, interspecies transmission from animal
to human, and rare genotypes in specific geographical regions. (d) The number of typical human
RVA genotype constellations based on their VP7 and VP4 genotypes. Different dot colors represent
different genetic backbones: Wa, DS-1, and AU-1.

Among the 879 RVA strains collected before the introduction of the vaccine, there
were 25 cases of mixed infections. Mixed genotypic constellations were identified when
at least one genome segment had at least two sequences with either distinct genotypes
or identical genotypes. These mixed genotypes occurred between two viruses within the
same genogroups, as well as between two viruses from different genogroups (Figure 1a
and Supplementary Table S2c).

3.4. Phylogenetic Analysis and Proportional p-Distances

The Ghanaian G9P[4] strains shared genotype 2 with DS-1-like RVA strains for the
VP4, VP6, VP1–VP3, NSP1–NSP3, and NSP5 genes. Our objective was to determine the
similarity between these genes of G9P[4] strains and contemporary DS-1-like RVA strains.
To achieve this, we conducted phylogenetic tree analyses using reference sequences of
G2P[4] and G9P[4] strains from our previous paper [20], a set of reference strains for
genotype 2 genes [30], and nucleotide sequences of G9, P[4], I2, R2, C2, M2, A2, N2, T2, E6,
and H2 genotypes detected in Ghana. Based on the recently proposed lineage designation



Viruses 2023, 15, 2453 7 of 17

for genotype 2 of globally circulating DS-1-like strains and genotype 2 and 9 for VP7
genes [20,30,33], the Ghanaian G9P[4] strains belonged to major sub-lineage III for VP7;
lineage IVa for VP4, VP2, NSP1, and NSP5; lineage V for VP1, VP6, NSP2, and NSP3; and
lineage VII for VP3 (Supplementary Figure S3). These lineages were identified as emergent
lineages of contemporary human RVA strains in previous studies [30,33]. This study
revealed that the G9P[4] strains in Ghana were closely related to contemporary human
RVA strains, with no evidence of genome segments derived from animal RVA strains.

The phylogenetic trees showed that the branch topology of most segments of the
Ghanaian G9P[4] strains fell within the same monophyletic lineage, indicating a high nu-
cleotide identity (99.2–100%) among these strains. However, the NSP5 genes of WMH-1445,
WMH-1453, and EUHC-002 did not cluster with other NSP5-H2 genes of Ghanaian G9P[4]
strains, exhibiting a lower nucleotide identity (96.8–97.2%) (Figures 2–4; Supplementary
Figure S1). To understand the relationship between Ghanaian G9P[4] and other RVA strains,
we compared the Ghanaian G9P[4] strains to previously reported endemic G9P[4] strains
and other Ghanaian RVA strains that carried at least one of the G9, P[4], I2, R2, C2, M2,
A2, N2, T2, E6, and H2 genotypes. The VP7, VP4, VP1, VP3, NSP1, NSP3, and NSP4 genes
of Ghanaian G9P[4] strains fell within the same monophyletic lineage as those of Indian
G9P[4] strains detected in Kolkata with high prevalence during 2011–2013. However, the
VP2, VP6, NSP2, and NSP5 genes of the Ghanaian G9P[4] strains did not cluster with
those of the Indian G9P[4] strains detected in Kolkata (Figure 2c,d and Supplementary
Figure S1d,f). In these genome segments, the Ghanaian G9P[4] strains clustered with the
G2P[4] RVA strains detected in Ghana during 2008 and 2016, indicating intra-reassortment
events between the original G9P[4] strains and co-circulating strains in Ghana. It is noted
that the VP7 sequence of one Ghanaian G9[8] strain detected in 2010 clustered within the
monophyletic lineage of the VP7 genes of all 15 Ghanaian G9P[4] strains, suggesting that
the VP7 gene of the G9P[4] strain might have appeared in Ghana since 2010 or earlier
(Figure 2a). This study does not provide conclusive evidence regarding the migration of
reassortant G9P[4] strains from India to Ghana.

To assess the genetic diversity among G9P[4] strains, we compared the nucleotide
sequences of each of the 11 segments of the newly determined Ghanaian G9P[4] strains
in this study with those of segments carrying the same G9, P[4], I2, R2, C2, M2, A2, N2,
T2, E6, and H2 genotypes of the endemic G9P[4] strains detected in Kolkata, India during
2011–2013. We also compared them to the sequences of sporadic G9P[4] strains. The VP7,
VP4, VP1, VP3, NSP1, NSP3, and NSP4 genes of Ghanaian and Kolkata, Indian G9P[4]
strains demonstrate a close genetic relatedness, with a mean p-distance ranging from 0.004
to 0.012 (nucleotide identities of 98.8% to 99.6%). However, their VP6, VP2, NSP2, and
NSP5 sequences exhibited higher genetic differences, with a mean p-distance ranging from
0.016 to 0.03 (nucleotide identities of 97% to 98.4%) (Figure 3b). The Ghanaian G9P[4]
strains also showed lower homology when compared to segments with the same G9, P[4],
I2, R2, C2, M2, A2, N2, T2, and H2 genotypes from sporadic G9P[4] strains (97.2% to 99.4%)
(Figure 3c). The high degree of genetic similarity of the VP7, VP4, VP1, VP3, NSP1, NSP3,
and NSP4 genes among Ghanaian and Indian G9P[4] strains, as demonstrated in this study,
suggests that the endemic G9P[4] strains from Ghana and India had a common origin. The
lower homology between the VP6, VP2, NSP2, and NSP5 genes of the Ghanaian and Indian
G9P[4] strains was likely generated from further intra-reassortment events between the
original G9P[4] strains and co-circulating strains in Ghana. The observation of the VP2
gene is one example of intra-reassortment events between the original G9P[4] strains and
co-circulating strains in Ghana. While the genetic distance of the VP2 gene between the
Ghanaian G9P[4] strains and previously reported G9P[4] strains is significant (mean of
p-distance was 0.028), and their VP2 gene exhibits close genetic relatedness to that of the
co-circulating G2P[4] strains detected in Ghana from 2012 to 2016 (mean of p-distance was
0.006) (Figure 3d).
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Figure 2. Simplified phylogenetic trees were constructed for 4 genome segments: VP7 (a), VP4 (b), 
VP6 (c), and VP2 (d). The tree includes the 15 Ghanaian G9P[4] strains from this study (indicated by 
red dots), as well as additional G9P[4] strains (indicated by red branch trees). Furthermore, two 
Ghanaian G2P[4] strains from this study, along with Ghanaian strains carrying G9/VP7, P[4]/VP4, 
and genotype 2 for the VP6 and VP2 genome segments, were incorporated into the analysis (indi-
cated by blue dots). Global reference RVAs carrying G9/VP7, P[4]/VP4, and genotype 2 for VP6 and 
VP2 were also integrated into the trees. The trees were generated using the maximum likelihood 
method within the MEGA6 software package, with bootstrap values determined from 1000 replicate 
trials. Genetic distances are indicated at the bottom, and the percent bootstrap support is displayed 
at each node when it reaches 70% or higher. 
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red dots), as well as additional G9P[4] strains (indicated by red branch trees). Furthermore, two
Ghanaian G2P[4] strains from this study, along with Ghanaian strains carrying G9/VP7, P[4]/VP4,
and genotype 2 for the VP6 and VP2 genome segments, were incorporated into the analysis (indicated
by blue dots). Global reference RVAs carrying G9/VP7, P[4]/VP4, and genotype 2 for VP6 and VP2
were also integrated into the trees. The trees were generated using the maximum likelihood method
within the MEGA6 software package, with bootstrap values determined from 1000 replicate trials.
Genetic distances are indicated at the bottom, and the percent bootstrap support is displayed at each
node when it reaches 70% or higher.
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3.5. The Circulation of the Uncommon E6 Genotype of the NSP4 Gene

