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Abstract

In 2010, the rare OP354-like P[8]b rotavirus subtype was detected in children less than 2
years old in Ghana. In this follow-up study, to provide insight into the evolutionary history of
the genome of Ghanaian P[8]b strains RVA/Human-wt/GHA/GHDC949/2010/G9P[8] and
RVA/Human-wt/GHA/GHMO0094/2010/G9P[8] detected in an infant and a 7-month old child
hospitalised for acute gastroenteritis, we sequenced the complete genome using both
Sanger sequencing and lllumina MiSeq technology followed by phylogenetic analysis of the
near-full length sequences. Both strains possessed the Wa-like/genotype 1 constellation
G9P[8]b-11-R1-C1-M1-A1-N1-T1-E1-H1. Sequence comparison and phylogenetic infer-
ence showed that both strains were identical at the lineage level throughout the 11 genome
segments. Their VP7 sequences belonged to the major sub-lineage of the G9-lineage Il
whereas their VP4 sequences belonged to P[8]b cluster |. The VP7 and VP4 genes of the
study strains were closely related to a Senegalese G9P[8]b strain detected in 2009. In the
remaining nine genome segments, both strains consistently clustered together with Wa-like
RVA strains possessing either P[8]a or P[8]b mostly of African RVA origin. The introduction
of a P[8]b subtype VP4 gene into the stable Wa-like strain backbone may result in strains
that might propagate easily in the human population, with a potential to become an important
public health concern, especially because it is not certain if the monovalent rotavirus vaccine
(Rotarix) used in Ghana will be efficacious against such strains. Our analysis of the full
genomes of GHM0094 and GHDC949 adds to knowledge of the genetic make-up and evo-
lutionary dynamics of P[8]b rotavirus strains.
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Introduction

Diarrhoea remains one of the leading causes of death in children younger than five years. In
2015, nearly 500, 000 children died as a result of diarrhoea [1]. Rotavirus A (RVA), a member
of the genus Rotavirus and family Reoviridae is a leading cause of viral diarrhoea in children
under five years. Despite the availability of safe and effective rotavirus vaccines such as Rotarix
by GlaxoSmithKline Biologicals and Rotateq by Merck & Co. Inc., in 2016, rotavirus was
responsible for an estimated 128, 500 deaths of children under the age of five, of which 104,
733 deaths occurred in sub-Saharan Africa [2].

The rotavirus particle is a triple-layered, non-enveloped icosahedron enclosing an 11-seg-
ment genome of double-stranded RNA (dsRNA) which codes for six structural (VP1 to VP4,
VP6 and VP7) and six non-structural proteins (NSP1 to NSP5/6) [3]. Rotaviruses are com-
monly classified based on the genes expressing the two outer capsid proteins VP7 (glycopro-
tein; G) and VP4 (protease sensitive protein; P) [3]. Atleast 36 G genotypes and 51 P
genotypes have been reported in humans and animals so far (https://rega.kuleuven.be/cev/
viralmetagenomics/virus-classification/rcwg). Of the numerous G and P genotypes that have
been reported, six G and P genotype combinations are commonly detected among human
RVA strains; they are G1P[8], G2P[4], G3P[8], G4P[8], G9P[8], and G12P[8] [4, 5].

Within the last decade, the genome classification of RVA strains has been extended to
include the remaining nine internal capsid and non-structural protein genes. In this regard,
the complete genome of RVAs i.e.
VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5/6 is denoted by the descriptor
Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx where x indicates genotype number, respectively [6-
8]. There are currently 36G, 51P, 261, 22R, 20C, 20M, 31A, 22N, 22T, 27E, and 22H genotypes
approved by the Rotavirus Classification Working Group (https://rega.kuleuven.be/cev/
viralmetagenomics/virus-classification), however, most human RVA strains are classified into
three genotype constellations namely the Wa-like/genotype 1 (G1/G3/G4/G9-P[8]-
11-R1-C1-M1-A1-N1-T1-E1-H1), DS-1-like/genotype 2 (G2 -P[4]-12-R2-C2-M2-A2-N2-
T2-E2-H2) and AU-1-like/genotype 3 (G3-P[9]-13-R3-C3-M3-A3-N3-T3-E3-H3) [6, 9]. Of
these three constellations, the Wa-like strains are the most predominant followed by the DS-
1-like strain while the AU-like strains are the least detected in humans globally.

Currently, the P[8] genotype of the VP4 gene is classified into two genetically distinct sub-
types, P[8]a and P[8]b (OP354-like) [10, 11]. Most of the P[8] strains belong to subtype P[8]a,
which are commonly detected globally, whilst P[8]b strains though detected globally, are rare.
The P[8]b RVA strains have gained attention recently since they seem to be spreading globally
after they were first reported in Africa [10-15]. Even though they were first reported in Malawi
[10], their origin has been traced by phylogeographic studies to Asia with a subsequent spread
to other continents [15]. Unfortunately, the actual global prevalence of P[8]b is largely
unknown because the commonly used P-genotyping primers fail to detect them. Therefore at
least the VP8* nucleotide sequence of the VP4 gene is required to determine the P[8] variant.

It is common knowledge that P[8] strains normally possess the Wa-like constellation and
therefore plausible to expect P[8]b strains to naturally carry the Wa-like genotype constella-
tion. However, it is noteworthy that P[8] bearing strains such as G1P[8]and G3P[8] possessing
the DS-1-like backbone genes emerged and spread globally in recent years [16-32].

Most previous studies describing P[8]b strains [10-15] have characterised only the outer
capsid genes (VP7 and VP4), excluding the ‘backbone’ genes. In our previous study, we
reported the detection of five P[8]b RV A strains in children who were hospitalized due to rota-
virus gastroenteritis in 2010 [12]. In the present study, we successfully characterised the com-
plete genome of two of the Ghanaian P[8]b RV A strains by Sanger sequencing method and
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IMlumina MiSeq sequencing technology to determine the complete genotype constellation and
to provide insight into the evolutionary dynamics of their genes by employing maximum like-
lihood phylogeny and the Bayesian evolutionary analysis by sampling trees (BEAST).

Materials and methods

Ethical approval

The study was approved by the Institutional Review Board, Noguchi Memorial Institute for
Medical Research, University of Ghana, Legon, Ghana.

Study strains

The strains in this study RVA/Human-wt/GHA/GHMO0094/2010/G9P[8] and RVA/Human-
wt/GHA/GHDC949/2010/G9P[8] were detected by Enzyme Linked Immunosorbent Assay
and polyacrylamide gel electrophoresis in samples obtained from an infant and a 7-month old
child, respectively. They were partially characterised (VP7/VP4 genes) by reverse transcription
polymerase chain reaction and Sanger sequencing [12].

