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Abstract: Children in low-and middle-income countries, including Rwanda, experience a greater
burden of rotavirus disease relative to developed countries. Evolutionary mechanisms leading to
multiple reassortant rotavirus strains have been documented over time which influence the diversity
and evolutionary dynamics of novel rotaviruses. Comprehensive rotavirus whole-genome analysis
was conducted on 158 rotavirus group A (RVA) samples collected pre- and post-vaccine introduction
in children less than five years in Rwanda. Of these RVA positive samples, five strains with the
genotype constellations G4P[4]-I1-R2-C2-M2-A2-N2-T1-E1-H2 (n = 1), G9P[4]-I1-R2-C2-M2-A1-N1-
T1-E1-H1 (n = 1), G12P[8]-I1-R2-C2-M1-A1-N2-T1-E2-H3 (n = 2) and G12P[8]-I1-R1-C1-M1-A2-N2-T2-
E1-H1 (n = 1), with double and triple gene reassortant rotavirus strains were identified. Phylogenetic
analysis revealed a close relationship between the Rwandan strains and cognate human RVA strains
as well as the RotaTeq® vaccine strains in the VP1, VP2, NSP2, NSP4 and NSP5 gene segments.
Pairwise analyses revealed multiple differences in amino acid residues of the VP7 and VP4 antigenic
regions of the RotaTeq® vaccine strain and representative Rwandan study strains. Although the
impact of such amino acid changes on the effectiveness of rotavirus vaccines has not been fully
explored, this analysis underlines the potential of rotavirus whole-genome analysis by enhancing
knowledge and understanding of intergenogroup reassortant strains circulating in Rwanda post
vaccine introduction.

Keywords: rotavirus; reassortment; whole-genome based surveillance; epitopes; vaccine

1. Introduction

Group A rotaviruses (RVA) are the most common cause of severe virus-induced diar-
rhea in infants and children less than five years of age in both developed and developing
countries, accounting for over 128,500 deaths globally in 2016, of which 104,733 occurred
in sub-Saharan Africa [1]. Children living in low-and middle-income countries have a
higher disease burden due to poor living conditions, inadequate sanitation and limited
supply of clean drinking water, among other factors [2,3]. Prior to the introduction of the
vaccine RotaTeq® (RV5, Merck & Co. Inc., Kenilworth, NJ, USA) in Rwanda, approximately
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3500 RVA related mortality was reported in children annually, accounting for 8.8% of all
mortality rate in children less than five years of age [4]. RotaTeq® was introduced into
the Rwandan National Immunization Program in May 2012 with a vaccine coverage of
99% within a year after introduction [5,6]. During the first three years post- RotaTeq®

introduction, the proportion of total diarrheal hospitalization due to rotavirus declined by
25–44% among children less than five years in the Eastern Province of Rwanda suggesting
a positive vaccine impact on the population [7].

Structurally, rotaviruses are triple-layered with icosahedral symmetry and consist of an
11-segmented double-stranded RNA (dsRNA) genome encoding six structural (VP1-VP4,
VP6, VP7) and five to six non-structural (NSP1-NSP5/NSP6) proteins [8,9]. Although, the
binary classification is widely used to classify RVA into G (VP7) and P (VP4) viral genotypes
based on the antigenicity of the two outer capsid proteins, whole-genome characterization
has proven to be extensively essential and has been well facilitated with next generation se-
quencing (NGS) techniques to fully characterize circulating RVA strains [10–12]. According
to the whole-genome-based classification system, there are three human RVA genogroups;
the Wa-like and DS-1-like (major genogroups) and the AU-1-like (minor genogroup) [13–16].
Majority of strains that possess the Wa-like (G1-P[8]-I1-R1-C1-M1-A1-N1-T1-E1-H1) constel-
lation are from porcine origin, while DS-1-like (G2-P[4]-I2-R2-C2-M2-A2-N2-T2-E2-H2) and
AU-1-like (G3-P[9]-I3-R3-C3-M3-A3-N3-T3-E3-H3) strains are of bovine and canine/feline
origin, respectively [15].

To date, 35 African countries have introduced rotavirus vaccines into their national
immunization program to curb RVA infections in children less than five years [6]. Based on
safety and efficacy studies, four RVA vaccines, Rotarix® (RV1, GlaxoSmithKline Biologicals,
Rixensart, Belgium), RotaTeq® (RV5, Merck & Co. Inc., Kenilworth, NJ, USA), Rotavac®

(nHRV, Bharat Biotech International Limited India, Telangana, India) and Rotasil® (BRV-
PV, Serum Institute of India, Pune, India), have been prequalified by the World Health
organization (WHO) for global use [17]. RotaTeq® is a live-attenuated pentavalent vaccine
composed of both bovine (WC3 and G6P[5]) and human reassortant strains (G1 [W179-9],
G2 [SC2-9], G3 [W178-8], G4 [BrB-9] and P[8] [W179-4] [18]. In Africa, RotaTeq® vaccine
was introduced in few countries such as; Burkina Faso (2013), Côte d’Ivoire (2017), Gambia
(2013), Libya (2013), Rwanda (2012) and São Tomé and Príncipe (2016) [19]. A wide
range of G and P genotype combinations have been reported to circulate among African
countries over the years, with G1P[8], G2P[4], G3P[8], G9P[8], G1P[6], G2P[6], G3P[6],
G8P[4] and G9P[6] being the most prevalent combinations [20–22]. In Rwanda, G1P[8] was
the predominant strain circulating in 2011 (pre-vaccine year). There was an immediate
shift to G8P[4] (53% in 2013), G12P[8] (39.4% in 2014) and G4P[8] (36.6% in 2014) and were
subsequently replaced by the re-emergence of G1P[8] (51.6%) in 2015 [23].

Genome reassortment between human RVA strains have been occasionally reported
among circulating strains globally [24–30]. Such strains are suspected to influence the
low effectiveness of rotavirus vaccines in regions with a significant strain diversity [31].
The RVA strains derived from intergenogroup reassortment are normally influenced by
co-infection with multiple RVA strains, possibly generating strains with novel genome
constellations [8,25,32–34]. However, such strains are reported to exhibit decreased evo-
lutionary fitness compared to strains having a pure Wa-like or pure DS-1-like genotype
constellations and thus transmit less rapidly across human populations [26,29]. In an effort
to contribute to the understanding of dynamics of intergenogroup reassortment of RVA
strains, the present study reports on five intergenogroup reassortant strains observed post-
vaccine introduction in Rwanda between 2013 and 2015 using a whole-genome sequencing
approach.

2. Materials and Methods
2.1. Ethics Statement

This study was reviewed and approved by the Health Sciences Research Ethics Com-
mittee of the UFS, Bloemfontein on the 15 October 2019 and assigned an ethics number
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(UFS-HSD2019/1601/2810). The diarrheal stool samples were collected as a routine di-
agnostic clinical sample when the parents brought their child to the hospital for clinical
management, requiring no written informed consent. The archived RVA-positive samples
were anonymized and utilized for strain characterization.