To investigate the origin of the E6-NSP4 genotype in Ghanaian G9P[4] strains, we con-
ducted a comprehensive search in the GenBank database to obtain available E6 sequences.
A total of 51 nucleotide sequences for the E6 genotype were found, all of which belonged to
RVA strains isolated from humans between 2000 and 2016. In the phylogenetic tree of E6-
NSP4, all 15 newly identified Ghanaian E6 sequences formed a distinct cluster along with
other E6 sequences from the G9P[4] strains available in the GenBank database. This cluster
separated from the E6 sequences of the G12P[6], G12P[9], and G8P[6] strains. The sequences
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of one human G2P[4]-E2, one feline G3P[3]-E3, two human G3P[9]-E3, and four porcine
G4/G5-E1 strains exhibited the highest similarity to the E6 genotype (Figure 4). The genetic
similarity between the E6 sequences of G9P[4] strains and the E6 sequences of other strains
(G12P[6], G12P[9], and G8P[6]) ranged from 97.6 to 100% (Supplementary Figure S2).

Viruses 2023, 15, x FOR PEER REVIEW 13 of 20 
 

 

 
Figure 4. Phylogenetic tree of NSP4 gene nucleotide sequences of 15 Ghanaian G9P[4] strains in this 
study (indicated by red dots). The tree also includes 28 G9P[4] strains detected in India and the USA 
(indicated by red branch trees), along with five other RVA strains for which the NSP4 gene was E6 
genotype. Additionally, eight NSP4 sequences of the E1, E2, and E3 genotypes, which exhibited the 
closest similarity to the that of the E6 genotype, are included in the tree. To simplify the tree and 
enhance visibility, certain sequences were collapsed into read triangles with the number of collapsed 
sequences is indicated at the end of each line. This tree was constructed using the maximum likeli-
hood method that is included in the MEGA software package (version 6) with bootstrap values after 
1000 replicate trials. The genetic distance of this tree is indicated at the bottom. Percent bootstrap 
support is shown by the value at each node when it is 70% or larger. 

To assess the genetic diversity among G9P[4] strains, we compared the nucleotide 
sequences of each of the 11 segments of the newly determined Ghanaian G9P[4] strains in 
this study with those of segments carrying the same G9, P[4], I2, R2, C2, M2, A2, N2, T2, 
E6, and H2 genotypes of the endemic G9P[4] strains detected in Kolkata, India during 
2011–2013. We also compared them to the sequences of sporadic G9P[4] strains. The VP7, 
VP4, VP1, VP3, NSP1, NSP3, and NSP4 genes of Ghanaian and Kolkata, Indian G9P[4] 
strains demonstrate a close genetic relatedness, with a mean p-distance ranging from 0.004 
to 0.012 (nucleotide identities of 98.8% to 99.6%). However, their VP6, VP2, NSP2, and 
NSP5 sequences exhibited higher genetic differences, with a mean p-distance ranging 
from 0.016 to 0.03 (nucleotide identities of 97% to 98.4%) (Figure 3b). The Ghanaian G9P[4] 
strains also showed lower homology when compared to segments with the same G9, P[4], 
I2, R2, C2, M2, A2, N2, T2, and H2 genotypes from sporadic G9P[4] strains (97.2% to 
99.4%) (Figure 3c). The high degree of genetic similarity of the VP7, VP4, VP1, VP3, NSP1, 

Figure 4. Phylogenetic tree of NSP4 gene nucleotide sequences of 15 Ghanaian G9P[4] strains in
this study (indicated by red dots). The tree also includes 28 G9P[4] strains detected in India and
the USA (indicated by red branch trees), along with five other RVA strains for which the NSP4
gene was E6 genotype. Additionally, eight NSP4 sequences of the E1, E2, and E3 genotypes, which
exhibited the closest similarity to the that of the E6 genotype, are included in the tree. To simplify the
tree and enhance visibility, certain sequences were collapsed into read triangles with the number of
collapsed sequences is indicated at the end of each line. This tree was constructed using the maximum
likelihood method that is included in the MEGA software package (version 6) with bootstrap values
after 1000 replicate trials. The genetic distance of this tree is indicated at the bottom. Percent bootstrap
support is shown by the value at each node when it is 70% or larger.

4. Discussion

RVA vaccines have consistently demonstrated excellent safety and efficacy profiles in
clinical trials and real-world settings. However, two significant issues still require attention
and further investigation. First, there is a possibility that widespread use of the RVA
vaccine may exert selective evolutionary pressure, leading to strain replacement. Second,
the efficacy of the RVA vaccine is reduced in developing countries, where the burden of
RVA-related morbidity and mortality is highest. To address the first concern, numerous
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countries and researchers worldwide are actively monitoring and analyzing the genotypic
characterization and evolution of RVA strains post-vaccination.

Ghana introduced an RVA vaccine into their national immunization program in 2012.
The percentage of hospital admissions positive for RVA before vaccine introduction was
around 48% [35]. This study indicates that the RVA detection rate fell to 27.7% after four
years of the RVA vaccine introduction (Table 1). However, when the average of the RVA
detection rate is broken down by different regions, we observe that the detection rate
remains high in the Western region of Ghana with 50.8%, while it has reduced to 36% in
Navrongo, Upper East region and 21.6% in Greater Accra (Table 1). Despite uniform RVA
vaccine coverage across all regions of the country, further studies need to understand the
variations in RVA vaccine efficacy in different regions of Ghana.

