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Abstract

Background: G12 rotaviruses were first observed in sub-Saharan Africa in 2004 and since then have continued to
emerge and spread across the continent and are reported as a significant human rotavirus genotype in several
African countries, both prior to and after rotavirus vaccine introduction. This study investigated the genetic
variability of 15 G12 rotavirus strains associated with either P[6] or P[8] identified between 2010 and 2014 from
Ethiopia, Kenya, Rwanda, Tanzania, Togo and Zambia.

Methods: The investigation was carried out by comparing partial VP7 and partial VP4 sequences of the African
G12P[6] and G12P[8] strains with the available GenBank sequences and exploring the recognized neutralization
epitopes of these strains. Additionally, Bayesian evolutionary analysis was carried out using Markov Chain Monte
Carlo (MCMC) implemented in BEAST to estimate the time to the most recent ancestor and evolutionary rate for
these G12 rotavirus strains.

Results: The findings suggested that the VP7 and VP4 nucleotide and amino acid sequences of the G12 strains
circulating in African countries are closely related, irrespective of country of origin and year of detection, with the
exception of the Ethiopian strains that clustered distinctly. Neutralization epitope analysis revealed that rotavirus
VP4 P[8] genes associated with G12 had amino acid sequences similar to those reported globally including the
vaccine strains in RotaTeq and Rotarix. The estimated evolutionary rate of the G12 strains was 1.016 × 10− 3

substitutions/site/year and was comparable to what has been previously reported. Three sub-clusters formed within
the current circulating lineage III shows the diversification of G12 from three independent ancestries within a similar
time frame in the late 1990s.

Conclusions: At present it appears to be unlikely that widespread vaccine use has driven the molecular evolution
and sustainability of G12 strains in Africa. Continuous monitoring of rotavirus genotypes is recommended to assess
the long-term impact of rotavirus vaccination on the dynamic nature of rotavirus evolution on the continent.
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Background
Diarrhoeal disease is a major cause of death in infants
and young children below the age of 5 years and rota-
virus is the most significant pathogen associated with
that mortality [1]. Rotavirus is estimated to cause 122,
232–215,757 Under-5 deaths annually [2, 3]. Further-
more, it has been estimated that diarrhoeal diseases are
significantly more severe in immunocompromised chil-
dren, especially those infected with HIV which is rele-
vant to sub-Saharan Africa [4]. Recent estimates showed
that the introduction of rotavirus vaccines globally has
resulted in a relative reduction of 59% of rotavirus hospi-
talizations and 36% of all cause acute gastroenteritis hos-
pitalizations, respectively [5]. Before the introduction of
rotavirus vaccines in many African countries, it was esti-
mated that almost 40% of all diarrhoeal cases on the
continent were due to rotavirus infection [4]. The intro-
duction of rotavirus vaccines into 29 sub-Saharan Afri-
can countries before 2016, resulted in a reduction of
approximately 21,000 deaths and 135,000 hospitaliza-
tions in 2016 alone [6], highlighting the major impact
that rotavirus vaccines have had on rotavirus diarrhoea.
Rotaviruses are double-stranded RNA (dsRNA) vi-

ruses, which belong to the family Reoviridae [7]. The
viral genome comprises of eleven segments which code
for six structural viral proteins (VP; labelled VP1-VP4,
VP6-VP7) and six non-structural proteins (NSP; NSP1-
NSP6). Two of the structural proteins (VP7 and VP4)
form the outer capsid of the virus, which are used in the
binomial classification of rotavirus strains into G (for the
VP7 glycoprotein) and P (for the VP4 protease-sensitive)
types, respectively. According to the Rotavirus Classifica-
tion Working Group of the International Committee on
Taxonomy of Viruses (ICTV), there are 36 G and 51 P
rotavirus types causing diarrhoea in humans, animals
and avian species [7–9]. Of these, only six genotypes -
G1P[8], G2P[4], G3P[8], G4P[8], G9P[8] and G12P[8] -
are responsible for over 90% of rotavirus-related diar-
rhoea in humans globally [10–12].
On the African continent the dominant VP7 genotypes

of rotavirus are G1, G2, G3, G4, G8, G9 and G12; G4
strains predominated in the 1980s and 1990s but have
subsequently diminished dramatically [13]. The common
VP4 genotypes of human rotaviruses circulating are
P[8], P[6] and P[4] [14–16], with an unusually high
prevalence of P[6] in Africa [16]. The emergence and
rapid spread of G12 rotavirus strains has been widely
observed globally [17]. A decade after the first report of
G12 strains in the Philippines in 1987 [18], which was
believed to be a zoonotic transmission to a child, the
widespread circulation of this genotype was reported in
South and North America, Asia and Europe [11, 18–21].
In sub-Saharan Africa, G12 strains initially emerged in
combination with the VP4 P[6] genotype and were first

reported in South Africa in 2004 during a hospital-based
rotavirus surveillance study [22]. Subsequently, G12
rotavirus strains were reported in other African coun-
tries such as Malawi, Nigeria, Ghana, Cameroon, Kenya,
Tanzania, Ethiopia, Zambia, Togo, and Zimbabwe [23–
29].
Interestingly, genotype G12 strains were prevalent in