2.2. Sample Collection

Stool samples (n = 158) were collected from hospitalized children presenting with
acute gastroenteritis between 2011 and 2016 in Rwanda as part of the WHO/AFRO sup-
ported rotavirus surveillance program. These samples were retrieved from “African stool
repository” established to archive stool samples as part of the WHO African surveillance
network, maintained at the Diarrheal Pathogens Research Unit, WHO Rotavirus Regional
Reference Laboratory (Pretoria, South Africa. Five samples had the reassortant genome
constellations, which meet the criteria for this study. Two samples were collected from
unvaccinated children aged 14 months (female) and 36 months (male) from the South and
East Province of Rwanda, respectively. The remaining three samples were collected from
children (males) who received all three doses of the RotaTeq® vaccine, one aged 12 months
(from the North Province) and two aged 24 months (both from the East Province). The
samples were whole-genome sequenced and analyzed at the UFS-NGS Unit. The Rwan-
dan strains described in this study were deposited in GenBank database under accession
numbers MT163179-MT163266.

2.3. Preparation of Purified dsRNA and cDNA for Rotavirus Whole-Genome Sequencing

The dsRNA was extracted using a protocol previously described by Nyaga et al.[35],
and purified using the Qiagen MinElute gel extraction kit (Qiagen, Hilden, Germany). The
quality of the purified dsRNA was thereafter verified by 1% agarose gel electrophoresis
prior to quantification using a BioDrop-µLITE spectrophotometer (Biodrop, Cambridge,
UK). For the cDNA synthesis, the Maxima H Minus Double-Stranded cDNA Synthesis Kit
(ThermoFisher Scientific, Waltham, MA, USA) was used in accordance to manufacturer’s
instructions with minor modifications. The modification included the denaturation of the
dsRNA at 95 ◦C as a replacement for 65 ◦C for five minutes prior to synthesis of the first
strand for 2 h at 50 ◦C in a thermocycler (Merck, Darmstadt, Germany).

2.4. DNA Library Preparations and Whole-Genome Sequencing

The Nextera® XT DNA library preparation kit (Illumina Inc., San Diego, CA, USA)
was used to construct DNA libraries for whole-genome sequencing, following the manu-
facturer’s instructions. The libraries were dual-barcoded using Nextera index kit (Illumina
Inc.) and purified using AMPure XP magnetic beads (Beckman Coulter, Indianapolis, IN,
USA) while simultaneously selecting for ~300 bp DNA fragments and removing short li-
brary fragments. Fragment sizes were confirmed using a High Sensitivity DNA Kit (Agilent
Technologies, Waldbronn, Germany) and run on a Bioanalyzer 2100 (Agilent Technologies).
The libraries were quantified on a Qubit 3.0 Fluorimeter (Invitrogen, Carlsbad, CA, USA).
Whole-genome sequencing was performed on an Illumina MiSeq (Illumina Inc., San Diego,
CA, USA) platform for 600 cycles (301 × 2 paired ends) at a final concentration of 8pM and
a PhiX (20pM) spike of 20% was used as a positive control.

2.5. Computational Analysis

The raw reads were assembled in Geneious Prime v11.1.5 [36] (Biomatters, https:
//www.geneious.com/) and CLC Genomics Workbench v11 (CLC Bio, Qiagen; (https:
//www.qiagenbioinformatics.com/) as complementary tools. A reference based assembly
was carried out for the samples and the resulting contigs were used as query sequences
in the RotaC v2.0 (http://rotac.regatools.be/) and the Nucleotide Basic Local Alignment
Search Tool (BLASTn; https://blast.ncbi.nlm.nih.gov/) to determine the genotype of
each gene and their full-length nucleotide sequence. Phylogenetic trees were constructed
using MEGA 6 software package [37] (http://www.megasoftware.net/) with Maximum

https://www.geneious.com/
https://www.geneious.com/
https://www.qiagenbioinformatics.com/
https://www.qiagenbioinformatics.com/
http://rotac.regatools.be/
https://blast.ncbi.nlm.nih.gov/
http://www.megasoftware.net/
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Likelihood method-based model supported by bootstrap analysis with 1000 replicates.
The p-distance algorithm was used to calculate the nucleotide distances. The VP7 and
VP4 protein structure was constructed using Swiss-model protein structure server [38]
(https://swissmodel.expasy.org) and PyMOL v2. The validity of the structures were
confirmed using YASARA [39] and verify 3D (https://servicesn.mbi.ucla.edu/Verify3D/).

3. Results
3.1. Genome Constellations

In order to gain insight into the genetic variability among the study strains and their
genetic relatedness with selected global reference RVA strains, the full-genome sequences
of 158 Rwandan samples sequenced from the pre- (2011) and post- (2012–2016) vaccination
period were determined. From that dataset pool, only five samples from the pool pos-
sessed reassortant constellations (Table 1). The full or near full-length nucleotide sequences
reads were assembled for all the 11 gene segments of the five surveillance strains. The
length size of contigs and number of reads post-assembly are given (Table 1). All the
five reassortant strains were observed between 2013 and 2015 from children presenting
with diarrhea and vomiting episodes. Strains RVA/Human-wt/RWA/UFS-NGS:MRC-
DPRU6235/2014/G4P[4] and RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU566/2013/
G9P[4] from non-vaccinated children exhibited both the Wa-like and DS-1-like geno-
type constellation: G4P[4]-I1-R2-C2-M2-A2-N2-T1-E1-H2 and G9P[4]-I1-R2-C2-M2-A1-
N1-T1-E1-H1, respectively. Two G12P[8] strains (RVA/Human-wt/RWA/UFS-NGS:MRC-
DPRU8020/2015/G12P[8] and RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU9995/2015/
G12P[8]) possessed an identical genome constellation across the backbone (G12P[8]-I1-
R2-C2-M1-A1-N2-T1-E2-H3), comprised of typical Wa-like, DS-1-like and AU-1-like geno-
type constellation. On the other hand, strain RVA/Human-wt/RWA/UFS-NGS:MRC-
DPRU6212/2014/G12P[8] exhibited both the Wa-like and DS-1-like genotype constellation
G12P[8]-I1-R1-C1-M1-A2-N2-T2-E1-H1. All the G12P[8] strains were from vaccinated
children.

https://swissmodel.expasy.org
https://servicesn.mbi.ucla.edu/Verify3D/
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Table 1. Genome constellations of five reassortant rotavirus strains detected post-vaccine introduction (2013–2015) in Rwanda along with the contigs length and number of reads mapped
to each contig.

Strain Nomenclature VP7 VP4 VP6 VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5

RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU6235/2014/G4P[4]
(Non-Vaccinated))

Genome constellations G4 P[4] I1 R2 C2 M2 A2 N2 T1 E1 H2
Contig length 1065 2359 1353 3303 2729 3302 3302 1044 1073 750 673

Reads mapped to contigs 4013 16,451 6652 17,536 13,647 19,920 7673 3907 5391 3371 1892
Genome constellations G9 P[4] I1 R2 C2 M2 A1 N1 T1 E1 H1

RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU566/2013/G9P[4]
(Non-Vaccinated)

Contig length 1061 2359 1352 3302 2726 2591 1567 1059 1074 748 664
Reads mapped to contigs 4324 7950 7548 19,078 11,493 11,132 4451 3604 4152 3879 722

Genome constellations G12 P[8] I1 R2 C2 M1 A1 N2 T1 E2 H3
RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU8020/2015/G12P[8]

(Vaccinated)
Contig length 1062 2359 1360 3304 2707 3302 3302 1059 1074 751 667

Reads mapped to contigs 3888 6742 5761 20,328 12,815 11,949 12,849 3172 3484 2600 1170
Genome constellations G12 P[8] I1 R2 C2 M1 A1 N2 T1 E2 H3

RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU9995/2015/G12P[8]
(Vaccinated)

Contig length 1062 2359 1356 3302 2687 3302 3302 1059 1074 751 668
Reads mapped to contigs 25,828 45,020 42,925 92,061 65,575 26,672 18,505 20,815 12,752 7205 11,688

Genome constellations G12 P[8] I1 R1 C1 M1 A2 N2 T2 E1 H1
RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU6212/2014/G12P[8]

(Vaccinated)
Contig length 1061 2359 1356 3301 2735 2591 3302 1059 1066 749 669

Reads mapped to contigs 22,656 60,092 26,846 62,970 55,548 59,218 26,988 15,855 20,750 24,216 4705

Wa-like genogroups are represented by the green color, DS-1like is represented by the red color and AU-1-like is represented by the yellow color.
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3.2. The VP4 and VP7 Antigenic Region Analyses

Amino acid changes at the VP7 and VP4 antigenic epitopes of circulating RVA strains
and RVA vaccine strains can affect the ability of antibodies to neutralize virus infectivity and
could also undermine vaccine effectiveness [40]. In this regard, we compared the antigenic
differences between RotaTeq® vaccine and the Rwandan study strains by analyzing the
amino acid sequence of the VP7 and VP4. The VP7 gene contains two structurally defined
antigenic epitope regions: 7-1 and 7-2 made up of 29 amino acid residues [41,42]. The
7-1 epitope is further subdivided into 7-1a and 7-1b. The VP7 epitopes of the Rwandan
G4 strain was compared to the G4 VP7 protein of strain RVA/Vaccine/USA/RotaTeq-
BrB-9/1996/G4P75, which showed 27 amino acid differences distributed across the VP7
epitope regions (Figure 1A,B). Only two residues in position 190 (within the 7-2 region)
and 291 (within the 7-1a region) were conserved between the RotaTeq® vaccine strains and
the Rwandan study strain (Figure 1A). Amino acid substitutions from uncharged polar
molecules to charged polar molecules were observed in three positions, T96D, T217E and
S221D. Furthermore, amino acid substitution from charged polar molecule to uncharged
polar molecule was also observed in two positions E97T and D211T. The polarity of the
other amino acids was not affected by either of the substitutions.

Figure 1. (A) The alignment of the G4 VP7 component of the Rotateq vaccine strain and G4 Rwandan study strain based on
the three surface exposed epitope regions (7-1a, 7-1b and 7-2). The asterisk (*) represents amino acid position of residues
associated with escape neutralization with monoclonal antibodies. (B) Surface representation of the VP7 protein. The
structure has the root mean square deviation (RMSD) of 0.044 Å. The structure of the RotaTeq® vaccine strain is represented
with the red colour and overlapped with the structure of the Rwandan study strain indicated with the blue colour. The
green colour represents the amino acid changes observed on the Rwandan study strain as compared to the RotaTeq® vaccine
strain (yellow).
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In the presence of trypsin, the VP4 is cleaved into two domains, the VP8* (8-1 to
8-4) and the VP5* (5-1 to 5-5) made up of 37 amino acid residues in the antigenic epitope
regions [40,43]. The VP4 epitopes of the Rwandan strains was compared to the P[8]
VP4 protein of strain RVA/Vaccine/USA/RotaTeq-WI79-4/1992/G6P1A8 (Figure 2). The
Rwandan study strains differed from the RotaTeq® vaccine strain in only three positions,
E150D and D195G at 8-1 epitope region and L388I at 5-1 epitope region, while the rest of
the residues in the epitope region were conserved (Figure 2). At position 150, the amino
acid changed from a glutamic acid to aspartic acid. While the change at position 195 was
from an aspartic acid (charged polar molecule) to a glycine molecule (nonpolar molecule)
and the change at position 388 was from leucine to isoleucine.

Figure 2. The alignment of the P[8] VP4 component of the Rotateq vaccine strain and P[8] Rwandan study strain based on
the two VP4 domains, the VP8* (8-1 to 8-4) and VP5 (5-1 to 5-5). The asterisk (*) represents amino acid position of residues
associated with escape neutralization with monoclonal antibodies.

3.3. Phylogenetic Analysis of the VP7 Gene of G4, G9 and G12

Phylogenetic trees were constructed for each of the 11 genome segments of the five
Rwandan RVA reassortant strains in comparison with global reference strains from Gen-
Bank (Figure 3, Figure 4 and Figure S1). The three Rwandan G12P[8] strains clustered in
G12 lineage III, and shared 87.6–99.3% nucleotide (nt) similarity with other lineage III G12
strains (Figure 3 and Figure S2). The G12 strains clustered together and shared 99.8–100%
nt similarity amongst themselves. On the other hand, the Rwandan G9 strain clustered in
G9 lineage III distantly from globally circulating G9 strains (81.7–92.1% nt similarity). The
G4 strain clustered in G4 lineage I with circulating G4 global strains and exhibited 86.0% nt
similarity with a RotaTeq® vaccine strain.

3.4. Phylogenetic Analysis of the VP4 Gene of P[4] and P[8]

The VP4 gene of the two Rwandan P[4] strains and three Rwandan P[8] strains
clustered in P[4]-lineage II and P[8]-lineage III, respectively (Figure 4). Strain RVA/Human-
wt/RWA/UFS-NGS:MRC-DPRU6235/2014/G4P[4] and RVA/Human-wt/RWA/UFS-NGS:
MRC-DPRU566/2013/G9P[4] clustered amongst strains from Kenya, South Africa, Tanza-
nia and Uganda that circulated between 2011–2013 and shared 91.9–99.4% nt similarity. In
contrast, the three Rwandan P[8] strains shared 99.3–100% nt similarity amongst themselves
and clustered separately from other P[8] strains circulating globally.
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Figure 3. Phylogenetic relatedness of group A species based on VP7 of the study strains from Rwanda, G4, G9 and G12.
The study strains are indicated with a black diamond. Bootstrap values ≥70% are indicated at each branch node. Scale bars
represents substitutions per nucleotide site.

3.5. Phylogenetic Analyses of the VP1-VP3 and VP6 Genes

The VP6 gene of all the five Rwandan study strains clustered separately within lineage
I1 and formed multiple sub-clusters (Figure S1). Strain RVA/Human-wt/RWA/UFS-
NGS:MRC-DPRU8020/2015/G12P[8], RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU9995
/2015/G12P[8] and RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU6235/2014/G4P[4] for-
med distinct branches that clustered separately from globally circulating strains. Fur-
thermore, the VP1 gene of the two G12P[8] (RVA/Human-wt/RWA/UFS-NGS:MRC-
DPRU8020/2015 /G12P[8] and RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU9995/2015
/G12P[8]), G4P[4] and G9P[4] strains clustered in lineage R2, while strain RVA/Human-
wt/RWA/UFS-NGS:MRC-DPRU6212/2014/G12P[8] clustered in lineage R1 (Figure S1).
The two G12P[8] strains in lineage R2 clustered amongst human, animal and RotaTeq®

vaccine strains and were homologous. The VP2 gene separated into lineage C1 and lin-
eage C2 (Figure S1). RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU8020/2015/G12P[8]
and RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU9995/2015/G12P[8] showed a sim-
ilar clustering pattern as seen with the VP1 gene by clustering with both human and
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RotaTeq®vaccine strains exhibiting homologous similarity. RVA/Human-wt/RWA/UFS-
NGS:MRC-DPRU6212/2014/G12P[8] clustered with strains from Nepal and Myanmar
that shared 99.5–99.6% nt similarity, while the G4P[4] and G9P[4] strains formed a dis-
tinct branch from strains circulating globally. The VP3 gene of the three G12P[8] strains
clustered in lineage M1, while strain G4P[4] and G9P[4] clustered in lineage M2 (Figure
S1). RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU566/2013/G9P[4] and RVA/Human-
wt/RWA/UFS-NGS:MRC-DPRU 6235/2014/G4P[4] formed distinct branches separate
from globally circulating strains, while strain RVA/Human-wt/RWA/UFS-NGS:MRC-
DPRU6212/2014/G12P[8] clustered in a distinct sub-cluster to RVA/Human-wt/RWA/UFS-
NGS:MRC-DPRU8020/2015/G12P[8] and RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU9
995/2015/G12P[8].