A reduction in the number of children requiring hospitalization due to RVA infection in
Ghana was observed in this study and in another report [35]. However, during RVA surveil-
lance in Ghana, we found that the reassortant G9P[4] strain emerged in the fourth year
following the introduction of the Rotarix vaccine [27]. Remarkably, this study discovered
that this reassortant G9P[4] strain carried the DS-1 genomic backbone, which is consis-
tent with recent reports of the emergence and widespread circulation of intergenogroup
reassortant strains that carried the DS-1 backbone in Asia and other countries [10–18].

The sporadic detection of reassortant G9P[4] RVAs was reported before the introduc-
tion of the RVA vaccine [36–38]. The genetic background of Ghanaian G9P[4] strains is
different with that of sporadic, detected G9P[4] strains, except for one sporadic G9P[4]
strain in the US. And they are only similar with the endemic G9P[4] strains in other coun-
tries in only seven genome segments (VP7, VP4, VP1, VP3, NSP1, NSP3, and NSP4), while
the remaining four genome segments (VP6, VP2, NSP2, and NSP5) are close to those of
the Ghanaian G2P[4] strains detected in 2012–2016. The VP7 sequence of one Ghanaian
G9[8] strain detected in 2010 clustered within the monophyletic lineage of the VP7 genes of
all 15 Ghanaian G9P[4] strains, suggesting that the VP7 gene of the G9P[4] strain might
have appeared in Ghana since 2010 or earlier (Figure 2a). Therefore, it is unclear whether
the reassortant G9P[4] strain was introduced from other regions to Ghana. However, the
obtained results suggest that Ghanaian G9[4] strains share the same ancestor with the
endemic G9P[4] DS-1-like strains detected in India and other countries, and they made
further intragenotype reassortants with the co-circulating strains in Ghana.

The Bayesian analysis conducted in our previous study indicated that the reassortant
G9P[4] DS-1-like strains appeared before the global use of RVA vaccines [20]. Moreover, the
emergence of G9P[4] DS-1-like strains was observed in countries with a low RVA vaccine
coverage at the time of study, such as India and Bangladesh [20,22], and in countries
with a high RVA vaccine coverage, like Ghana and Latin American countries [21]. These
results might indicate that the reassortant G9P[4] DS-1-like strain was generated in the
pre-vaccination era. When the RVA vaccine was introduced into the human population, it
might have provided an advantage for this reassortant G9P[4] strain to spread and become
predominant in Ghana and other countries.

The widespread reproduction and circulation of recombinant strains, such as G9P[4]
and other DS-1-like strains, such as G1P[8], G3P[8], and G8P[8], raise the question of
whether they are driven by vaccine pressure or natural cyclical fluctuations of predomi-
nant circulating strains. To address this question, our study investigated changes in RVA
genotype constellations at the genotype level before and after the introduction of rotavirus
vaccines. We compiled comprehensive information on the genotype constellations of RVA
strains pre- and post-vaccine introduction. Our study showed that only a small portion
(13%) of RVA strains detected before 2006 carried unusual genotype constellations. It is
worth noting that the majority of these unusual genotype constellations were sporadically
detected. However, there was an exceptional case of mono-reassortant G2P[4] strains
that demonstrated repeated circulation over a period of 6 years in Japan. Specifically,
intergenogroup mono-reassortant G2P[4] RVA strains carrying the N1 genotype of the
NSP2 gene were identified in Japan between 1981 and 1991 [34]. Additionally, there was
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another exception with a high detection rate of an unusual RVA strain (G10-P[11]-I2-R2-C2-
M2-A1-N1-T1-E2-H3) in neonatal nurseries in India. Some argue that the recent discovery
of many reassortant RVA strains is due to the rapid development of RVA detection tech-
niques, particularly the widespread use of sequencing technology, which facilitates easier
genome characterization and consequently results in a higher prevalence of reassortant
strains. However, many studies have determined the whole genome of RVAs from archived
specimens collected before 2006 [39–44]. These results do not indicate that recombinant
strains were highly prevalent in RVA strains before the RVA vaccine introduction. In com-
parison to the prevalence of recombinant strains in the period after vaccine introduction,
the distinct change in distribution patterns of divergent strains, reflected in the emergence
of RVA genotypes in the post-vaccine era, appears unique and beyond the level of natural
cyclical fluctuations. With the widespread emergence of recombinant strains carrying the
DS-1 genomic backbone, which is completely different from the Wa-like backbone of the
monovalent rotavirus vaccine strain used globally, there is concern about the vaccine’s
effectiveness against DS-1-like strains. However, several studies have shown that the RVA
vaccine is effective in preventing severe gastroenteritis caused by G9P[4] DS-1-like and
other DS-1-like RVA strains. These findings suggest that the existing RVA vaccines offer
protection even against these genetically distinct RVA strains [45–49].

The uncommon E6 genotype was initially identified in a G8P[6] strain in India in 2000.
Although this G8P[6] strain was isolated from humans, it was reported that the G8-VP7
gene originated from bovines [50]. Additionally, the E6 genotype was detected in two
G12[P6] DS-1-like strains, namely RV176-00 and N26-02, in Bangladesh in 2000–2001 [51].
Furthermore, a multi-reassortant G12P[9] RVA with novel VP1, VP2, VP3, and NSP2
genotypes carrying the E6 genotype was identified in Italy in 2012 [52]. Moreover, the
sequences of the E1 and E3 genotypes that were detected from feline and porcine RVA
strains were shown to be the closest sequences of the E6 genotype from the BLAST search.
Therefore, the E6 genotypes might have originated from animal RVA strains. It is worth
noting that the presence of the E6 genotype in G8 and G12 RVA strains was sporadic.
However, its significance became apparent only with the emergence and widespread
prevalence of G9P[4] strains carrying the E6 genotype between 2009 and 2016. Since 2017,
the E6 genotype of the NSP4 gene has not been found in any studies. Although only
four genes (VP7, VP4, VP6 and NSP4) of the endemic G9P[4] strains in Latin American
countries during 2009–2010 were characterized, they showed the same genotypes as those
of the Ghanaian and Indian (Kolkata) G9P[4] strains detected during 2011–2016 (G9P[4]-
I2-E6). However, the endemic G9P[4] strains in Iran during 2021–2022 showed a different
combination of these genes (G9P[4]-I2-E2) [53]. Along with the genome constellation of
two recent G9P[4] strains detected in the Czech Republic in 2018 (G9P[4]-I2-E2) [26], it
appears that the E6-NSP4 genotype has been replaced by the E2-NSP4 genotype among the
endemic G9P[4] strains in several countries.