Africa during the evaluation of the available rotavirus
vaccines (i.e. Rotarix and RotaTeq), in large safety and
efficacy studies [30, 31]. Neither of these vaccines con-
tain the G12 VP7 genotype although both have a VP4
P[8] genotype. RotaTeq (Merck & Co., White River,
Pennsylvania, USA) is a pentavalent bovine-human
mono-reassortant vaccine containing 4 VP7 reassortants
carrying the human G1 - G4 encoding genes and a VP4
reassortant carrying the human P[8] encoding gene, all
on the genetic background of bovine rotavirus WI79
(G6 P[5]) strain [32]. Rotarix (GSK Biologicals, Rixen-
sart, Belgium) is a human rotavirus strain bearing a
G1P[8] genotype. The strain was isolated in 1989 [33].
Both rotavirus vaccines demonstrated homotypic and

heterotypic protection against the common circulating
strains in multiple studies in diverse geographies, includ-
ing the circulating genotype G12 strain [34–38]. Further-
more, various post-marketing surveillance studies have
reported that the vaccine confers heterotypic protection
against novel strains carrying neither VP4 nor VP7 anti-
gens found in the vaccines [39]. Nevertheless, there is
concern in the scientific community about the issue of
“vaccine-induced immune pressure” driving the emer-
gence of novel strains that may evade vaccine protection
[40]. As G12 rotavirus strains are the most recent to
emerge and spread globally and are circulating in several
African countries that have introduced the vaccine, and
as information about the temporal genetic diversity of
the circulating G12 strains in Africa is still limited, we
sought to investigate the genetic variability of the two
recognized neutralization antigens, VP7 and VP4, of G12
strains from across the continent. Thus, this study inves-
tigated the genetic variability of the gene segments 4
(encoding VP4) and 9 (encoding VP7) of G12 strains
identified in several African countries and analysed the
putative neutralization epitopes in an effort to provide
insights on the evolutionary mechanisms and possible
origins of the G12 strains in Africa.

Methods
Ethical approval
The University of Limpopo (MEDUNSA campus) (now
called Sefako Makgatho Health Sciences University) Re-
search & Ethics Committee approved the study (MREC/
P/237/2014).
The diarrheal stool samples were collected as a routine

diagnostic clinical specimen when the parents brought
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their child to a health facility for clinical management, requir-
ing no written informed consent. As part of the World
Health Organization (WHO) coordinated rotavirus surveil-
lance network, the archived rotavirus-positive specimens,
were anonymized and utilized for strain characterization
under a Technical Service agreement and a Materials Trans-
fer Agreement (MTA) to the WHO Regional Office for Af-
rica (WHO AFRO) Regional Reference Laboratory based at
Sefako Makgatho Health Services University. The WHO Re-
search Ethics Review Committee granted an ‘exemption ac-
tivity’, noting that the procedures involved in the study are
part of routine hospital-based rotavirus surveillance.

Sample collection
The stool samples were collected from children present-
ing with diarrhea during the 2010–2012 and 2014 rota-
virus surveillance periods from six African countries
(Ethiopia (ETH), Kenya (KEN), Rwanda (RWA),
Tanzania (TZA), Togo (TGO), and Zambia (ZMB)). A
standardised WHO generic protocol for hospital–based
rotavirus surveillance was followed to recruit eligible
children and collect the stool samples, as described else-
where [14, 15]. The samples were available at the Diar-
rhoeal Pathogens Research Unit (DPRU), a WHO
Rotavirus Regional Reference Laboratory for rotavirus
strain characterization based at Sefako Makgatho Health
Sciences University. The samples were stored at − 20 °C
until retrieved for this analysis. Fifteen rotavirus strains
previously recorded as G12 by conventional genotyping
methods [15] were selected for further analysis in this
study. Table 1 lists the characteristics of the 15 selected
G12 strains analysed in this study.