Figure 4. Phylogenetic relatedness of group A species based on VP4 of the study strains from Rwanda, P[4] and P[8]. The
study strains are indicated with a black diamond. Bootstrap values ≥ 70% are indicated at each branch node. Scale bars
represents substitutions per nucleotide site.

3.6. Phylogenetic Analyses of the NSP1-NSP5 Genes

The NSP1-NSP5 genes of study strain RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU
8020/2015/G12P[8] and RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU9995/2015/G12P
[8] phylogenetically clustered closely with reference strains circulating globally in previ-
ously established genotypes A1, N2, T1, E2 and H3 (Figure S1). The two G12P[8] strains also
clustered among human and RotaTeq®vaccine strains in the NSP2 (homologous), NSP4 (ho-
mologous) and NSP5 (99.5–99.8% nt similarity) genes (Figures S1 and S2). Furthermore, the
NSP1 gene separated into lineage A1 and lineage A2 (Figure S1). Strains G9P[4] and G4P[4]
branched separately from globally circulating strains observed in lineage A1 and lineage A2,
respectively. RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU6212/2014/G12P[8] clustered
closer to strains from Thailand that shared 99.2% nt similarity in lineage A2. The NSP2



Viruses 2021, 13, 95 10 of 15

gene of the three G12P[8] strains and the G4P[4] strain clustered in lineage N2, while the
G9P[4] strain clustered in lineage N1 (Figure S1). RVA/Human-wt/RWA/UFS-NGS:MRC-
DPRU6212/2014/G12P[8] and RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU6235/2014/
G4P[4] shared 95.9% nt similarity, while strain RVA/Human-wt/RWA/UFS-NGS:MRC-
DPRU566/2013/G9P[4] shared 97.1% nt similarity with a strain from the United States. The
NSP3 gene of the two G12P[8] (RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU 8020/2015/
G12P[8] and RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU9995/2015/G12P[8]) strains,
G4P[4] and G9P[4] clustered in lineage T1, while strain RVA/Human-wt/RWA/UFS-
NGS:MRC-DPRU6212/2014/G12P[8] clustered in lineage T2 (Figure S1). RVA/Human-
wt/RWA/UFS-NGS:MRC-DPRU6212/2014/G12P[8] was homologous to a Ugandan strain.
The NSP4 gene of the G4P[4] strain clustered closely with strains from Denmark, Russia
and Japan that showed 99.4–99.6% nt similarity (Figures S1 and S2). The G12P[8] and G9[4]
strains that clustered in lineage E1 and shared 99% nt similarity with strains from Japan
and India, respectively. The NSP5 gene separated into lineage H1, H2 and H3 (Figure S1).
The G12P[8] strain in lineage H1 clustered closely with strains from Nepal and Myanmar
and shared 99.1–99.3% nt similarity, while the G9P[4] strain clustered closely with a strain
from the United State (99.5% nt similarity). In contrast, the G4P[4] strain shared 99.5% and
99.8% similarity with a South African and Zimbabwean strain, respectively.

4. Discussion

In the present study, we analyzed the whole-genome of five Rwandan rotavirus
strains that have undergone intergenogroup reassortment identified as part of WHO
supported on-going rotavirus sentinel surveillance. All the G12P[8] strains were from
vaccinated children while the G9P[4] and G4P[4] strains were from non-vaccinated children.
Despite the vaccination status of the children, they all experienced similar symptoms.
Strains RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU6235/2014/G4P[4], RVA/Human-
wt/RWA/UFS-NGS:MRC-DPRU566/2013/G9P[4] and RVA/Human-wt/RWA/UFS-NGS:
MRC-DPRU6212/2014/G12P[8] showed genotype constellations involving the Wa-like and
DS-1-like genogroups while RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU 8020/2015/G
12P[8] and RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU9995/2015/G12P[8] exhibited
triple-gene reassortment of all three human genogroups, Wa-like, DS-1-like and AU-1-like.
Bányai et al. [31] stated that most atypical RVA strains are result of natural intergenogroup
reassortment between the Wa-like and DS-1-like strains due to the segmented nature of
RVA. The emergence of these intergenogroup reassortant strains may be attributed to
either, the lack of RNA polymerase proofreading ability or co-infection of multiple strains
from various human RVA strains [8,15,44–46]. Co-infections have been reported in high
frequencies in several RVA strains across Africa [21,22,35,47].

The detection of the unusual G9P[4] strain (RVA/Human-wt/RWA/UFS-NGS:MRC-
DPRU566/2013/G9P[4]) in Rwanda is noteworthy as it is more prevalent in South-East Asia,
Japan and Central America and detected at very low frequency (2%) in Africa [23,48–54].
Phylogenetic analysis revealed that the five Rwandan strains clustered mostly with strains
circulating globally, with few exceptions that clustered separately. This suggests a direct
importation of these variants from abroad rather than local emergence through multiple
reassortment events between locally circulating strains. It is evident that the reassort-
ment events of the five Rwandan strains mostly occurred with contemporary human
rotavirus strains as they did not show sufficient evidence of animal/human reassort-
ment. Furthermore, RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU8020/2015/G12P[8]
and RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU9995/2015/G12P[8] exhibit a high sim-
ilarity amongst each other across the genome and both human and RotaTeq® vaccine
strains in the VP2, NSP2, NSP4 and NSP5 gene segment. This finding suggests a reassort-
ment between both human and RotaTeq® vaccine strains might have also transpired. This
observation is consistent with the findings of Rose et al. [55], who have reported that such
reassortment events are expected considering the attenuation of RotaTeq® vaccines and the
segmented nature of the RVA genome [55].
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In the construction of the RotaTeq® vaccine in the 1980s, the G4 and P[8] components
were included in the composition of this pentavalent vaccine [18]. When comparing the
G4 and P[8] components of the Rwandan strains and the RotaTeq® vaccine strains, we
observed that the Rwandan G4 strain clustered distinctly to the RotaTeq® vaccine strain
in G4-lineage I while the Rwandan P[8] strains clustered in P[8] lineage III distantly from
the RotaTeq®vaccine strain in P[8]-lineage II. This phenomenon can be attributed to the
constant evolutionary changes that rotaviruses undergo. Hence the currently circulating
RVA strains may cluster in VP7 and VP4 lineages different from the RVA vaccine strains [40].
Such changes may influence a varying selective pressure against these VP7 and VP4
lineages ultimately reducing vaccine effectiveness over time. The VP1, VP3, NSP1 and
NSP3 genes of strain RVA/Human-wt/RWA/UFS-NGS:MRC-DPRU6235/2014/G4P[4]
were phylogenetically distinct from strains circulating in other places thus suggesting that
these gene segments may be unique.