A recent study has indicated that after a period of circulation of reassortant RVA
strains carrying the DS-1-like backbone, there is a tendency for the reemergence of typical
RVA strains (G1/G3-P[8] Wa-like) as the predominant strains [54]. The reappearance and
circulation of the G1P[8] strain in fully vaccinated children, who subsequently experience
clinically severe diarrhea several years after vaccine introduction, raise concerns about the
long-term efficacy of the vaccine. These findings underscore the importance of conducting
further monitoring to assess and address any potential impact on vaccine effectiveness.

5. Conclusions

The RVA vaccine has proven effective in preventing severe RVA gastroenteritis in
children, particularly during the critical first two years of life when the disease is most
severe. The widespread implementation of this vaccine has significantly reduced hospital
admissions and deaths caused by RVA infections in Ghana and globally. However, it
is important to note that the extensive use of the RVA vaccine may have contributed
to the emergence and circulation of RVA strains that differ from the genotypes targeted
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by the vaccine. Our study, along with previous research, has unveiled distinct changes
in the distribution patterns of diverse strains, as evidenced by the emergence of RVA
genotype constellations in the post-vaccine era. These changes appear to be unique and
extend beyond the scope of natural cyclical fluctuations. It is noteworthy that many of the
identified reassortant RVA strains carry the DS-1-like backbone, which corresponds to the
complete heterotypic genome background of the widely utilized monovalent RVA vaccine
strain. Nevertheless, current RVA vaccines have demonstrated their protective efficacy
against strains carrying the DS-1-like genome. Reassortant RVA strains, while potentially
unstable and circulating for only a brief period, are likely to be replaced by the more typical
G1P[8] RVA strains. This detection of G1 RVA in fully vaccinated children presenting
with a severe disease several years after vaccination raises concerns about the long-term
effectiveness of the vaccine. Consequently, it is crucial to conduct further monitoring to
evaluate the potential impact on vaccine effectiveness and to ensure continuous protection
against RVA infections.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/v15122453/s1, Table S1: The genotype constellations of
Ghanaian G9P[4] and G2P[4] strains, as well as those of additional G9P[4] strains for which all
11 genome segments are available in the DNA database; Figure S1: Simplified phylogenetic trees
were constructed for 7 genome segments: VP1 (a), VP3 (b), NSP1 (c), NSP2 (d), NSP3 (e), and NSP5
(f). Figure S2: Heat map depicting nucleotide similarity for NSP4 sequences among Ghanaian G9P[4]
and others G9P[4] strains. Figure S3: Simplified phylogenetic trees were constructed for 10 genome
segments: VP7 (a), VP4 (b), VP6 (c), VP1 (d), VP2 (e), VP3 (f), NSP1 (g), NSP2 (h), NSP3 (i), and NSP5
(k), each with lineage designations for their respective genotypes. Table S2: Distribution of human
RVA genotype constellations detected from 1976 to 2006 across 27 countries worldwide.

Author Contributions: Conceptualization: Y.H.D. and F.E.D.; methodology: Y.H.D., F.E.D., N.T.,
K.H., H.S., G.E.A. and K.K.; investigation: Y.H.D., F.E.D., N.T., M.G.A., B.L.L., S.A.D., T.H., G.E.A.
and K.K.; funding acquisition: T.S., T.K., G.E.A. and K.K.; writing—original draft: Y.H.D., F.E.D., N.T.,
K.H., H.S., T.H., T.S., T.K., G.E.A. and K.K.; writing—review & editing: Y.H.D., F.E.D., M.G.A., B.L.L.,
S.A.D., G.E.A. and K.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received financial support through grants from the Research Program on Emerg-
ing and Re-emerging Infectious Diseases, provided under references 22wm0125007, 23wm0125007, and
23fk0108667, by the Japan Agency for Medical Research and Development (AMED). Additionally, re-
search funding was also provided by T.E.N. Ghana MV25 B.V. The funders played no part in shaping this
study’s design, data acquisition, data analysis, the decision to publish, or the manuscript’s preparation.

Institutional Review Board Statement: This study was conducted in accordance with ethical clear-
ance and was approved on 20 November 2015 by the Institutional Review Board of the Noguchi
Memorial Institute for Medical Research, Ghana (IRB 00001276).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: Inquiries regarding data sharing should be directed to the authors.

Acknowledgments: We would like to express our sincere gratitude for the efforts and support
provided by the doctors and medical staff at Navrongo War Memorial Hospital as well as the
hospitals in Accra and Sekondi, Ghana.

Conflicts of Interest: The authors declare no conflict of interest. The findings and conclusions in this
report are those of the authors and do not necessarily represent the official position of the National
Institute of Infectious Diseases, Japan.

References
1. Parashar, U.D.; Gibson, C.J.; Bresee, J.S.; Glass, R.I. Rotavirus and severe childhood diarrhea. Emerg. Infect. Dis. 2006, 12, 304–306.

[CrossRef] [PubMed]
2. Tate, J.E.; Burton, A.H.; Boschi-Pinto, C.; Parashar, U.D. World Health Organization-Coordinated Global Rotavirus Surveillance,

N. Global, Regional, and National Estimates of Rotavirus Mortality in Children < 5 Years of Age, 2000–2013. Clin. Infect. Dis. Off.
Publ. Infect. Dis. Soc. Am. 2016, 62 (Suppl. S2), S96–S105. [CrossRef]

https://www.mdpi.com/article/10.3390/v15122453/s1
https://doi.org/10.3201/eid1202.050006
https://www.ncbi.nlm.nih.gov/pubmed/16494759
https://doi.org/10.1093/cid/civ1013


Viruses 2023, 15, 2453 15 of 17

3. Tate, J.E.; Burton, A.H.; Boschi-Pinto, C.; Steele, A.D.; Duque, J.; Parashar, U.D.; WHO-coordinated Global Rotavirus Surveillance
Network. 2008 estimate of worldwide rotavirus-associated mortality in children younger than 5 years before the introduction
of universal rotavirus vaccination programmes: A systematic review and meta-analysis. Lancet. Infect. Dis. 2012, 12, 136–141.
[CrossRef] [PubMed]

4. The Virus Classification and Taxon Nomenclature (ICTV). Available online: https://ictv.global/report/chapter/sedoreoviridae/
sedoreoviridae/rotavirus (accessed on 7 December 2023).