RNA extraction and full genome sequencing by Sanger method

Total viral RNA was extracted from 500 pL of 10% stool suspension by the phenol/chloroform
method described by Steele and Alexander [33]. The RNA was further purified with an RNaid
kit (MP Biomedicals, LLCQ BioGene) following manufacturer’s instructions. Prior to reverse
transcription of the viral genome, 8 uL of RNA was denatured at 94°C for 5 minutes and
quickly chilled on ice. Complementary DNA (cDNA) was synthesized at 42°C for 60 minutes
using Pd(N) hexamer nucleotide random primers and the avian myeloblastosis virus reverse
transcriptase kit (Promega corporation, Madison, W1, USA) following the manufacturer’s
recommendations.

The amplification strategy for the 11 genes of the RVA strains was based on previously pub-
lished primers [34], some of which were modified (S1 Table) based on results of in silico PCR
performed using a global collection of sequences from Wa-like and DS-1-like strains as template.

The 11 gene segments were each amplified from the cDNA using the GoTaq G2 DNA poly-
merase kit (Promega corporation, Madison, W1, USA) using gene-specific primers (S1 Table)
[initial denaturation at 94°C, 2 min; followed by 40 cycles of PCR at 94°C, 1 min, 51°C, 1min,
72°C, 3min; final extension at 72°C, 5 min]. The successfully amplified genes were purified
using EXOSAP-IT (USB products Affymetrix, Cleveland, OH USA) following manufacturer’s
protocol. The purified amplicons were sequenced in the forward and reverse directions using
the BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems, USA). Post-sequencing
purification was performed using the ethanol/sodium acetate precipitation method and
sequences subsequently read using an ABI 3130x] automated genetic sequence analyser
(Applied Biosystems, USA). The forward and reverse sequences generated were assembled and
genotypes were assigned using the online genotyping tool for RVA strains RotaC v2.0 [35] and
the Virus Pathogen Resource (ViPR) [36].

Full genome sequencing using the Illumina MiSeq technology

Aliquots of the extracted RNA were sent to the National Institute of Infectious Diseases,
Tokyo, Japan, for full genome characterization. cDNA library preparation and Illumina MiSeq
sequencing were performed as previously described [31, 37], with modifications. Briefly, a 200
bp fragment library ligated with bar-coded adapters was constructed for each sample with the
NEBNext Ultra RNA Library Prep Kit for Illumina v1.2 (New England Biolabs, Ipswich, MA),
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according to the manufacturer’s instructions. cDNA libraries were purified with Agencourt
AMPure XP magnetic beads (Beckman Coulter, Brea, CA), and their quality assessed on a
MultiNA MCE-202 bioanalyzer (Shimadzu Corporation, Kyoto, Japan). Nucleotide sequenc-
ing was performed on an Illumina MiSeq sequencer (Illumina, San Francisco, CA) using the
Mumina MiSeq Reagent Kit v2 (300 cycles) to generate 151 paired-end reads.

Sequence and phylogenetic analysis

Sequence assembly. Sequence assembly was carried out using CLC Genomics Work-
bench v7.0.3 (CLC Bio). Contigs were assembled from the obtained sequence reads by de novo
assembly. The genotype of each viral gene segment was determined using ViPR [36].

Phylogenetic analysis: Maximum likelihood phylogenetic analysis. Using the Basic
Local Alignment Search Tool (BLAST) and the rotavirus resource in virus variation available
at the NCBI website [38, 39], reference sequences for phylogenetic analysis were retrieved.
Multiple sequence alignment was carried out on the datasets followed by the determination of
the best fit nucleotide sequence substitution models using MEGA version 6.06 [40]. Using the
best fit nucleotide substitution models with the lowest Bayesian Information Criterion scores
[41], i.e. HKY+G (VP1), TN93+I (VP2, NSP3), GTR+G+I (VP3), TN92+G (VP4, VP6, VP7,
NSP1, NSP2, NSP4, NSP5), maximum likelihood phylogenetic trees for all the eleven genome
segments were constructed with 1000 bootstrap replicate trials.

Phylogenetic analysis: Determination of the time to the most recent common ancestor of
the Ghanaian P[8]b strains using Bayesian evolutionary analysis by sampling trees
(BEAST). To provide insight into the time when the G9P[8]b strains analysed in this study
were introduced into the Ghanaian population, the BEAST method was employed and the time
to the most recent common ancestor (tMRCA) of the P[8]b VP4 sequences and G9 VP7
sequences were computed. The Bayesian Markov chain Monte Carlo (MCMC) method imple-
mented in BEAST v1.8.2 [42] was used. An uncorrelated lognormal relaxed-clock model [43], a
coalescent constant size tree prior [44] together with the best-fit nucleotide substitution models
(based on Bayesian Information Criterion) were used. The MCMC calculations were carried out
for 4.5 x 107 generations for the VP4 sequences and 10 x 10” for the VP7 sequences. The BEA-
GLE library was used to enhance the computational speed of the analysis [45]. The results as
examined by the Tracer software v1.6 showed effective sampling sizes of >200. The maximum
clade credibility trees were annotated with the TreeAnnotator (v1.8.1) and viewed in FigTree.

Nucleotide sequence accession numbers. Near-complete genome nucleotide sequences
obtained for strains GHM0094 and GHDC949 were deposited in to the DDBJ/GenBank/
EMBL database under the accession numbers LC439261- LC439282 (Table 1).

Results
Genotype constellation of the study strains

The near full length open reading frames of the 11 genome segments of strains GHM0094 and
GHDC949 were successfully determined using the Illumina MiSeq technology. The lengths
obtained ranged from 88.9-100% and are shown in Table 1. The genotype constellation of
both strains was G9-P[8]b-I1-R1-C1-M1-A1-N1-T1-E1-H1—a typical Wa-like genetic back-
bone possessed by Wa-like strains reported elsewhere in the world (Table 2).

Whole genome sequence comparison

The two Ghanaian G9P[8]b strains characterised in this study were identical across the 11
genome segments Table 2. Their nucleotide sequence identities for the 11 genes ranged from
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Table 1. Nucleotide sequence accession numbers, lengths of genes obtained from Illumina MiSeq sequencing and closest strain based on phylogeny.