Comparison of the deduced amino acid sequences of the G4P[4] and G12P[8] Rwan-
dan strains and the RotaTeq®vaccine strain showed that none of the Rwandan strains were
identical to the RotaTeq®vaccine strain. Amino acid substitutions were observed through-
out the VP7 epitope regions excluding position 291 and 190, while the VP4 exhibited only
three amino acid substitutions at position 150, 195 and 388. The amino acid substitution at
position 96, 97, 211, 217 and 221 on the VP7 epitope region suggests a radical change in
polarity. McDonald et al. [29] suggested that such substitutions do not change the genotype
specificity of the rotavirus strain. However, they may influence the binding of neutralizing
antibodies thus affecting the viral fitness through selection pressure. Despite the distant
clustering between the Rwandan P[8] strains and the vaccine strain, only three changes
were observed in the VP4 neutralizing epitope regions. Antigenic variations between
rotavirus strains and the vaccine strains is often implicated in the decreased effectiveness
of rotavirus vaccines in low-income countries such as Rwanda [56–58]. There is no evi-
dence that the amino acid changes on the VP4 epitope regions are due to vaccination. The
changes could have occurred as a natural evolutionary process as they were observed in
other strains circulating globally over the years.

5. Conclusions

The detection of five intergenogroup reassortant Rwandan rotavirus strains from
the whole-genome analysis further emphasizes the ubiquitous nature and diversity of
RVA strains in circulation. Whether vaccine introduction is responsible for the observed
reassortment events in vaccinated children or not, remains unknown as several natural
factors can be attributed to the evolution of these RVA strains. The amino acid substitutions
observed in the antigenic regions in the neutralizing epitope of the VP7 and VP4 proteins
of the Rwandan strains when compared with the RotaTeq® vaccine strain related to the
reduced effectiveness of rotavirus vaccines in Rwanda as well as other low-income countries
in the region. Continuous surveillance of rotavirus, using the whole-genome sequencing
analysis, is very important to monitoring the impact of vaccine pressure, on the circulating
rotavirus strains in African countries.

6. Study Limitations

The children in this study represents a small portion of the population of children that
tested positive for rotavirus in Rwanda as part of a WHO whole-genome surveillance pilot
study.

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-4
915/13/1/95/s1, Figure S1: (A–I) Phylogenetic relatedness of group A species based on (A) VP6
(B) VP1 (C) VP2 (D) VP3 (E) NSP1 (F) NSP2 (G) NSP3 (H) NSP4 (I) NSP5 of the study strains from
Rwanda. The study strains are indicated with a black diamond. Bootstrap values ≥ 70% are indicated
at each branch node. Scale bars represents substitutions per nucleotide site., Figure S2: Nucleotide
Homology tables for all the 11 segments based on (A) VP6 (B) VP1 (C) VP2 (D) VP3 (E) NSP1 (F)
NSP2 (G) NSP3 (H) NSP4 (I) NSP5 of the study strains from Rwanda.

https://www.mdpi.com/1999-4915/13/1/95/s1
https://www.mdpi.com/1999-4915/13/1/95/s1


Viruses 2021, 13, 95 12 of 15

Author Contributions: S.R., M.T.M., K.R., N.B.M. and M.M.N. conducted the experiments. S.R.,
M.T.M., S.S. and M.M.N. carried out the bioinformatics analyses and interpreted the data. S.R.,
M.T.M., J.U., K.R., N.B.M., M.L.S., J.M.M., R.M., M.J.M., L.M., S.S., R.M. and M.M.N. contributed
to manuscript writing. M.M.N. and S.S. supervised the project and M.M.N. sourced for the study
funding. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the WHO, grant number 2017/757922-0. Other funding
grants awarded to M.M.N. that funded this research include: South Africa Medical Research Council
(Self-Initiated Research grant), the Bill and Melinda Foundation (African Enteric Viruses Genome
Initiative grant number BMGF OPP1180423 2017); the National Research Foundation (competitive
programme for rated researchers, grant number 120814) and Poliomyelitis Research Foundation
(grant number 19/16). The views and opinions expressed in this article are not those of the funding
and affiliated institutions but are of the authors of this publication.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki was reviewed and approved by the Health Sciences Research Ethics
Committee of the UFS, Bloemfontein on the 15th of October 2019 and assigned an ethics number
(UFS-HSD2019/1601/2810).

Informed Consent Statement: Patient consent was waived because the diarrheal stool samples were
collected as a routine diagnostic clinical sample when the parents brought their child to the hospital
for clinical management, requiring no written informed consent.

Data Availability Statement: Data is contained within the article and the supplementary materials.

Acknowledgments: The following associates are hereby acknowledged for support with laboratory
work preparations, Peter Mwangi, Teboho Mooko, Makena Maringa and Lesedi Mosime. We express
our gratitude to Stephanus Riekert for his assistance with the ICT software and Mathew Esona for
assistance with bioinformatics. We thank the team from Rwanda, Didier Murenzi, Lisine Tuyisenge
and Narcisse Muganga for the collection of samples from the participants.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. 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. [CrossRef] [PubMed]

2. Fischer Walker, C.L.; Perin, J.; Aryee, M.J.; Boschi-Pinto, C.; Black, R.E. Diarrhea incidence in low- and middle-income countries
in 1990 and 2010: A systematic review. BMC Public Health 2012, 12, 1–7. [CrossRef] [PubMed]

3. Sindhu, K.N.C.; Babji, S.; Ganesan, S.K. Impact of rotavirus vaccines in low and middle-income countries. Curr. Opin. Infect. Dis.
2017, 30, 473–481. [CrossRef] [PubMed]

4. GAVI. Rwanda Introduces New Vaccine Against a Leading Childhood Killer. Available online: https://www.gavi.org/rwanda-
introduces-new-vaccine-against-a-leading-childhood-killer (accessed on 8 July 2020).

5. Gatera, M.; Bhatt, S.; Ngabo, F.; Utamuliza, M.; Sibomana, H.; Karema, C.; Mugeni, C.; Nutt, C.T.; Nsanzimana, S.; Wagner,
C.M.; et al. Successive introduction of four new vaccines in Rwanda: High coverage and rapid scale up of Rwanda’s expanded
immunization program from 2009 to 2013. Vaccine 2016, 34, 3420–3426. [CrossRef] [PubMed]

6. WHO/UNICEF. Rwanda: WHO and UNICEF Estimates of Immunization Coverage: 2019 Revision. Available online: https:
//www.who.int/immunization/monitoring_surveillance/data/rwa.pdf (accessed on 15 September 2020).

7. Sibomana, H.; Rugambwa, C.; Sayinzoga, F.; Iraguha, G.; Uwimana, J. Impact of routine rotavirus vaccination on all-cause and
rotavirus hospitalizations during the first four years following vaccine introduction in Rwanda. Vaccine 2018, 36, 7135–7141.
[CrossRef] [PubMed]

8. Estes, M.K.; Greenberg, H.B. Rotaviruses. In Fields Virology; Knipe, D.M., Howley, P.M., Fields, D.M., Eds.; Wolters Kluwer
Health/Lippincott, Williams and Wilkins: Philadelphia, PA, USA, 2013.