5. Matthijnssens, J.; Ciarlet, M.; Heiman, E.; Arijs, I.; Delbeke, T.; McDonald, S.M.; Palombo, E.A.; Iturriza-Gomara, M.; Maes, P.;
Patton, J.T.; et al. Full genome-based classification of rotaviruses reveals a common origin between human Wa-Like and porcine
rotavirus strains and human DS-1-like and bovine rotavirus strains. J. Virol. 2008, 82, 3204–3219. [CrossRef] [PubMed]

6. World Health Organization Home Page. Available online: https://www.who.int/teams/immunization-vaccines-and-biologicals/
diseases/rotavirus (accessed on 7 December 2023).

7. Ruiz-Palacios, G.M.; Perez-Schael, I.; Velazquez, F.R.; Abate, H.; Breuer, T.; Clemens, S.C.; Cheuvart, B.; Espinoza, F.; Gillard, P.;
Innis, B.L.; et al. Safety and efficacy of an attenuated vaccine against severe rotavirus gastroenteritis. N. Engl. J. Med. 2006, 354,
11–22. [CrossRef] [PubMed]

8. Vesikari, T.; Matson, D.O.; Dennehy, P.; Van Damme, P.; Santosham, M.; Rodriguez, Z.; Dallas, M.J.; Heyse, J.F.; Goveia, M.G.;
Black, S.B.; et al. Safety and efficacy of a pentavalent human-bovine (WC3) reassortant rotavirus vaccine. N. Engl. J. Med. 2006,
354, 23–33. [CrossRef] [PubMed]

9. Troeger, C.; Khalil, I.A.; Rao, P.C.; Cao, S.; Blacker, B.F.; Ahmed, T.; Armah, G.; Bines, J.E.; Brewer, T.G.; Colombara, D.V.; et al.
Rotavirus Vaccination and the Global Burden of Rotavirus Diarrhea Among Children Younger than 5 Years. JAMA Pediatr. 2018,
172, 958–965. [CrossRef] [PubMed]

10. Fujii, Y.; Nakagomi, T.; Nishimura, N.; Noguchi, A.; Miura, S.; Ito, H.; Doan, Y.H.; Takahashi, T.; Ozaki, T.; Katayama, K.;
et al. Spread and predominance in Japan of novel G1P[8] double-reassortant rotavirus strains possessing a DS-1-like genotype
constellation typical of G2P[4] strains. Infect. Genet. Evol. J. Mol. Epidemiol. Evol. Genet. Infect. Dis. 2014, 28, 426–433. [CrossRef]

11. Hoa-Tran, T.N.; Nakagomi, T.; Vu, H.M.; Do, L.P.; Gauchan, P.; Agbemabiese, C.A.; Nguyen, T.T.; Nakagomi, O.; Thanh, N.T.
Abrupt emergence and predominance in Vietnam of rotavirus A strains possessing a bovine-like G8 on a DS-1-like background.
Arch. Virol. 2016, 161, 479–482. [CrossRef]

12. Komoto, S.; Tacharoenmuang, R.; Guntapong, R.; Ide, T.; Haga, K.; Katayama, K.; Kato, T.; Ouchi, Y.; Kurahashi, H.; Tsuji, T.; et al.
Emergence and Characterization of Unusual DS-1-Like G1P[8] Rotavirus Strains in Children with Diarrhea in Thailand. PLoS
ONE 2015, 10, e0141739. [CrossRef]

13. Luchs, A.; da Costa, A.C.; Cilli, A.; Komninakis, S.C.V.; Carmona, R.C.C.; Boen, L.; Morillo, S.G.; Sabino, E.C.; Timenetsky, M.
Spread of the emerging equine-like G3P[8] DS-1-like genetic backbone rotavirus strain in Brazil and identification of potential
genetic variants. J. Gen. Virol. 2019, 100, 7–25. [CrossRef] [PubMed]

14. Nakagomi, T.; Nguyen, M.Q.; Gauchan, P.; Agbemabiese, C.A.; Kaneko, M.; Do, L.P.; Vu, T.D.; Nakagomi, O. Evolution of
DS-1-like G1P[8] double-gene reassortant rotavirus A strains causing gastroenteritis in children in Vietnam in 2012/2013. Arch.
Virol. 2017, 162, 739–748. [CrossRef] [PubMed]

15. Katz, E.M.; Esona, M.D.; Betrapally, N.S.; De La Cruz De Leon, L.A.; Neira, Y.R.; Rey, G.J.; Bowen, M.D. Whole-gene analysis of
inter-genogroup reassortant rotaviruses from the Dominican Republic: Emergence of equine-like G3 strains and evidence of their
reassortment with locally-circulating strains. Virology 2019, 534, 114–131. [CrossRef] [PubMed]

16. Wandera, E.A.; Komoto, S.; Mohammad, S.; Ide, T.; Bundi, M.; Nyangao, J.; Kathiiko, C.; Odoyo, E.; Galata, A.; Miring’u, G.; et al.
Genomic characterization of uncommon human G3P[6] rotavirus strains that have emerged in Kenya after rotavirus vaccine
introduction, and pre-vaccine human G8P[4] rotavirus strains. Infect. Genet. Evol. J. Mol. Epidemiol. Evol. Genet. Infect. Dis. 2019,
68, 231–248. [CrossRef] [PubMed]

17. Cowley, D.; Donato, C.M.; Roczo-Farkas, S.; Kirkwood, C.D. Emergence of a novel equine-like G3P[8] inter-genogroup reassortant
rotavirus strain associated with gastroenteritis in Australian children. J. Gen. Virol. 2015, 97, 403–410. [CrossRef] [PubMed]

18. Arana, A.; Montes, M.; Jere, K.C.; Alkorta, M.; Iturriza-Gomara, M.; Cilla, G. Emergence and spread of G3P[8] rotaviruses
possessing an equine-like VP7 and a DS-1-like genetic backbone in the Basque Country (North of Spain), 2015. Infect. Genet. Evol.
J. Mol. Epidemiol. Evol. Genet. Infect. Dis. 2016, 44, 137–144. [CrossRef] [PubMed]

19. Giri, S.; Kumar, C.P.G.; Khakha, S.A.; Chawla-Sarkar, M.; Gopalkrishna, V.; Chitambar, S.D.; Ray, P.; Venkatasubramanian, S.;
Borkakoty, B.J.; Roy, S.; et al. Diversity of rotavirus genotypes circulating in children < 5 years of age hospitalized for acute
gastroenteritis in India from 2005 to 2016: Analysis of temporal and regional genotype variation. BMC Infect. Dis. 2020, 20, 740.
[CrossRef]