RVA/Human-wt/GHA/GHDC949/ | RVA/Human-wt/GHA/GHM0094/
2010/G9P[8]b 2010/G9P[8]b
Gene | Accession Length of gene Accession Length of gene Nt identity between Closest strain in the phylogenetic tree (% nt identity)
number sequenced/bp (%) number sequenced/bp (%) | GHDC949 & GHM0094
(%)

VP1 LC439261 3293 (99.7) LC439262 3291 (99.7) 99.9 RVA/Human-wt/SEN/MRCDPRU2051/ (99.9)
2009/G9P[8]

VP2 LC439263 2727 (100.0) LC439264 2724 (100.0) 100 RVA/Human-wt/MLI/Mali-133/2008/G1P (99.5)
[8] RVA/Human-wt/MLI/Mali-033/2008/ (99.5)
G1P[8]

VP3 LC439265 2582 (99.7) LC439266 2582 (99.7) 99.8 RVA/Human-wt/MLI/Mali-136/2008/G1P (99.7)
(6]

VP4 LC439267 2352(99.7) LC439268 2321 (98.4) 99.8 RVA/Human-wt/SEN/MRCDPRU2051/ (99.3)
2009/G9P[8]

VP6 | LCA439269 1343 (99.0) LC439270 1346 (99.3) 99.9 RVA/Human-wt/MLI/Mali-021/2008/GIP | (99.8)
(8]

VP7 LC439271 1041 (98.0) LC439272 944 (88.9) 100 RVA/Human-wt/SEN/MRCDPRU2051/ (100)
2009/G9P[8]

NSP1 | LC439273 1554 (99.2) LC439274 1554 (99.2) 99.8 RVA/Human-wt/SEN/MRCDPRU2051/ (99.8)
2009/G9P[8]

NSP2 | LC439275 1015 (95.9) LC439276 1046 (98.8) 99.8 RVA/Human-wt/GHA/Ghan-005/2008/G1P | (99.7)
(8]

NSP3 | LC439277 1072 (99.8) L.C439278 1070 (99.6) 100 RVA/Human-wt/SEN/MRC-DPRU2051/ (99.9)
2009/G9P[8]

NSP4 | LC439279 741 (98.8) LC439280 721 (96.1) 99.8 RVA/Human-wt/ZAF/1723WC/2009/GOP | (99.4)
(8]

NSP5 | LC439281 651 (98.0) LC439282 647 (97.4) 99.9 RVA/Human-wt/SEN/MRC-DPRU2051/ (99.8)
2009/G9P[8]

https://doi.org/10.1371/journal.pone.0218348.t001

99.8% to 100% (Table 1). The two study strains were also consistently highly identical to con-
temporary typical Wa-like strains detected during 2008-2009 from the African continent
(Table 1; Figs 1-5). Specifically, six genes—structural protein genes VP7, VP4, VP1, and the
non-structural proteins genes NSP1, NSP3 and NSP5 of the study strains were closest to a Sen-
egalese GOP[8] strain MRC-DPRU2051 detected in 2009. Although the five remaining genes
namely VP2, VP3, VP6, NSP2, and NSP4 of the study strains did not apparently share the
same closest neighbour, they too were closely related to contemporary Wa-like G1P[8] or GOP
[8] RVA strains detected on the African continent around 2008 and 2009 (Figs 1-5, Table 1).
The average nucleotide sequence identity between the study strains and their closest strains
ranged from 99.4-99.8% (Table 1).

Table 2. Genotype constellation of reference Wa-like and study strains.

Genotype constellation
Strain VP7 | VP4 VP6 |VP1 |VP2 |VP3 |NSP1 |NSP2 |NSP3 |NSP4 |NSP5 | References
RVA/Human-wt/USA/Wa/1974/G1P|[8] Gl P[8Ja |11 R1 Cl1 M1 Al N1 T1 El H1 [6]
RVA/Human-tc/USA/P/1974/G3P(8] G3 P[8la |I1 R1 Cl1 M1 Al N1 T1 El H1 [6]
RVA/Human-wt/USA/IAL28/1992/G5P[8] G5 |P[8la |1 R1 Cl Ml | Al N1 T1 El H1 (6]
RVA/Human-wt/USA/WI161/1983/G9P(8] G9 P[8Ja |11 R1 Cl1 Ml Al N1 T1 El H1 [6]
RVA/Human-wt/GHA/GHDC949/2010/G9P[8] | G9 P[8]b |11 R1 Cl1 Ml Al N1 T1 El H1 This study
RVA/Human-wt/GHA/GHMO0094/2010/G9P[8] | G9 P[8]b |11 R1 Cl1 Ml Al N1 T1 El H1 This study

https://doi.org/10.1371/journal.pone.0218348.t1002
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KC782524/RVA/Human-wi/USA/LB1562/2010/G9P[4] T
RVA/Human-wt/HND/1387/2009/G9P[4]

GIP[4)
@LC456079/RVA/Human-wt/GHA/M0093/2010, gP[B]
AB905465 /RVA/Human-wt/BTN/BTN-87/2010/G9P[x]
RVA/Human-wt/BTN/BTN-49/2010/G9P[8]
RVA/Human-wt/SRI/KUH429/2006/G9P[x]
RVA/Human-wt/SRI/05SLC057/2006/G9P[X]
RVA/Human-wt/TUR/GUH13/2005/G9P[8]
RVA/Human-wt/JPN/KUH28920/2005/GOP[x]
RVA/Human-wt/SRI/KUH566/2006/G9P(x]

L KC687069 /RVA/Human-wt/CMR/6805/1999/G9P[8]
99' KC687070/ RVA/Human-wt/CMR/6806/1999/GIP[8]
AY262749/ RVA/ Human-xx/MR4730/2000/G9P[8]
RVA/Human-wt/ZAF/MR4730/2000/G9P[x]
AY262747 RVA/Human-wt/MR4710/2000/G9P[x]
[ RVA/Human-wt/BEL/B3046-02/2002/G9P[x]
RVA/Human-wt/ZAF/MR4703/00/2000/G9P[x]
RVA/Human-wt/SWE/2001/G9P[x]
< Human/Asia/2007-2010/G9

® | C456078/RVA/Human-wi/GHAIPML710/2010/GIP[8]
® | C456081/RVA/Human-wt/GHA/DC886/2010/G9P[8]

©
—£o-

LC456086/RVA/Human-wt/GHA/PML802/2010/GIP[8]
®| C456080/RVAHuman-wt/GHAIPML784/20 10/GIP[8]
JX154521 /RVA/Human-wi/BFA/46-BF/2010/GIP[8]

@ 7211066 /RVA/Human-xx/GHA/GH1416/1999/GIP[x]

® 7211068 / RVAHuman-x/GHA/GH3574/1999/GIP[x]

@ 7211067 /RVA/Human-xx/GHAGH3550/1999/GOP[x]

® AY211065 /RVA/Human-x</GHA/GH1319/1999/G9P[x]
Dizasme JRVAHuman-xx/BRA/6906/2003/GIP[x]

Human-wt/Africa, Asia/2004-2010/G9/

RVA/Human-wt/IRL/CIT-254RV/1997/G9P[x]
EF199733 /RVA/Human-xx/THA/CMH028/2002/GIP[x]
KJ626587 /RVA/Human-wt/PRY/1095SR/2005/G9P[8] Lineage lll
KJ412592 /RVAHuman-wt/PRY/1557SR/2008/GIP[8]

RVA/Human-wt/AUS/MG9-06/2000/G9P[x]
RVA/Human-wt/BEL/B3458/2003/G9P(8]