9. Desselberger, U. Rotaviruses. Virus Res. 2014, 190, 75–96. [CrossRef] [PubMed]
10. Matthijnssens, J.; Ciarlet, M.; Rahman, M.; Attoui, H.; Bányai, K.; Estes, M.K.; Gentsch, J.R.; Iturriza-Gómara, M.; Kirkwood, C.D.;

Martella, V.; et al. Recommendations for the classification of group a rotaviruses using all 11 genomic RNA segments. Arch. Virol.
2008, 153, 1621–1629. [CrossRef]

11. Matthijnssens, J.; Ciarlet, M.; McDonald, S.M.; Attoui, H.; Bányai, K.; Brister, J.R.; Buesa, J.; Esona, M.D.; Estes, M.K.; Gentsch, J.R.;
et al. Uniformity of rotavirus strain nomenclature proposed by the Rotavirus Classification Working Group (RCWG). Arch. Virol.
2011, 156, 1397–1413. [CrossRef]

http://doi.org/10.1001/jamapediatrics.2018.1960
http://www.ncbi.nlm.nih.gov/pubmed/30105384
http://doi.org/10.1186/1471-2458-12-220
http://www.ncbi.nlm.nih.gov/pubmed/22436130
http://doi.org/10.1097/QCO.0000000000000397
http://www.ncbi.nlm.nih.gov/pubmed/28719399
https://www.gavi.org/rwanda-introduces-new-vaccine-against-a-leading-childhood-killer
https://www.gavi.org/rwanda-introduces-new-vaccine-against-a-leading-childhood-killer
http://doi.org/10.1016/j.vaccine.2015.11.076
http://www.ncbi.nlm.nih.gov/pubmed/26704259
https://www.who.int/immunization/monitoring_surveillance/data/rwa.pdf
https://www.who.int/immunization/monitoring_surveillance/data/rwa.pdf
http://doi.org/10.1016/j.vaccine.2018.01.072
http://www.ncbi.nlm.nih.gov/pubmed/29754701
http://doi.org/10.1016/j.virusres.2014.06.016
http://www.ncbi.nlm.nih.gov/pubmed/25016036
http://doi.org/10.1007/s00705-008-0155-1
http://doi.org/10.1007/s00705-011-1006-z


Viruses 2021, 13, 95 13 of 15

12. Nyaga, M.M.; Sabiu, S.; Ndze, V.N.; Dennis, F.E.; Jere, K.C. Report of the 1st African Enteric Viruses Genome Initiative (AEVGI)
Data and Bioinformatics Workshop on whole-genome analysis of some African rotavirus strains held in Bloemfontein, South
Africa. Vaccine 2020, 38, 5402–5407. [CrossRef]

13. Ide, T.; Komoto, S.; Higo-Moriguchi, K.; Htun, K.W.; Myint, Y.Y.; Myat, T.W.; Thant, K.Z.; Thu, H.M.; Win, M.M.; Oo, H.N.; et al.
Whole Genomic Analysis of Human G12P[6] and G12P[8] Rotavirus Strains that Have Emerged in Myanmar. PLoS ONE 2015, 10,
e0124965. [CrossRef]

14. Komoto, S.; Tacharoenmuang, R.; Guntapong, R.; Ide, T.; Tsuji, T.; Yoshikawa, T.; Tharmaphornpilas, P.; Sangkitporn, S.; Taniguchi,
K. Reassortment of Human and Animal Rotavirus Gene Segments in Emerging DS-1-Like G1P[8] Rotavirus Strains. PLoS ONE
2016, 11, e0148416. [CrossRef] [PubMed]

15. 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]

16. Matthijnssens, J.; Van Ranst, M. Genotype constellation and evolution of group A rotaviruses infecting humans. Curr. Opin. Virol.
2012, 2, 426–433. [CrossRef]

17. WHO. WHO Prequalifies New Rotavirus Vaccine. Available online: https://www.who.int/medicines/news/2018/prequalified_
new-rotavirus_vaccine/en/ (accessed on 6 May 2020).

18. Matthijnssens, J.; Joelsson, D.B.; Warakomski, D.J.; Zhou, T.; Mathis, P.K.; van Maanen, M.-H.; Ranheim, T.S.; Ciarlet, M. Molecular
and biological characterization of the 5 human-bovine rotavirus (WC3)-based reassortant strains of the pentavalent rotavirus
vaccine, RotaTeq®. Virology 2010, 403, 111–127. [CrossRef] [PubMed]

19. PATH. Rotavirus Vaccine Country Introductions: Maps and List-PATH Vaccine Resource Library. Available online: https:
//vaccineresources.org/details.php?i=2235 (accessed on 6 December 2019).

20. Mwenda, J.M.; Ntoto, K.M.; Abebe, A.; Enweronu-Laryea, C.; Amina, I.; Mchomvu, J.; Kisakye, A.; Mpabalwani, E.M.; Paz-
vakavambwa, I.; Armah, G.E.; et al. Burden and Epidemiology of Rotavirus Diarrhea in Selected African Countries: Preliminary
Results from the African Rotavirus Surveillance Network. J. Infect. Dis. 2010, 202, S5–S11. [CrossRef] [PubMed]

21. Seheri, M.; Nemarude, L.; Peenze, I.; Netshifhefhe, L.; Nyaga, M.M.; Ngobeni, H.G.; Maphalala, G.; Maake, L.L.; Steele, A.D.;
Mwenda, J.M.; et al. Update of Rotavirus Strains Circulating in Africa From 2007 Through 2011. Pediatr. Infect. Dis. J. 2014, 33,
S76–S84. [CrossRef] [PubMed]

22. Todd, S.; Page, N.A.; Steele, A.D.; Peenze, I.; Cunliffe, N.A. Rotavirus Strain Types Circulating in Africa: Review of Studies
Published during 1997–2006. J. Infect. Dis. 2010, 202, S34–S42. [CrossRef]

23. Seheri, L.M.; Magagula, N.B.; Peenze, I.; Rakau, K.; Ndadza, A.; Mwenda, J.M.; Weldegebriel, G.; Steele, A.D.; Mphahlele, M.J.
Rotavirus strain diversity in Eastern and Southern African countries before and after vaccine introduction. Vaccine 2018, 36,
7222–7230. [CrossRef]

24. Agbemabiese, C.A.; Nakagomi, T.; Nguyen, M.Q.; Gauchan, P.; Nakagomi, O. Reassortant DS-1-like G1P[4] Rotavirus A strains
generated from co-circulating strains in Vietnam, 2012/2013. Microbiol. Immunol. 2017, 61, 328–336. [CrossRef]

25. Cowley, D.; Donato, C.M.; Roczo-Farkas, S.; Kirkwood, C.D. Emergence of a novel equine-like G3P[8] intergenogroup reassortant
rotavirus strain associated with gastroenteritis in Australian children. J. Gen. Virol. 2016, 97, 403–410. [CrossRef]

26. Heiman, E.M.; McDonald, S.M.; Barro, M.; Taraporewala, Z.F.; Bar-Magen, T.; Patton, J.T. Group A human rotavirus genomics:
Evidence that gene constellations are influenced by viral protein interactions. J. Virol. 2008, 82, 11106–11116. [CrossRef] [PubMed]