20. Doan, Y.H.; Suzuki, Y.; Fujii, Y.; Haga, K.; Fujimoto, A.; Takai-Todaka, R.; Someya, Y.; Nayak, M.K.; Mukherjee, A.; Imamura, D.;
et al. Complex reassortment events of unusual G9P[4] rotavirus strains in India between 2011 and 2013. Infect. Genet. Evol. 2017,
54, 417–428. [CrossRef]

21. Quaye, O.; McDonald, S.; Esona, M.D.; Lyde, F.C.; Mijatovic-Rustempasic, S.; Roy, S.; Banegas, D.J.; Quinonez, Y.M.; Chinchilla,
B.L.; Santiago, F.G.; et al. Rotavirus G9P[4] in 3 countries in Latin America, 2009–2010. Emerg. Infect. Dis. 2013, 19, 1332–1333.
[CrossRef]

22. Afrad, M.H.; Rahman, M.Z.; Matthijnssens, J.; Das, S.K.; Faruque, A.S.; Azim, T.; Rahman, M. High incidence of reassortant
G9P[4] rotavirus strain in Bangladesh: Fully heterotypic from vaccine strains. J. Clin. Virol. 2013, 58, 755–756. [CrossRef]

https://doi.org/10.1016/S1473-3099(11)70253-5
https://www.ncbi.nlm.nih.gov/pubmed/22030330
https://ictv.global/report/chapter/sedoreoviridae/sedoreoviridae/rotavirus
https://ictv.global/report/chapter/sedoreoviridae/sedoreoviridae/rotavirus
https://doi.org/10.1128/JVI.02257-07
https://www.ncbi.nlm.nih.gov/pubmed/18216098
https://www.who.int/teams/immunization-vaccines-and-biologicals/diseases/rotavirus
https://www.who.int/teams/immunization-vaccines-and-biologicals/diseases/rotavirus
https://doi.org/10.1056/NEJMoa052434
https://www.ncbi.nlm.nih.gov/pubmed/16394298
https://doi.org/10.1056/NEJMoa052664
https://www.ncbi.nlm.nih.gov/pubmed/16394299
https://doi.org/10.1001/jamapediatrics.2018.1960
https://www.ncbi.nlm.nih.gov/pubmed/30105384
https://doi.org/10.1016/j.meegid.2014.08.001
https://doi.org/10.1007/s00705-015-2682-x
https://doi.org/10.1371/journal.pone.0141739
https://doi.org/10.1099/jgv.0.001171
https://www.ncbi.nlm.nih.gov/pubmed/30457517
https://doi.org/10.1007/s00705-016-3155-6
https://www.ncbi.nlm.nih.gov/pubmed/27878638
https://doi.org/10.1016/j.virol.2019.06.007
https://www.ncbi.nlm.nih.gov/pubmed/31228725
https://doi.org/10.1016/j.meegid.2018.12.004
https://www.ncbi.nlm.nih.gov/pubmed/30543939
https://doi.org/10.1099/jgv.0.000352
https://www.ncbi.nlm.nih.gov/pubmed/26588920
https://doi.org/10.1016/j.meegid.2016.06.048
https://www.ncbi.nlm.nih.gov/pubmed/27370571
https://doi.org/10.1186/s12879-020-05448-y
https://doi.org/10.1016/j.meegid.2017.07.025
https://doi.org/10.3201/eid1908.130288
https://doi.org/10.1016/j.jcv.2013.09.024


Viruses 2023, 15, 2453 16 of 17

23. Lewis, J.; Roy, S.; Esona, M.D.; Mijatovic-Rustempasic, S.; Hardy, C.; Wang, Y.; Cortese, M.; Bowen, M.D. Full Genome Sequence
of a Reassortant Human G9P[4] Rotavirus Strain. Genome Announc. 2014, 2, 10–128. [CrossRef] [PubMed]

24. Yamamoto, S.P.; Kaida, A.; Ono, A.; Kubo, H.; Iritani, N. Detection and characterization of a human G9P[4] rotavirus strain in
Japan. J. Med. Virol. 2015, 87, 1311–1318. [CrossRef] [PubMed]

25. Ianiro, G.; Recanatini, C.; D’Errico, M.M.; Monini, M.; RotaNet-Italy Study, G. Uncommon G9P[4] group A rotavirus strains
causing dehydrating diarrhea in young children in Italy. Infect. Genet. Evol. J. Mol. Epidemiol. Evol. Genet. Infect. Dis. 2018, 64,
57–64. [CrossRef] [PubMed]

26. Moutelikova, R.; Sauer, P.; Prodelalova, J. Whole-genome sequence of a reassortant G9P[4] rotavirus A strain from two children in
the Czech Republic. Arch. Virol. 2020, 165, 1703–1706. [CrossRef] [PubMed]

27. Lartey, B.L.; Damanka, S.; Dennis, F.E.; Enweronu-Laryea, C.C.; Addo-Yobo, E.; Ansong, D.; Kwarteng-Owusu, S.; Sagoe, K.W.;
Mwenda, J.M.; Diamenu, S.K.; et al. Rotavirus strain distribution in Ghana pre- and post- rotavirus vaccine introduction. Vaccine
2018, 36, 7238–7242. [CrossRef] [PubMed]

28. Gentsch, J.R.; Glass, R.I.; Woods, P.; Gouvea, V.; Gorziglia, M.; Flores, J.; Das, B.K.; Bhan, M.K. Identification of group A rotavirus
gene 4 types by polymerase chain reaction. J. Clin. Microbiol. 1992, 30, 1365–1373. [CrossRef]

29. Pickett, B.E.; Greer, D.S.; Zhang, Y.; Stewart, L.; Zhou, L.; Sun, G.; Gu, Z.; Kumar, S.; Zaremba, S.; Larsen, C.N.; et al. Virus
pathogen database and analysis resource (ViPR): A comprehensive bioinformatics database and analysis resource for the
coronavirus research community. Viruses 2012, 4, 3209–3226. [CrossRef] [PubMed]

30. Agbemabiese, C.A.; Nakagomi, T.; Damanka, S.A.; Dennis, F.E.; Lartey, B.L.; Armah, G.E.; Nakagomi, O. Sub-genotype phylogeny
of the non-G, non-P genes of genotype 2 Rotavirus A strains. PLoS ONE 2019, 14, e0217422. [CrossRef]