RVA/Human-tc/KOR/CAU09-371/2009/GIP[8]

JX273708 /RVA/Human-wt/PAK3074/20 10/GIP[8]
RVA/Human-wt/RUS/Omsk08-381/2008/GIP(8]
RVA/Human-wt/KEN/KY6894/02/2002/GIP[4]

KJ820885 /RVA/Human-tc/BRA/R135/1998/GIP[9]
RVA/Human-wt/IND/1S031/2005/G9P[8]
RVA/Human-wt/TWN/01TW591/2002/GIP[8]
RVA/Human-wt/AUS/Perth-G9/1999/G9P[x]
RVA/Human-wt/USA/EM41/1999/GOP(8]
RVA/Human-wt/ETH/MRC-DPRU842/2012/G9P[8]
RVA/Human-wt/GER/GER176-08/2008/G9PY[8]

KC677701 /RVA/Human-wt/RUS/NN561-12/2012/GIP[8]
KJ432726 /RVA/Human-wt/SVN/SI-744/12/2012/G9P[8]

Major sub-lineage Ill

® RVA/Human-wi/GHA/DC949/2010/GIP[8]o
RVA/Human-wi/SEN/MRC-DPRU2051/2009/G9P(8]
KF414612 JRVA/Sewage-wi/ITAINA11-152/2011/G9P[x]
@ C456082/RVA/Human-wt/GHAIPML801/2010/GIP[8]
KJ432748 RVAHuman-wi/SVN/SI-R65/10/2010/GIP(8]

KM043017/ RVA/Human-wt/BGD/ E50/ 1996/GIP[x]
75)

AJ250543 /RVA/Human-xx/BGD/BD524/1996/GOP[x]
EU753971 /RVA/ Human-xx/IND/mcs/10-07/2007/G9P[x]
100 GQ229051 /RVA/ Human-xx/IND/mani-110/06/2006/G9P[x]
— MH137265 /RVA/Pig-w/CHN/SCLSHL-2-3/2017/G9P[23]
RVA/Human-wt/JPN/Mc323/1989/G9P[x]

D38055 /RVA/Human-xx/THA/Mc345/1989/G9P[x]
KY021125 /RVA/Pig-wt/VNM/VN-07-06/2014/GIP[23]
KY021128 /RVA/Pig-wt/VNM/VN-07-15/2014/G9P[23]
AAB091778 /RVA/Human-xx/VNM/684VN/2000/GIP[x]

AB091777 | RVA/Human-xx/VNM/608VN/1999/GIP[x]

AB045374 /RVA/Human-wt/JPN/K-1/1995/G9P[x]
AB176680 /RVA/Pig-xx/JP16-3/2002/GIP[x]

JF796706 /RVA/Pig-xx/KOR/PRG9235/2006/GIP[x] Group VI
99' JF796717 IRVA/Pig-xx/KOR/PRG921/2006/GIP[x]

JF521480 RVAhuman-tc/USA-DC/G2275/1980/GIP8] ] Li v
JF521469 /RVAhuman-tc/USA-DC/DC 706/1980/GIP[8] Ineage

Minor
sub-lineage Il

RVA/Human-wt/IND/116E/1985/GOP[11] I Lineage ll
AJ491179 /RVAHuman-xx/USA/OMB7/1998/GIP[x]
) AJ491181 /RVA/Human-xx/USA/OMA6/1998/G9 PI[x] Lineage VII
HQ127444 [RVA/Human-xx/USA/Om34/1998/G9P[x]

RVAHuman-w/CHNIS7SZ371997/G9P 3 Lineage IV
IN699033 /RVA/Human-odCHNIHK75/1978/GIP[x]
RVAHuman-wt/JPN/AU32/1986/GOP[8]
9' AB180970/RVA/Human-xx/JPN/F45/1986/GIP[x] Lineage |
RVA/Human-wi/USA/WI61/1983/GIP[x]

—
0.02

Fig 1. Phylogenetic trees of the outer capsid protein gene (VP7) of G9 strains. The study strains (indicated in red
dots) were analysed alongside published RVA strains. Maximum likelihood phylogenetic analysis was performed using
the best-fit nucleotide substitution TN92+G. Bootstrap values (1000 replicates) of > 70% are shown. Scale bar indicates
genetic distance expressed as number of nucleotide substitutions per site.

https://doi.org/10.1371/journal.pone.0218348.9001
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P[8Jb/RUS,VNM/2006-2011/G4P(8] G1P[g]

KP902559.1 RVA/Human-wt/BEL/BE 1183/2009/G3P[8]
1| KP902557.1 RVA/Human-wt/BEL/BE1190/2009/G3P[g]

KP902552.1 RVA/Human-wt/BEL/BE3481/2011/G3P[8]
AB975530.1/ KN0BO/GXP[8]

JQ069662. 1 RVA/Human-wt/CAN/RT118-07/2008/G1P[8]
RVA/Human-wt/CAN/RT118-07/2008/G1P[8]

P[8]b sub-type
KJ752709.1 RVA/Human-wt/ETH/MRC-DPRU1840/2007/G1P(8]
HO851575.2/ NIv-083375/G4Ple]

HQ881574.2 RVA/Human-wt/IND/NIV-07523/2007/G1P[8]
JF766592.1 RVAJH 1c/KOR/CAU09-37 (8]
JNB95618.1 RVA/Human-xx/ PAK/NIBGE-42/2010/GIP[8]
99| RVAHuman-w/BEL/BE00045/2009/G1P[8]

JINB49149.1 RVA/Human-wt/BEL/BE1280/2009/G1P(8]
HQ392409.1 RVA/Human-wt/BEL/BE00045/2009/G1P(8]
JN695617.1 RVA/Human-wt/PAK/NIBGE-59/20 10/ GIP[8]
KP902539.1 RVA/Human-wt/ISR/R5808/2009/GIP(8]
KP02540.1 RVA/Human-wt/ SRIR5751/2009/GIP[8]
K3753161.1 RVAHuman-wiZAFIMRC-DPRU2132/2005G 1P[8]
KJ752076.1 RVA/Human-wt/ZAF/MRC-DPRU2114/2005/G1P(8]
KP902538.1 RVA/Human-wt/I SR/R6293/2010/G9P[8]
HQ445969.2 RVAVH WRUSINo08-31 8]
GQ453422.4 RVAVH WRUSNov09-D 8]
HQ445971.3 RVAVH RUS/NovOX 8]
GU320755.3 RVAHI V/RUS/Omsk(8-381 8]
g2 —HQ445970.2 RVA/Human-wiRUS/Nov08-3296/2008/G9P(8]