Viral dsRNA extraction, VP4 and VP7 genotyping
Viral dsRNA was extracted using QIAamp® viral RNA
extraction kit (Qiagen, Hilden, Germany) as per man-
ufacturer’s instructions. The extracted dsRNA was
subjected to reverse transcription polymerase chain
reaction (RT-PCR) to amplify VP4 (partial VP8*) and
VP7 genes using consensus primers sets Con2/Con3
and sBeg/End9, respectively [15, 22, 27]. Furthermore,
to confirm the samples as G12 rotavirus strains, sam-
ples were genotyped using a cocktail of primers con-
sisting of RVG9 and aBT1, aCT2, mG3, aDT4,
aAT8v, mG9, mG10, newG12, representing G1, G2,
G3, G4, G8, G9, G10 and G12 genotypes [37, 38].
The VP4 gene cocktail of primers which amplifies
VP8* consisted of Con3 and 1 T-1D, 2 T-1, 3 T-1, 4
T-1 and 4943 representing human rotavirus genotypes
P[8], P[4], P[6], P[11] and P[14] [27, 37]. The se-
quences of primers used in this study are shown in
Supplementary Table 1. The PCR conditions were set
out as described elsewhere [22, 37, 41, 42].

Sanger sequencing
Amplicons were sequenced using the dideoxynucleotide
termination Sanger sequencing method with ABI
3500XL sequencer. A region of VP7 and VP4 was se-
quenced using reverse and forward primers used for RT-
PCR. The sequence chromatograms were edited using
chromasPro version 1.49 beta resulting in 981 bp located
at position 1–981 of the VP7 gene and approximately
731 bp located from position 97–827 of the VP4 gene
fragments (www.technelysium.com.au/chromas.html).

Table 1 Demographics of the 15 G12P[8] and G12P[6] rotavirus genotypes

Country of isolation Common name Year of identification G-P types VP4,VP7 accession number Rotavirus vaccine introduction

Ethiopia MRC-DPRU2268 2011 G12P[8] MK059445, MK059430 November 2013 Rotarix®

Ethiopia MRC-DPRU2273 2011 G12P[8] MK059448, MK059438

Ethiopia MRC-DPRU4959 2011 G12P[8] MK059446, MK059432

Ethiopia MRC-DPRU5683 2014 G12P[8] MK059442, MK059429

Ethiopia MRC-DPRU857 2012 G12P[6] MK059443, MK059431

Kenya MRC-DPRU1367 2012 G12P[6] MT995938, MK059435 July 2014 Rotarix®

Kenya MRC-DPRU1369 2012 G12P[6] MK059435, MK059436

Kenya MRC-DPRU1377 2012 G12P[6] MK059449, MK059437

Kenya MRC-DPRU4288 2010 G12P[6] MK059447, MK059433

Rwanda MRC-DPRU6219 2014 G12P[8] MK059441, MK059439 May 2012 RotaTeq®

Tanzania MRC-DPRU4540 2011 G12P[8] MK059451, MK059439 January 2013 Rotarix®

Togo MRC-DPRU2118 2011 G12P[8] MK059452, MK059440 June 2014 Rotarix®

Zambia MRC-DPRU1765 2012 G12P[6] MK059444, MK059426 January 2012 Rotarix®

Zambia MRC-DPRU2495 2011 G12P[6] MT995937, MK059427

Zambia MRC-DPRU4165 2010 G12P[8] MK059450, MK059434
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Sequence analysis
Sequencing data was then compared with available rota-
virus sequences in the GenBank database using the
NCBI-BLAST software (www.ncbi.nlm.nih.gov/BLAST/,
USA). The VP7 and VP4 alignments were made using
the MUSCLE algorithm implemented in MEGA 6 soft-
ware [43, 44]. To expand the analysis, VP7 G12 and VP4
P[8] sequences from other African countries available in
the GenBank were downloaded and included in the
alignments. Once aligned, the DNA Model Test program
implemented in MEGA version 6 was used to identify
optimal evolutionary models that best fit sequence data-
sets. Using the Corrected Akaike Information Criterion
(AICc) the following models; GTR + G (VP7), T92 + G
(VP4 P[8]) and GTR + G + I (VP4 P[6]) were utilized.
Using these models, maximum-likelihood trees were
constructed using MEGA 6 with 1000 bootstrap repli-
cates to estimate branch support. Nucleotide and amino
acid sequence identities among strains were calculated
for each gene based on distance matrices prepared using
the p-distance algorithm in MEGA 6 software [43]. Dot
conservation plots were constructed using BioEdit se-
quence alignment editor [45] identifying the variable and
antigenic regions within the VP7 gene [46, 47] of the
study strains with G12 reference strains belonging to the
four G12 lineages (I-IV).
Simultaneously, P[8] VP4 sequences of the study strains