31. Tamura, K.; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S. MEGA6: Molecular Evolutionary Genetics Analysis version 6.0. Mol.
Biol. Evol. 2013, 30, 2725–2729. [CrossRef]

32. Katoh, K.; Misawa, K.; Kuma, K.; Miyata, T. MAFFT: A novel method for rapid multiple sequence alignment based on fast Fourier
transform. Nucleic Acids Res. 2002, 30, 3059–3066. [CrossRef]

33. Doan, Y.H.; Nakagomi, T.; Agbemabiese, C.A.; Nakagomi, O. Changes in the distribution of lineage constellations of G2P[4]
Rotavirus A strains detected in Japan over 32 years (1980–2011). Infect. Genet. Evol. J. Mol. Epidemiol. Evol. Genet. Infect. Dis. 2015,
34, 423–433. [CrossRef]

34. Doan, Y.H.; Nakagomi, T.; Nakagomi, O. Repeated circulation over 6 years of intergenogroup mono-reassortant G2P[4] rotavirus
strains with genotype N1 of the NSP2 gene. Infect. Genet. Evol. 2012, 12, 1202–1212. [CrossRef] [PubMed]

35. Armah, G.; Pringle, K.; Enweronu-Laryea, C.C.; Ansong, D.; Mwenda, J.M.; Diamenu, S.K.; Narh, C.; Lartey, B.; Binka, F.; Grytdal,
S.; et al. Impact and Effectiveness of Monovalent Rotavirus Vaccine Against Severe Rotavirus Diarrhea in Ghana. Clin. Infect. Dis.
2016, 62 (Suppl. S2), S200–S207. [CrossRef] [PubMed]

36. Araujo, I.T.; Ferreira, M.S.; Fialho, A.M.; Assis, R.M.; Cruz, C.M.; Rocha, M.; Leite, J.P. Rotavirus genotypes P[4]G9, P[6]G9,
and P[8]G9 in hospitalized children with acute gastroenteritis in Rio de Janeiro, Brazil. J. Clin. Microbiol. 2001, 39, 1999–2001.
[CrossRef] [PubMed]

37. Santos, N.; Volotao, E.M.; Soares, C.C.; Albuquerque, M.C.; da Silva, F.M.; de Carvalho, T.R.; Pereira, C.F.; Chizhikov, V.; Hoshino,
Y. Rotavirus strains bearing genotype G9 or P[9] recovered from Brazilian children with diarrhea from 1997 to 1999. J. Clin.
Microbiol. 2001, 39, 1157–1160. [CrossRef]

38. Esona, M.D.; Armah, G.E.; Steele, A.D. Rotavirus VP4 and VP7 genotypes circulating in Cameroon: Identification of unusual
types. J. Infect. Dis. 2010, 202 (Suppl. S1), S205–S211. [CrossRef]

39. Zeller, M.; Donato, C.; Trovao, N.S.; Cowley, D.; Heylen, E.; Donker, N.C.; McAllen, J.K.; Akopov, A.; Kirkness, E.F.; Lemey, P.;
et al. Genome-Wide Evolutionary Analyses of G1P[8] Strains Isolated Before and After Rotavirus Vaccine Introduction. Genome
Biol. Evol. 2015, 7, 2473–2483. [CrossRef]

40. da Silva, M.F.M.; Rose, T.L.; Gomez, M.M.; Carvalho-Costa, F.A.; Fialho, A.M.; de Assis, R.M.S.; de Andrade, J.; Volotao, E.M.;
Leite, J.P.G. G1P[8] species A rotavirus over 27 years--pre- and post-vaccination eras--in Brazil: Full genomic constellation analysis
and no evidence for selection pressure by Rotarix(R) vaccine. Infect. Genet. Evol. J. Mol. Epidemiol. Evol. Genet. Infect. Dis. 2015, 30,
206–218. [CrossRef]

41. Munlela, B.; Joao, E.D.; Donato, C.M.; Strydom, A.; Boene, S.S.; Chissaque, A.; Bauhofer, A.F.L.; Langa, J.; Cassocera, M.;
Cossa-Moiane, I.; et al. Whole Genome Characterization and Evolutionary Analysis of G1P[8] Rotavirus A Strains during the Pre-
and Post-Vaccine Periods in Mozambique (2012–2017). Pathogens 2020, 9, 26. [CrossRef]

42. Mwangi, P.N.; Mogotsi, M.T.; Seheri, M.L.; Mphahlele, M.J.; Peenze, I.; Esona, M.D.; Kumwenda, B.; Steele, A.D.; Kirkwood,
C.D.; Ndze, V.N.; et al. Whole Genome In-Silico Analysis of South African G1P[8] Rotavirus Strains Before and After Vaccine
Introduction Over A Period of 14 Years. Vaccines 2020, 8, 609. [CrossRef]

43. Rasebotsa, S.; Mwangi, P.N.; Mogotsi, M.T.; Sabiu, S.; Magagula, N.B.; Rakau, K.; Uwimana, J.; Mutesa, L.; Muganga, N.; Murenzi,
D.; et al. Whole genome and in-silico analyses of G1P[8] rotavirus strains from pre- and post-vaccination periods in Rwanda. Sci.
Rep. 2020, 10, 13460. [CrossRef]

44. Zhang, S.; McDonald, P.W.; Thompson, T.A.; Dennis, A.F.; Akopov, A.; Kirkness, E.F.; Patton, J.T.; McDonald, S.M. Analysis of
human rotaviruses from a single location over an 18-year time span suggests that protein coadaption influences gene constellations.
J. Virol. 2014, 88, 9842–9863. [CrossRef]

https://doi.org/10.1128/genomeA.01284-14
https://www.ncbi.nlm.nih.gov/pubmed/25502675
https://doi.org/10.1002/jmv.24121
https://www.ncbi.nlm.nih.gov/pubmed/25907907
https://doi.org/10.1016/j.meegid.2018.06.017
https://www.ncbi.nlm.nih.gov/pubmed/29909243
https://doi.org/10.1007/s00705-020-04648-w
https://www.ncbi.nlm.nih.gov/pubmed/32405825
https://doi.org/10.1016/j.vaccine.2018.01.010
https://www.ncbi.nlm.nih.gov/pubmed/29371014
https://doi.org/10.1128/jcm.30.6.1365-1373.1992
https://doi.org/10.3390/v4113209
https://www.ncbi.nlm.nih.gov/pubmed/23202522
https://doi.org/10.1371/journal.pone.0217422
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1016/j.meegid.2015.05.026
https://doi.org/10.1016/j.meegid.2012.04.023
https://www.ncbi.nlm.nih.gov/pubmed/22575821
https://doi.org/10.1093/cid/ciw014
https://www.ncbi.nlm.nih.gov/pubmed/27059357
https://doi.org/10.1128/JCM.39.5.1999-2001.2001
https://www.ncbi.nlm.nih.gov/pubmed/11326034
https://doi.org/10.1128/JCM.39.3.1157-1160.2001
https://doi.org/10.1086/653575
https://doi.org/10.1093/gbe/evv157
https://doi.org/10.1016/j.meegid.2014.12.030
https://doi.org/10.3390/pathogens9121026
https://doi.org/10.3390/vaccines8040609
https://doi.org/10.1038/s41598-020-69973-1
https://doi.org/10.1128/JVI.01562-14