84, KP752618.1 RVAHuman-wt/ZAFIMRC-DPRU1621/XXXX/GIP[8]
KJ752610.1 RVAHuman-wt/TGO/MRC-DPRU2229/XXX X/G9P(8]
02550.1 RVAJH vi/BGD/MO0O
KP882066.1 RVA/Human-wt/BGD/Bang-081/2008/G9P(8]
KJ752939.1 RVA/Human-wt/ZAF/MRC-DPRU2711/2008/G9P(8]
KJ753371.1 RVA/Human-wt/ZAF/MRC-DPRU2943/2008/G9P(8]
KJ753132.1 RVA/Human-wt/ZAF/MRC-DPRU2343/2008/G9P(8]
KP882209. 1 RVA/Human-wt/BGD/Bang-116/2008/ GIP[8]
KP882099.1 RVA/Human-wt/BGD/Bang-092/2008/GIP[8]
KP902562.1 RVA/Human-wt/BGD/Bang-091/2008/G9P([8]
KP882044.1 RVA/Human-wt/BGD/Bang-079/2008/G9P(8]

P[8]b Cluster Il

KC769330.2 RVA/Human-wt/AUS/CK00058/2007/G1P[8]
KJ559045.1 RVA/Human-wt/PRY/86SR/2002/G 1P[8]
— 100 KT694942.1 RVAHuman-wt/USA/Wa/1974/G1P[8]

80 JNB49113.1 RVA/Vaccine/USA/Rotarix-A4 1CB052A/1988/G1P[8]

76 KJ412811.1 RVA/Human-wt/PRY/985A/2006/G 12P[8]

P[8]a subtype

=
3

RVA/Human/global/1991-2008/P[8]a
100 &2

8

P[8]b Sub-type

el

KP881989.1 RVAIHuman-wt/BGD/Bang-063/2008/G1P(8]
EU979382.1/ MMCT1/GxP[8]
KP902551.1 RVA/Human-wt/BGD/14700/2010/G9P(8]
KP881978.1 RVAHuman-wt/BGD/Bang-062/2009/G9P(8]
&8869838.1 Human/ DH3B9/GKP(E]
EU979379.1 RVA/Human-wt/BGD/MMC38/2005/GIP[8]b
GQ869840.1 MMC183/GxP[8]
GQB69839.1 RVA/Human-w/BGD/MMC153/2006/GIP(8]b
KP902549.1 RVAHuman-wt/ZAF/MRC-DPRU2 144/2003/G9P[8]
KP902534.1 RVA/Human-wt/MWI/OP354/1998/G4P(8]

KP902535.1 RVA/Human-wt/MWI/MW670/1999/G4P (8]
87 KP902533.1 RVA/Human-wt/MWI/OP530/1999/G4P(8]
KUT14447.1 RVAVH 181-A2000/G1P[g]

P[8]b Cluster Il

100)

8
FI23202.2/ 951454/ GxPIg)]
100, RVA/Human-wt/GHA/M0094/2010/G9P[8]b
99 .RVAfHuman-veHA/DCEABfZMUfGEP[B]h
KP752640.1 RVA/H -DPRU:
9 KP902554.1 RVA/Human-wt/BEL/BE 14 18/2009/G9P[8]
KB&)Z&G. 1 RVA/Human-wt/JOR/J597/2007/G1P[8]
KP902561.1 RVA/Human-wt/BEL/BE0005/2008/G1P[8]
KP902553.1 RVAHuman-wt/BEL/BE2003/2009/G1P[8]
KP902546.1 RVAN o)
KJ753482.1 RVAHuman-wt/ETH/MRC-DPRUB42/20 12/G9P(8]
FJ435210.2 RVA/Human-wt/RUS/Nov06-1486/2006/G 1P[8]
6| KP202542.1 RVAHuman-wiISRIR 1632/2006/GOP(]
KP902543.1 RVA/Human-wt/SR/R1016/2006/G9P(8]
991'KP902541.1 RVA/Human-wt/I SRIR1909/2007/G9P[8]
KP902545.1 RVAHuman-wt/ISR/R0624/2006/G 1 P[8]
KP902544.1 RVAHuman-wi/ISRIR0659/2006/G9P[E]
100L_ Kpgn2537.1 RVAHuMman-wtJORLAT4/2007/GTP[8]
KP902560.1 RVA/Human-wt/BEL/BE 1014/2008/G4P[8]
DQ8B7043.2 INIV935070/GxP[8]
L |KPO0ZSAT1 RVAHUman-wiFINF-3021988/G1PE]
100 KP902548.1 RVA/Human-wt/FIN/Fin-301/1988/G1P[8]
KP752530.1 RVA/Human-wt/ZAF/MRC-DPRU20683/1985/G4P(8]

P[8]b Cluster |

—
0.005

Fig 2. Phylogenetic trees of P[8] VP4 sequences. The study strains (indicated in red dots) were analysed alongside published RVA strains.
Maximum likelihood phylogenetic analysis was performed using the best-fit nucleotide substitution TN92+G. Bootstrap values (1000
replicates) of > 70% are shown. Scale bar indicates genetic distance expressed as number of nucleotide substitutions per site. African strains
are in blue font whereas the OP354-like strains detected in Malawi are indicated in green font.

https://doi.org/10.1371/journal.pone.0218348.9002

Phylogenetic inference of GHDC949 and GHM0094

The outer capsid genes: VP4 and VP7. The VP7 gene of the study strains belonged to the
major sub-lineage of the G9-lineage III (Fig 1)—a lineage to which majority of the contempo-
rary G9 RVA strains of human host species origin belong. Phylogenetic analysis of a global col-
lection of P[8]b strains classified them into three distinct large clusters designated Cluster I,
Cluster II, and Cluster III (Fig 2). This observation was consistent with Zeller et al.’s report on
global P[8]b sequences in 2015 [15].

Cluster I contained mainly G1P[8] and G9P[8] strains from Israel, Belgium, Jordan, Ethio-
pia, Senegal, and Ghana (this study), and a G2P[8] strain from India detected in the early
1990s. Cluster II contained the prototype OP354-like G4P[8] strains/1999 from Malawi (indi-
cated in green font) as well as G9P[8] strains from Bangladesh, South Africa and Togo (Fig 2).
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— 100

Fig 3a: VP1 91— KU048541.1 RVA/HU-wt/ITA/PA417/14/2014/G12P[8]
94| —KJ919293.1 RVA/Human-wt/HUN/ERN5014/2012/G1P[8]

JN258901.1 RVA/Human-wt/Bel/BE00094/2009/G1P[8]

HQ392443.1 RVA/Human-wt/BEL/BE00047/2009/G1P[8]