27. Hoa-Tran, T.N.; Nakagomi, T.; Vu, H.M.; Do, L.P.; Gauchan, P.; Agbemabiese, C.A.; Nguyen, T.T.T.; Nakagomi, O.; Thanh, N.T.H.
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] [PubMed]

28. Komoto, S.; Tacharoenmuang, R.; Guntapong, R.; Ide, T.; Sinchai, P.; Upachai, S.; Fukuda, S.; Yoshikawa, T.; Tharmaphornpilas, P.;
Sangkitporn, S.; et al. Identification and characterization of a human G9P[23] rotavirus strain from a child with diarrhoea in
Thailand: Evidence for porcine-to-human interspecies transmission. J. Gen. Virol. 2017, 98, 532–538. [CrossRef] [PubMed]

29. McDonald, S.M.; Matthijnssens, J.; McAllen, J.K.; Hine, E.; Overton, L.; Wang, S.; Lemey, P.; Zeller, M.; Van Ranst, M.; Spiro, D.J.;
et al. Evolutionary Dynamics of Human Rotaviruses: Balancing Reassortment with Preferred Genome Constellations. PLoS
Pathog. 2009, 5, e1000634. [CrossRef] [PubMed]

30. Mwangi, P.N.; Mogotsi, M.T.; Rasebotsa, S.P.; Seheri, M.L.; Mphahlele, M.J.; Ndze, V.N.; Dennis, F.E.; Jere, K.C.; Nyaga, M.M.
Uncovering the first atypical ds-1-like g1p[8] rotavirus strains that circulated during pre-rotavirus vaccine introduction era in
South Africa. Pathogens 2020, 9, 391. [CrossRef]

31. Bányai, K.; Mijatovic-Rustempasic, S.; Hull, J.J.; Esona, M.D.; Freeman, M.M.; Frace, A.M.; Bowen, M.D.; Gentsch, J.R. Sequencing
and phylogenetic analysis of the coding region of six common rotavirus strains: Evidence for intragenogroup reassortment
among co-circulating G1P[8] and G2P[4] strains from the United States. J. Med. Virol. 2011, 83, 532–539. [CrossRef]

32. Dennis, F.E.; Fujii, Y.; Haga, K.; Damanka, S.; Lartey, B.; Agbemabiese, C.A.; Ohta, N.; Armah, G.E.; Katayama, K. Identification
of Novel Ghanaian G8P[6] Human-Bovine Reassortant Rotavirus Strain by Next Generation Sequencing. PLoS ONE 2014, 9,
e100699. [CrossRef]

33. Heylen, E.; Likele, B.B.; Zeller, M.; Stevens, S.; De Coster, S.; Conceição-Neto, N.; Van Geet, C.; Jacobs, J.; Ngbonda, D.; Van
Ranst, M.; et al. Rotavirus surveillance in Kisangani, the Democratic Republic of the Congo, reveals a high number of unusual
genotypes and gene segments of animal origin in non-vaccinated symptomatic children. PLoS ONE 2014, 9, e100953. [CrossRef]

http://doi.org/10.1016/j.vaccine.2020.06.010
http://doi.org/10.1371/journal.pone.0124965
http://doi.org/10.1371/journal.pone.0148416
http://www.ncbi.nlm.nih.gov/pubmed/26845439
http://doi.org/10.1128/JVI.02257-07
http://www.ncbi.nlm.nih.gov/pubmed/18216098
http://doi.org/10.1016/j.coviro.2012.04.007
https://www.who.int/medicines/news/2018/prequalified_new-rotavirus_vaccine/en/
https://www.who.int/medicines/news/2018/prequalified_new-rotavirus_vaccine/en/
http://doi.org/10.1016/j.virol.2010.04.004
http://www.ncbi.nlm.nih.gov/pubmed/20451234
https://vaccineresources.org/details.php?i=2235
https://vaccineresources.org/details.php?i=2235
http://doi.org/10.1086/653557
http://www.ncbi.nlm.nih.gov/pubmed/20684718
http://doi.org/10.1097/INF.0000000000000053
http://www.ncbi.nlm.nih.gov/pubmed/24343619
http://doi.org/10.1086/653555
http://doi.org/10.1016/j.vaccine.2017.11.068
http://doi.org/10.1111/1348-0421.12501
http://doi.org/10.1099/jgv.0.000352
http://doi.org/10.1128/JVI.01402-08
http://www.ncbi.nlm.nih.gov/pubmed/18786998
http://doi.org/10.1007/s00705-015-2682-x
http://www.ncbi.nlm.nih.gov/pubmed/26586330
http://doi.org/10.1099/jgv.0.000722
http://www.ncbi.nlm.nih.gov/pubmed/28382902
http://doi.org/10.1371/journal.ppat.1000634
http://www.ncbi.nlm.nih.gov/pubmed/19851457
http://doi.org/10.3390/pathogens9050391
http://doi.org/10.1002/jmv.21977
http://doi.org/10.1371/journal.pone.0100699
http://doi.org/10.1371/journal.pone.0100953


Viruses 2021, 13, 95 14 of 15

34. Nakagomi, T.; Doan, Y.H.; Dove, W.; Ngwira, B.; Iturriza-Gómara, M.; Nakagomi, O.; Cunliffe, N.A. G8 rotaviruses with
conserved genotype constellations detected in Malawi over 10 years (1997–2007) display frequent gene reassortment among
strains co-circulating in humans. J. Gen. Virol. 2013, 94, 1273–1295. [CrossRef]

35. Nyaga, M.M.; Tan, Y.; Seheri, M.L.; Halpin, R.A.; Akopov, A.; Stucker, K.M.; Fedorova, N.B.; Shrivastava, S.; Steele, A.D.; Mwenda,
J.M.; et al. Whole-genome sequencing and analyses identify high genetic heterogeneity, diversity and endemicity of rotavirus
genotype P[6] strains circulating in Africa. Infect. Genet. Evol. 2018, 63, 79–88. [CrossRef]

36. Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Buxton, S.; Cooper, A.; Markowitz, S.; Duran, C.; et al.
Geneious Basic: An integrated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics 2012, 28, 1647–1649. [CrossRef]

37. 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]

38. Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.; Tauriello, G.; Gumienny, R.; Heer, F.T.; de Beer, T.A.P.; Rempfer, C.; Bordoli,
L.B.; et al. SWISS-MODEL: Homology modelling of protein structures and complexes. Nucleic Acids Res. 2018, 46, W296–W303.
[CrossRef]

39. Krieger, E.; Koraimann, G.; Vriend, G. Increasing the precision of comparative models with YASARA NOVA-A self-parameterizing
force field. Proteins Struct. Funct. Genet. 2002, 47, 393–402. [CrossRef]

40. Zeller, M.; Patton, J.T.; Heylen, E.; De Coster, S.; Ciarlet, M.; Van Ranst, M.; Matthijnssens, J. Genetic Analyses Reveal Differences
in the VP7 and VP4 Antigenic Epitopes between Human Rotaviruses Circulating in Belgium and Rotaviruses in Rotarix and
RotaTeq. J. Clin. Microbiol. 2012, 50, 966–976. [CrossRef]

41. Aoki, S.T.; Settembre, E.C.; Trask, S.D.; Greenberg, H.B.; Harrison, S.C.; Dormitzer, P.R. Structure of rotavirus outer-layer protein
VP7 bound with a neutralizing Fab. Science 2009, 324, 1444–1447. [CrossRef] [PubMed]