Viruses 2023, 15, 2453 17 of 17

45. Nakagomi, T.; Cuevas, L.E.; Gurgel, R.G.; Elrokhsi, S.H.; Belkhir, Y.A.; Abugalia, M.; Dove, W.; Montenegro, F.M.; Correia, J.B.;
Nakagomi, O.; et al. Apparent extinction of non-G2 rotavirus strains from circulation in Recife, Brazil, after the introduction of
rotavirus vaccine. Arch. Virol. 2008, 153, 591–593. [CrossRef]

46. Kirkwood, C.D.; Boniface, K.; Barnes, G.L.; Bishop, R.F. Distribution of rotavirus genotypes after introduction of rotavirus
vaccines, Rotarix(R) and RotaTeq(R), into the National Immunization Program of Australia. Pediatr. Infect. Dis. J. 2011, 30, S48–S53.
[CrossRef]

47. Matthijnssens, J.; Zeller, M.; Heylen, E.; De Coster, S.; Vercauteren, J.; Braeckman, T.; Van Herck, K.; Meyer, N.; Pircon, J.Y.;
Soriano-Gabarro, M.; et al. Higher proportion of G2P[4] rotaviruses in vaccinated hospitalized cases compared with unvaccinated
hospitalized cases, despite high vaccine effectiveness against heterotypic G2P[4] rotaviruses. Clin. Microbiol. Infect. Off. Publ. Eur.
Soc. Clin. Microbiol. Infect. Dis. 2014, 20, O702–O710. [CrossRef]

48. Jere, K.C.; Bar-Zeev, N.; Chande, A.; Bennett, A.; Pollock, L.; Sanchez-Lopez, P.F.; Nakagomi, O.; Tate, J.E.; Parashar, U.D.;
Heyderman, R.S.; et al. Vaccine Effectiveness against DS-1-Like Rotavirus Strains in Infants with Acute Gastroenteritis, Malawi,
2013-2015. Emerg. Infect. Dis. 2019, 25, 1734–1737. [CrossRef]

49. Yen, C.; Figueroa, J.R.; Uribe, E.S.; Carmen-Hernandez, L.D.; Tate, J.E.; Parashar, U.D.; Patel, M.M.; Richardson Lopez-Collado, V.
Monovalent rotavirus vaccine provides protection against an emerging fully heterotypic G9P[4] rotavirus strain in Mexico. J.
Infect. Dis. 2011, 204, 783–786. [CrossRef]

50. Sharma, S.; Paul, V.K.; Bhan, M.K.; Ray, P. Genomic characterization of nontypeable rotaviruses and detection of a rare G8 strain
in Delhi, India. J. Clin. Microbiol. 2009, 47, 3998–4005. [CrossRef]

51. Rahman, M.; Matthijnssens, J.; Yang, X.; Delbeke, T.; Arijs, I.; Taniguchi, K.; Iturriza-Gomara, M.; Iftekharuddin, N.; Azim, T.; Van
Ranst, M. Evolutionary history and global spread of the emerging g12 human rotaviruses. J. Virol. 2007, 81, 2382–2390. [CrossRef]

52. De Grazia, S.; Giammanco, G.M.; Doro, R.; Bonura, F.; Marton, S.; Cascio, A.; Martella, V.; Banyai, K. Identification of a multi-
reassortant G12P[9] rotavirus with novel VP1, VP2, VP3 and NSP2 genotypes in a child with acute gastroenteritis. Infect. Genet.
Evol. J. Mol. Epidemiol. Evol. Genet. Infect. Dis. 2015, 35, 34–37. [CrossRef]

53. Kachooei, A.; Tava Koli, A.; Minaeian, S.; Hosseini, M.; Jalilvand, S.; Latifi, T.; Arashkia, A.; Ataei-Pirkooh, A.; Shoja, Z. Molecular
characterization of rotavirus infections in children less than 5 years of age with acute gastroenteritis in Tehran, Iran, 2021-2022:
Emergence of uncommon G9P[4] and G9P[8] rotavirus strains. J. Med. Virol. 2023, 95, e28529. [CrossRef]

54. Athiyyah, A.F.; Utsumi, T.; Wahyuni, R.M.; Dinana, Z.; Yamani, L.N.; Soetjipto; Sudarmo, S.M.; Ranuh, R.G.; Darma, A.; Juniastuti;
et al. Molecular Epidemiology and Clinical Features of Rotavirus Infection Among Pediatric Patients in East Java, Indonesia
During 2015–2018: Dynamic Changes in Rotavirus Genotypes from Equine-Like G3 to Typical Human G1/G3. Front. Microbiol.
2019, 10, 940. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00705-007-0028-z
https://doi.org/10.1097/INF.0b013e3181fefd90
https://doi.org/10.1111/1469-0691.12612
https://doi.org/10.3201/eid2509.190258
https://doi.org/10.1093/infdis/jir390
https://doi.org/10.1128/JCM.00809-09
https://doi.org/10.1128/JVI.01622-06
https://doi.org/10.1016/j.meegid.2015.07.023
https://doi.org/10.1002/jmv.28529
https://doi.org/10.3389/fmicb.2019.00940

	Introduction 
	Materials and Methods 
	Specimens and Ethical Approval 
	RNA Extraction 
	cDNA Library Preparation and Illumina MiSeq Sequencing 
	Genetic Analysis Algorithms 
	Nucleotide Sequence Accession Numbers 

	Results 
	The Collection of Samples, Age Distribution, and Proportion of Rotavirus Detection 
	Genotype Constellation 
	Comprehensive Collection of RVA Genotype Constellations in the Pre-Vaccination Era 
	Phylogenetic Analysis and Proportional p-Distances 
	The Circulation of the Uncommon E6 Genotype of the NSP4 Gene 

	Discussion 
	Conclusions 
	References