HQ392212.1 RVA/Human-wt/BEL/BE00027/2008/G1P[8]
JQ069947.1 RVA/Human-wt/CAN/RT053-09/2009/GOP[8]
KJ412699.1 RVA/Human-wt/PRY/1692SR/2008/G1P[8]
JQ069935.1 RVA/Human-wt/CAN/RT005-09/2009/G1P[8]
_|: KF636278.1 RVA/Human-wt/ZAF/MRC-DPRU2052/2010/G1P[8]
JNB05404.1 RVA/Human-wt/CMR/MRC-DPRU1424/2009/G9P[8]
JX185758.1 RVA/Human-wt/ITA/ASTI23/2007/GOP[8]
KX265702.1 RVA/Human-tc/EGY/AS1002/2012/G12P[6]
87 KT988243.1 RVA/Human-wt/ITA/PR460/2012/G3P[8]
KJ752026.1 RVA/Human-wt/ETH/MRC-DPRU1843/2009/G1P[8]
KM660250.1 RVA/Human-wt/CMR/BA356/2010/G12P[6]
KJ753071.1 RVA/Human-w/CMR/MRC-DPRU3043/2009/G12P[8]
KJ753346.1 RVA/Human-w/ETH/MRC-DPRU850/2012/G12P[8]
98— KJ752629.1 RVA/Human-w/ETH/MRC-DPRU5010/2010/G12P[8]

KP752637.1 RVA/Human-wt/SEN/MRC-DPRU2051/2009/G9P[8]
® RVA/Human-wt/GHA/M0094/2010/GOP[8]b

98

(']_0'01 9896 ® RVA/Human-wt/GHA/DC949/2010/G9P([8]b
KT921038.1 RVA/Human-wt/USA/CNMC8/2011/G12P[8]
95}~ KT920653.1 RVA/Human-wt/USA/CNMC122/2011/G12P[8]
Fig 3c: VP3 MF184778.1 RVA/Human-wt/USA/CNMC25/2011/G1P[8]

MF184848.1 RVA/Human-wt/IND/VR8942/2003/GXP[X]
KJ751593.1 RVA/Human-wt/ TGO/MRC-DPRU5144/2010/G12P[8]
KP753214.1 RVA/Human-wt/TGO/MRC-DPRU5153/2010/G1P[8]
98 KP883192.1 RVA/Human-wt/MLI/Mali-136/2008/G1P[6]
_LE. RVA/Human-wt/GHA/DC949/2010/G9P[8]b
9 @ RVA/Human-wt/GHA/M0094/2010/GIP[8]b
KP882642.1 RVA/Human-wt/GHA/Ghan-145/2008/G1P[8]

KJ752598.1 RVA/Human-wt/ TGO/MRC-DPRU5171/2010/G12P[8]
KP752650.1 RVA/Human-wt/TGO/MRC-DPRU2209/2009/G1P[8]
4 KM660325.1 RVA/Human-wt/CMR/MA127/2011/G12P[8]
KM660323.1 RVA/Human-wt/CMR/MAG0/2010/G12P[8]

—TKPSSSZOS 1 RVA/Human-wt/MLI/Mali-137/2008/G1P[8]

KJ752039.1 RVA/Human-wt/SEN/MRC-DPRU2136/2009/G1P[6]

——— KJ751737.1 RVA/Human-wt/CMR/MRC-DPRU1480/2009/G 1P[6]

KP882763.1 RVA/Human-wt/MLI/Mali-022/2008/GOP[8]
KJ751825.1 RVA/Human-wt/BFA/MRC-DPRU2862/2009/G1P[8]
JQ069786.1 RVA/Human-wt/CAN/RT082-09/2009/G1P[8]
KJ751973.1 RVA/Human-wt/ZAF/MRC-DPRU822/2005/G1P[8]
JQ069718.1 RVA/Human-wt/CAN/RT032-07/2007/G1P[8]
KJ751715.1 RVA/Human-wt/GMB/MRC-DPRU3176/2010/G1P[8]
KP882620.1 RVA/Human-wt/GHA/Ghan-109/2009/G1P[8]
KP882664.1 RVA/Human-wt/GHA/Ghan-147/2008/G1P[8]
100’ KP882653.1 RVA/Human-wt/GHA/Ghan-146/2008/G1P[8]

100,

Fig 3b: VP2
91| KP883158.1 RVA/Human-wt/MLI/Mali-133/2008/G1P[8]

KP882872.1 RVA/Human-wt/MLI/Mali-033/2008/G1P[8]

KP883169.1 RVA/Human-wt/MLI/Mali-134/2008/G1P[8]

® RVA/Human-wt/GHA/DC949/2010/GIP[8]b

100 ® RVA/Human-wt/GHA/M0094/2010/GIP[8]b

KJ752652.1 RVA/Human-wt/ZAF/MRC-DPRU1741/XXXX/GIP(8]
JN013990.1 RVA/Human-wt/ZAF/2371WC/2008/G9P(8]
KF636301.1 RVA/Human-wt/ZWE/MRC-DPRU1708/2009/G9P(8]

93| NG05416.1 RVA/Human-w/ZWE/MRC-DPRU1723//2009/G9P[8]
KP753109.1 RVA/Human-wt/ZWE/MRC-DPRU3342/2010/G9P[8]
61 JN605427.1 RVA/Human-wt/ZAF/ MRC-DPRU4677/2010/G9P[8]
KP882553.1 RVA/Human-wt/GHA/Ghan-088/2008/G1P[8]

H
0.0005
Fig 3d: VP6 88 @ RVA/Human-wt/GHA/DC949/2010/GIP[8]b
68| L @ RVA/Human-wt/GHA/M0094/2010/G9P[8]b

KP882749.1 RVA/Human-wt/MLI/Mali-021/2008/G1P[8]
JN605419.1 RVA/Human-wt/ZWE/MRC-DPRU1723/2009/G9P[8]
KP753112.1 RVA/Human-wt/ZWE/MRC-DPRU3342/2010/G9P[8]
JN014004.1 RVA/Human-wt/ZAF/2371WC/2008/G9P(8]
KP882551.1 RVA/Human-wt/GHA/Ghan-088/2008/G1P[8]

KC687042.1 RVA/Human-wt/CMR/6735/1999/G9P[8]

H
0.001

Fig 3. Phylogenetic trees of the internal and middle layer protein genes of Wa-like (genotype 1) strains: a) VP1b) VP2 ¢) VP3 and d) VP6.
Trees shown are sub-trees. The study strains (indicated in red dots) were analysed along with published human RVA strains. Maximum
likelihood phylogenetic analysis was performed using the best-fit nucleotide substitution models. Bootstrap value (1000 replicates) of > 70% are
shown. Scale bar indicates genetic distance expressed as number of nucleotide substitutions per site.