were compared with P[8] of both the Rotarix and RotaTeq
vaccine strains and other recent circulating strains; while
the P[6] VP4 sequences were analysed by comparison with
other globally circulating P[6] reference strains.
To estimate the rate of evolution (substitutions per site

per year) and the time of the most recent common ancestor
of the G12 genotype, 114G12 VP7 sequences isolated be-
tween 1987 and 2019, representing the temporal span of
these genotypes from the first G12 isolate to contemporary
strains, and spanning global distribution of these strains,
were retrieved from GenBank together with our study
strains. To investigate the temporal signal of the sequences
and to remove sequences that might be diverse, the G12
maximum likelihood phylogenetic tree was analysed in
TempEST v1.5.3 [48], a tool that assesses the association of
root-to-tip divergence and sampling of each sequence. Fi-
nally, Bayesian Markov chain Monte Carlo (MCMC) ana-
lysis was performed in BEAST v.1.6 software package,
(http://beast.bio.ed.ac.uk). Several models with different
priors were initially tested and compared using Bayes factor.
Then the following Bayesian parameters were set out -
GTR+G substitution model, uncorrelated exponential re-
laxed clock lognormal model [49] and coalescent Bayesian
skyline tree prior [50]. This analysis was run four times at
50 million generations. The individual runs were combined
with LogCombiner and Tracer v.1 (http://tree.bio.ed.ac.uk/
software/tracer/) was used to view the results and effective

sampling size (ESS) values of > 200 indicated sufficient sam-
pling. Maximum clade credibility trees were annotated using
TreeAnnotator v.1.6.2 and visualized in FigTree v.1.4.3
(http://tree.bio.ed.ac.uk/software/figtree/).

Accession numbers
The partial VP7 and VP4 sequences have been made avail-
able on the NCBI GenBank database (Accession numbers:
MK059426 - MK059453; MT995937-MT995938).

Results
VP7 genotype analysis
The nucleotide and amino acid sequences of 15 G12
rotavirus strains collected during 2010–2014 rotavirus
seasons across Africa, were analysed and compared with
the strains from the GenBank database. High nucleotide
(96.8–99.9%) and amino acid (98.1–100%) sequence
similarity was observed amongst the VP7 gene sequence
of the G12 study strains as well as between the study
strains and circulating global human G12 strains. One
strain, MRC-DPRU6219 from Rwanda, shared 95.8–
98.0% nucleotide and 97.2–98.7% amino acids identity
with the other 14 study strains (Supplementary Table 2).
Phylogenetic analysis showed that the African rota-

virus genotype G12 VP7 sequences clustered within
lineage III, and sub-lineage III A-C (labelled for the pur-
pose of discussion in this study) (Fig. 1). The two study
strains, MRC-DPRU4540 (Tanzania) and MRC-
DPRU2118 (Togo) in sub-lineage IIIA were closely re-
lated to globally circulating non-African G12 strains,
and to Nigerians strains collected in 2012 and 2013, re-
spectively. The G12 strains included in this study from
Ethiopia (MRC-DPRU2268, MRC-DPRU857, MRC-
DPRU2273, MRC-DPRU5683, MRC-DPRU4959 and
MRC-DPRU4165) formed a monophyletic cluster within
sub-lineage IIIB with reference strains from Nepal and
Belgium. The study strains isolated from Kenya and
Zambia clustered in sub-lineage IIIC and closely related
to other African G12 strains. Interestingly most of these
African strains all shared a G12P[6] genotypic constella-
tion. Within the same IIIC sub-lineage a single Rwandan
strain (MRC-DPRU6219) isolated in 2014 seemed dis-
tinct and clustered closer to strains isolated from
Mozambique and India.
The temporal signal analysis of G12 maximum likeli-

hood phylogenetic tree analysed in TempEST reported a
correlation coefficient of 0.6213 and R-squared value of
0.386 which suggests a strong association and high effect
size of the G12 sequences. The linear regression plot
shows clustering of G12 sequences around 2010 (Sup-
plementary Figure 1). Evolutionary analysis in BEAST
generated ESS values that were > 200 for all parameters.
The estimated evolutionary rate for G12 was 1.16 × 10− 3

nucleotide substitutions/site/year with 95% high
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posterior density interval (95%HPD) of 7.23 × 10− 4 to −
1.30 × 10− 3. The most recent common ancestor for
lineage III, which consists of the current circulating
strains, was dated back to 1992 (Fig. 2). Maximum clade
credibility tree also displayed the diversification of
lineage III strains into sub-clusters similar to the max-
imum likelihood phylogenetic tree. The three sub-
clusters most common recent ancestors were estimated
to 1997 for IIIA, 1999 for IIIB and 1997 for IIIC.
Sequence analysis within the nine variable regions