42. Zeller, M.; Donato, C.; Sequeira Trovão, N.; 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] [PubMed]

43. Dormitzer, P.R.; Sun, Z.-Y.J.; Wagner, G.; Harrison, S.C. The rhesus rotavirus VP4 sialic acid binding domain has a galectin fold
with a novel carbohydrate binding site. EMBO J. 2002, 21, 885–897. [CrossRef] [PubMed]

44. Jain, V.; Das, B.K.; Bhan, M.K.; Glass, R.I.; Gentsch, J.R.; Bhambal, S.S.; Kerari, N.; Rawat, H.; Bahl, L.; Thakur, S. Great diversity
of group A rotavirus strains and high prevalence of mixed rotavirus infections in India. J. Clin. Microbiol. 2001, 39, 3524–3529.
[CrossRef]

45. Kirkwood, C.D. Genetic and Antigenic Diversity of Human Rotaviruses: Potential Impact on Vaccination Programs. J. Infect. Dis.
2010, 202, S43–S48. [CrossRef]

46. Medici, M.C.; Abelli, L.A.; Martella, V.; Martinelli, M.; Lorusso, E.; Buonavoglia, C.; Dettori, G.; Chezzi, C. Characterization
of inter-genogroup reassortant rotavirus strains detected in hospitalized children in Italy. J. Med. Virol. 2007, 79, 1406–1412.
[CrossRef] [PubMed]

47. Dóró, R.; László, B.; Martella, V.; Leshem, E.; Gentsch, J.; Parashar, U.; Bányai, K. Review of global rotavirus strain prevalence
data from six years post vaccine licensure surveillance: Is there evidence of strain selection from vaccine pressure? Infect. Genet.
Evol. 2014, 28, 446–461. [CrossRef] [PubMed]

48. Afrad, M.H.; Rahman, M.Z.; Matthijnssens, J.; Das, S.K.; Faruque, A.S.G.; 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]
[PubMed]

49. 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]

50. João, E.D.; Munlela, B.; Chissaque, A.; Chilaúle, J.; Langa, J.; Augusto, O.; Boene, S.S.; Anapakala, E.; Sambo, J.; Guimarães, E.;
et al. Molecular Epidemiology of Rotavirus A Strains Pre- and Post-Vaccine (Rotarix®) Introduction in Mozambique, 2012–2019:
Emergence of Genotypes G3P[4] and G3P[8]. Pathogens 2020, 9, 671. [CrossRef] [PubMed]

51. 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]

52. Pradhan, G.N.; Walimbe, A.M.; Chitambar, S.D. Molecular characterization of emerging G9P[4] rotavirus strains possessing a
rare E6 NSP4 or T1 NSP3 genotype on a genogroup-2 backbone using a refined classification framework. J. Gen. Virol. 2016, 97,
3139–3153. [CrossRef]

53. Quaye, O.; Mcdonald, S.; Esona, M.D.; Lyde, F.C.; Mijatovic-Rustempasic, S.; Roy, S.; Banegas, D.J.C.; Quiñonez, 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.
[CrossRef]

54. 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]

55. Rose, T.L.; da Silva, M.F.M.; Goméz, M.M.; Resque, H.R.; Ichihara, M.Y.T.; de Mello Volotão, E.; Leite, J.P.G. Evidence of
vaccine-related reassortment of rotavirus, Brazil, 2008–2010. Emerg. Infect. Dis. 2013, 19, 1843–1846. [CrossRef]

http://doi.org/10.1099/vir.0.050625-0
http://doi.org/10.1016/j.meegid.2018.05.013
http://doi.org/10.1093/bioinformatics/bts199
http://doi.org/10.1093/molbev/mst197
http://doi.org/10.1093/nar/gky427
http://doi.org/10.1002/prot.10104
http://doi.org/10.1128/JCM.05590-11
http://doi.org/10.1126/science.1170481
http://www.ncbi.nlm.nih.gov/pubmed/19520960
http://doi.org/10.1093/gbe/evv157
http://www.ncbi.nlm.nih.gov/pubmed/26254487
http://doi.org/10.1093/emboj/21.5.885
http://www.ncbi.nlm.nih.gov/pubmed/11867517
http://doi.org/10.1128/JCM.39.10.3524-3529.2001
http://doi.org/10.1086/653548
http://doi.org/10.1002/jmv.20878
http://www.ncbi.nlm.nih.gov/pubmed/17607785
http://doi.org/10.1016/j.meegid.2014.08.017
http://www.ncbi.nlm.nih.gov/pubmed/25224179
http://doi.org/10.1016/j.jcv.2013.09.024
http://www.ncbi.nlm.nih.gov/pubmed/24144673
http://doi.org/10.1016/j.meegid.2017.07.025
http://doi.org/10.3390/pathogens9090671
http://www.ncbi.nlm.nih.gov/pubmed/32824938
http://doi.org/10.1016/j.vaccine.2018.01.010
http://doi.org/10.1099/jgv.0.000650
http://doi.org/10.3201/eid1908.130288
http://doi.org/10.1002/jmv.24121
http://doi.org/10.3201/eid1911.121407


Viruses 2021, 13, 95 15 of 15

56. Narang, A.; Bose, A.; Pandit, A.N.; Dutta, P.; Kang, G.; Bhattacharya, S.K.; Datta, S.K.; Suryakiran, P.V.; Delem, A.; Han, H.H.;
et al. Immunogenicity, reactogenicity and safety of human rotavirus vaccine (RIX4414) in Indian infants. Hum. Vaccin. 2009, 5,
414–419. [CrossRef] [PubMed]

57. Taneja, D.; Malik, A. Burden of rotavirus in India-Is rotavirus vaccine an answer to it? Indian J. Public Health 2012, 56, 17.
[CrossRef] [PubMed]

58. Zaman, K.; Anh, D.D.; Victor, J.C.; Shin, S.; Yunus, M.; Dallas, M.J.; Podder, G.; Thiem, V.D.; Mai, L.T.P.; Luby, S.P.; et al. Efficacy
of pentavalent rotavirus vaccine against severe rotavirus gastroenteritis in infants in developing countries in Asia: A randomised,
double-blind, placebo-controlled trial. Lancet 2010, 376, 615–623. [CrossRef]

http://doi.org/10.4161/hv.5.6.8176
http://www.ncbi.nlm.nih.gov/pubmed/19276664
http://doi.org/10.4103/0019-557X.96951
http://www.ncbi.nlm.nih.gov/pubmed/22684168
http://doi.org/10.1016/S0140-6736(10)60755-6

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Sample Collection 
	Preparation of Purified dsRNA and cDNA for Rotavirus Whole-Genome Sequencing 
	DNA Library Preparations and Whole-Genome Sequencing 
	Computational Analysis 

	Results 
	Genome Constellations 
	The VP4 and VP7 Antigenic Region Analyses 
	Phylogenetic Analysis of the VP7 Gene of G4, G9 and G12 
	Phylogenetic Analysis of the VP4 Gene of P[4] and P[8] 
	Phylogenetic Analyses of the VP1-VP3 and VP6 Genes 
	Phylogenetic Analyses of the NSP1-NSP5 Genes 

	Discussion 
	Conclusions 
	Study Limitations 
	References