https://doi.org/10.1371/journal.pone.0218348.9003

Cluster III contained G1P[8], G3P[8], G4P[8], G9P[8] strains from Asia, America, Europe,
and Africa detected from 2005-2012. In addition to these three major clusters, two old Finish
strains RVA/Human-wt/FIN/Fin-302/1988/G1P[8] and RVA/Human-wt/FIN/Fin-301/1988/
G1P[8] forming a monophyletic cluster, shared a common ancestor with the ancestral
sequence from which the above mentioned major clusters diverged. Noteworthy is a South
African G4P[8] strain RVA/Human-wt/ZAF/MRC-DPRU20683/1985/G4P[8] which could
qualify as the progenitor of all P[8]b strains (considering the data available in GenBank data-
base) based on the topology of the P[8]b tree. This strain diverged first from the ancestral root
of the P[8]b strains followed by the Finish strains and then cluster I, cluster II, and cluster II.
In the present study, the Ghanaian P[8]b sequences (GHDC949 and GHM0094) belonged to
Cluster I where they formed a monophyletic cluster with African and European G9P[8] strains
RVA/Human-wt/SEN/MRC-DPRU2051/2009/G9P[8] and RVA/Human-wt/BEL/BE1418/
2009/G9P[8] with a 99% bootstrap support (Fig 2). The only other P[8]b strain from Africa
within cluster I was detected in Ethiopia in 2012. Our study strains were clearly distinct from
the prototype OP354-like strains detected in Malawi in 1999 which rather belonged to cluster
IT in the phylogenetic tree (indicated in green font).
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Fig 4a: NSP1

Global A1 NSP1 sequences/Human RVA

JX185764.1 RVA/Human-wt/ITA/ASTI23/2007/GIP(8]
KC195764.1 RVA/Human-wt/AUS/CK0008 1/2007/G1P[8]
JQ988894.1 RVA/Human-wt/Croatia/CR2006/2006/G8P[8]
KJ918823.1 RVA/Human-w/HUN/ERN5199/2012/G4P[8]
KJ918790.1 RVA/Human-w/HUN/ERN5063/2012/G4P[8]
KJ752853.1 RVA/Human-wt/ZWE/MRC-DPRU1850/2011/G4P[8]
KT223445.1 RVA/Human-wt/BEL/BE00096/2010/G1P[8]
KJ918818.1 RVA/Human-wt/HUN/ERN5184/2012/G4P[8]
FJ747620.1 RVA/Human-wt/GER/GER126-08/2008/G3G12P[8]
JQ069393.1 RVA/Human-wt/CAN/RT048-07/2007/G4P[8]
JX195069.1 RVA/Human-wt/ITA/AV21/2010/G9P[8]
JQ069447.1 RVA/Human-wt/CAN/RT038-09/2009/G4P[8]
KP752632.1 RVA/Human-wt/SEN/MRC-DPRU2051/2009/G9P[8]
_l'I;. RVA Human-wt GHA M0094 2010 GOP[8]b

Fig 4b: NSP2

KJ751587.1 RVA/Human-wt/TGO/MRC-DPRU5144/2010/G12P([8]
KT921032.1 RVA/Human-wt/USA/CNMC8/2011/G12P[8]
KT921153.1 RVA/Human-wt/USA/CNMC102/2011/G12P[8]
KP753208.1 RVA/Human-wt/TGO/MRC-DPRU5153/2010/G1P[8]
— KJ751819.1 RVA/Human-wt/BFA/MRC-DPRU2862/2009/G1P[8]
KP882325.1 RVA/Human-wt/GHA/Ghan-005/2008/G1P[8]
4‘_4:. RVA Human-wt GHA DC949 2010 G9P[8]b
76— ® RVA Human-wt GHA M0094 2010 G9P[8]b
KJ753530.1 RVA/Human-wt/ZWE/MRC-DPRU3367/2010/G9P[8]
KJ752788.1 RVA/Human-wt/ZWE/MRC-DPRU1841/2009/G9P[8]
JN013977.1 RVA/Human-wt/ZAF/2371WC/2008/GOP[8]
JN605422.1 RVA/Human-wt/ZWE/MRC-DPRU1723/2009/G9P[8]
KF636296.1 RVA/Human-wt/ZWE/MRC-DPRU1708/2009/G9P[8]
KJ751978.1 RVA/Human-wt/ZWE/MRC-DPRU1734/2008/G9P[8]
KJ751709.1 RVA/Human-wt/GMB/MRC-DPRU3176/2010/G1P(8]
KJ753067.1 RVA/Human-wt/CMR/MRC-DPRU3043/2009/G12P[8]

66—® RVA Human-wt GHA DC949 2010 G9P[8]b

[ KJ752033.1 RVA/Human-wt/SEN/MRC-DPRU2136/2009/G1P[6]
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P68 HQB92063.1 RVA/Human-wH/BEL/BE00012/2006/G1P[E] 7 KP752644.1 RVA/Human-wi/ TGO/MRC-DPRU2209/2009/G1P[8]
0.002 S KJ752291.1 RVA/Human-wt/ZMB/MRC-DPRU3495/2009/G9P[6]
0.001
Fig 4c: NSP3 91~ KU048724.1 RVA/Human-wt/I TAIMES64/12/2012/G12P[8]

HQ392452.1 RVA/Human-wt/BEL/BE00047/2009/G1P([8]
KC195766.1 RVA/Human-wt/AUS/CK00081/2007/G1P[8]
JQ988896.1 RVA/Human-wt/Croatia/CR2006/2006/G8P[8]
FJ793989.1 RVA/Human-tc/BRA/r013270/06/2006/GIP(8]
KC193609.2 RVA/Human-wt/Bel/BE00001/2004/G1P[8]

KY884640.1 RVA/Human-wt/I TA/AN38/2015/G1P[8]
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JN605434.1 RVA/Human-wt/ZAF/MRC-DPRU4677/2010/G9P[8]
99KF636297.1 RVA/Human-wt/ZWE/MRC-DPRU1708/2009/G9P[8]
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KJ753659.1 RVA/Human-wt/ZAF/MRC-DPRU1233/2004/G1P[8]
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Fig 4. Phylogenetic trees of the non-structural protein genes of Wa-like (genotype 1) strains. a) NSP1 b) NSP2 c¢) NSP3. Trees shown are
sub-trees. The study strains (indicated in red dots) were analysed along with published human RVA strains. Maximum likelihood phylogenetic
analysis was performed using the best-fit nucleotide substitution. Bootstrap value (1000 replicates) of > 70% are shown. Scale bar indicates
genetic distance expressed as number of nucleotide substitutions per site.

https://doi.org/10.1371/journal.pone.0218348.9004

BEAST analysis revealed that the P[8]b sequences diverged from a common ancestor shared
with P[8]a sequences around the year 1921 (Highest posterior density (HPD) interval: 1872—
1956) (Fig 6). The most recent common ancestor of the two Ghanaian P[8]b sequences
reported in this study existed around the year 2009 (Highest posterior density (HPD) interval:
2008-2010). In addition, the most recent common ancestor of the G9 VP7 sequences of the
two strains together with a Ghanaian G9 strain RVA/Human-wt/GHA/PML801/2010/G9P[8]
a and a Senegalese strain RVA/Human-wt/SEN/MRC-DPRU2051/G9P[8] was estimated to be
around 2007 (Highest posterior density (HPD) interval: 2008-2010) (Fig 7). It is worth noting
that the tMRCA of the cluster that contained some historical and contemporary Ghanaian G9
sequences reported in 1999 [46] and 2010 (GenBank data; accession numbers: LC456078-
LC456081, LC456083- LC456086; strains indicated in blue font) was 1997 (HPD interval:
1997-1999) and this cluster was distinct from the cluster containing the two study strains.

Internal capsid and non-structural protein genes: VP1-3, VP6, NSP1-5. The high
nucleotide sequence identity of the internal capsid and non-structural protein genes of our
study strains to African Wa-like strains was supported by the clustering pattern of the
sequences upon phylogenetic analysis. The two study strains consistently clustered together
with sequences of RVA strains from Africa mostly forming a monophyletic cluster supported
by high bootstrap values (Figs 3-5).
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Fig 5a: NSP4
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Fig 5b: NSP5
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KY972119.1 RVA/Sheep-wt/PER/OVI.5/2014/GXP[X]
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[—— GU947709.1 RVA/Human-wt/CHN/BJ-CR4916/2008/G9P[8]b

53
75| KF726054.1 RVA/Human-wt/CHN/E2484/2011/G4P[8]
MF469419.1 RVA/Human-wt/USA/SSCRTV 00010/2013/G3P[8]

] JF490515.1 RVA A human/Victoria/CK00047/2006/G1P[8]

64 JQ043320.1 RVA/Human-wt/THA/CMH056/2007/GXP[X]

JX027859.1 RVA/Human-wt/AUS/CK00087/2009/G1P[8]
JN258399.1 RVA/Human-wt/USA/2007769947/2007/G1P[8]
JQ087433.1 RVA strain RVA/Human-tc/CHN/Y128/2004/G1P[8]
KT920617.1 RVA/Human-wt/USA/CNMC114/2011/G1P[8]

— JN258837.1 RVA/Human-wt/Bel/BE00076/2001/G1P[8]
70, @ RVA/Human-wt/GHA DC949/2010/GIP[8]b
@ RVA/Human-wt/GHA M0094/2010/G9P[8]b

KP752636.1 RVA/Human-wt/SEN/MRC-DPRU2051/2009/G9P[8]
— JX195073.1 RVA A RVA/Human-wt/ITA/AV21/2010/G9P(8]
HQ025986.1 RVA/Human-wt/KOR/CAU-214/2006/G12P[6]
— JF490745.1 RVA A human/Vanderbilt/VU05-06-48/2005/G1P[8]
KF907275.1 RVA/Human-wt/BRA/RJ12419/2006/G12P[8]

Fig 5. Phylogenetic trees of the non-structural protein genes of Wa-like (genotype 1) strains. a) NSP4 b) NSP5. Trees shown are sub-trees.
The study strains (indicated in red dots) were analysed along with published human RVA strains. Maximum likelihood phylogenetic analysis
was performed using the best-fit nucleotide substitution. Bootstrap value (1000 replicates) of > 70% are shown. Scale bar indicates genetic
distance expressed as number of nucleotide substitutions per site.

https://doi.org/10.1371/journal.pone.0218348.g005

Discussion and conclusion

The rare P[8]b VP4 gene subtype has long been reported to be distinct from the P[8]a subtype;
however, there is limited information on the relationships between the backbone genes of the
P[8]b and P[8]a RVA strains. In this study, with the complete genome sequences of two previ-
ously published P[8]b strains from Ghana—GHMO0094 and GHDC949, we showed by phylo-
genetic analyses that their backbone genes were typical Wa-like RVA genes which are carried
by the globally common P[8]a RVA strains. Our observation was consistent with the single
previous report on full genomic analyses of P[8]b strains [47] as well as Kuzuya et al. [13] who
reported that the VP6, VP7, and NSP4 genes of Japanese G1P[8]b strains were highly homolo-
gous to G1P[8]a strains prevalent in the same area.

Of note was the consistently high similarity observed between many genes of a Senegalese
GIP[8]b strain MRC-DPRU2051 and our study strains. In this regard, we propose that per-
haps, the P[8]b strains analyzed in this study were generated by reassortment event(s), where
regionally rare P[8]b strains such as the Senegalese MRC-DPRU2051-like strains, reassorted
with G9-Wa-like RVA strains circulating in Ghana, donating their VP4 and other genes. The
time of the most recent common ancestor estimated for the VP4 gene and the VP7 gene of our
study strains by BEAST analysis showed that the ancestral VP7 and VP4 sequences of these
two genes existed around 2007 and 2009. This evidence together with the year of detection of
the Senegalese G9P[8]b strain, lend a support to the above proposition.
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Fig 6. A simplified maximum clade credibility trees for the P[8] VP4 in this study together with a global collection of P[8]a and P[8]b
sequences of RVA strains detected from 1974-2012. Strains from this study are indicated in red fonts and red dots. Other African strains are
in blue font whereas the OP354-like strains detected in Malawi are indicated in green font.

https://doi.org/10.1371/journal.pone.0218348.9006
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Fig 7. A simplified maximum clade credibility trees for the G9 VP7 sequences of strains characterized in this
study together with a global collection of G9 strains of both human and porcine RVA strains detected from 1978-
2017. Strains from this study are indicated in red fonts and red dots. Other African strains are in green font whereas
previously published Ghanaian G9 strains are indicated in blue font.

https://doi.org/10.1371/journal.pone.0218348.g007
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It has been suggested that introducing a single or small number of genetically distinct gene
segment(s) into well-adapted human rotaviruses can result in a progeny virus with a genetic
composition that is well-suited for replication and spread in the human population [48]. Such
introductions of a P[8]b subtype VP4 gene into the stable Wa-like strain backbone may result
in strains that might propagate easily in the human population, with a potential to become an
important public health concern, especially because it is not certain if the monovalent rotavi-
rus vaccine (Rotarix) used in Ghana will be efficacious against such strains.

In summary, the genomes of GHM0094 and GHDC949 consisted of the P[8]b subtype in
combination with a contemporary Wa-like genetic backbone not different from the backbone
genes of the globally encountered P[8]a strains. Also, the 11 genes of the study strains shared
common ancestors with RVA genes of African origin. Our analysis of the full genomes of
GHMO0094 and GHDC949 add to knowledge of the genetic make-up and evolutionary dynam-
ics of P[8]b rotavirus strains. To be able to detect the gradual spread of such P[8]b genes in the
commonly detected regional strains, it is important to continuously monitor the genome
sequences of not only the unusual RVA strains but also the common RV A strains as they
might be acquiring variants of the commonly detected genotypes which can only be deci-
phered at the nucleotide and lineage level.
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