(VR) and four antigenic regions (AR, A-C,F) of VP7 of
the study strains were considerably conserved when
compared to the first reported African G12 strain from
South Africa (SA4958JHB) as well as representative
strains belonging to the four lineages. The comparison
of the amino acid showed differences mostly within the
variable regions of the gene compared to the antigenic
regions which carry the recognized antigen-specific epi-
topes (Table 2). Although the study strains were related
to the first reported South African strain, at certain

positions the study strains shared amino acids similar to
the prototype (L26, lineage I) and porcine (RU172,
lineage IV) G12 strains. For instance, amino acid substi-
tution M44I observed in multiple study strains was simi-
lar to the L26 and RU172 strains.
Interestingly, in antigenic region A, strains from

Ethiopia and Zambia had an N100S amino acid substitu-
tion. An alignment of G12 lineage III strains circulating
globally identifies this substitution as found in strains
from Nepal, Italy and Belgium but not from other Afri-
can strains (data not shown). Certain amino acids were
unique to strains belonging to specific lineages such as
amino acid substitutions – N100H, D130N in the proto-
type strain (L26, lineage I), the I40A, T65A, A122T in
the porcine strain (RU172, lineage IV) and A68T in the
985A strain (lineage II). Furthermore, notable amino
acid substitutions A125S and V142I differentiated
lineage III isolates from those in lineages I, II and IV.
This substitution was seen in all global G12 strains be-
longing to lineage III.

 KU048652.1 RVA/Human-wt/ITA/RG177/2013/G12P[8]
 MK059439.1 RVA/Human-wt/TZA/MRC-DPRU4540/2011/G12P[8]

 AB905479.1 RVA/Human-wt/BTN/BTN-139/2010/G12P[8]
 KP119464.1 RVA/Human-wt/MEX/SONMX-32/2013/G12P[8]
 MF469406.1 RVA/Human-wt/USA/SSCRTV 00080/2015/G12P[8]
 KU097006.1 RVA/Human-wt/ITA/ME650/2014/G12P[8]
 MK417785.1 RVA/Human-wt/ESP/SS96099331/2018/G12P[8]
 KP222810.1 RVA/Human-wt/MOZ/21125/2011/G12P[8]
 KU048652.1 RVA/Human-wt/ITA/RG177/2013/G12P[8]

 KX574278.1 RVA/Human-wt/IND/RV0914/2009/G12P[8]
 JN711098.1 RVA/Human-wt/USA/Ro4434/2007/G12P[8]
 MN529954.1 RVA/Hu-wt/IND/NIV-1740121/2017/G12P[11]

 AB306269.1 RVA/Human-wt/SRL/05SLC013/2005/G12P[8]
 KM660391.1 RVA/Human-wt/CMR/MA11/2010/G12P[8]
 KT952027.1 RVA/Human-wt/Nig/14-G1025/2012/G12P[8]
 KT952030.1 RVA/Human-wt/Nig/14-G1039/2013/G12P[8]

 MK059440.1 RVA/Human-wt/TGO/MRC-DPRU2118/2011/G12P[8]
 KT920612.1 RVA/Human-wt/IND/VR11113/2003/G12P[8]
 MF184830.1 RVA/Human-wt/USA/CNMC4/2011/G12P[X]

IIIA

 MK050151.1 RVA/Human-wt/Iran/285/2016/G12P[8]
 KT936631.1 RVA/Human-wt/THA/CMHN49-12/2012/G12P[6]
 JQ627608.1 RVA/Human-wt/Pak/2933/2010/G12P[6]
 JX891405.1 RVA/Human-wt/IRQ/IQBT28/2008/G12P[6]
 KF500579.1 RVA/Human-wt/KOR/KNIH09-8/2009/G12P[8]
 LC372858.1 RVA/Human-wt/NPL/5N0031/2005/G12PP[6]
 JN849116.1 RVA/Human-wt/BEL/BE0085/2008/G12P[8]

 MK059430.1 RVA/Human-wt/ETH/MRC-DPRU2268/2011/G12P[8]
 MK059438.1 RVA/Human-wt/ETH/MRC-DPRU2273/2011/G12P[8
 MK059431.1 RVA/Human-wt/ETH/MRC-DPRU857/2012/G12P[6]
 MK059432.1 RVA/Human-wt/ETH/MRC-DPRU4959/2010/G12P[8]
 MK0594329.1 RVA/Human-wt/ETH/MRC-DPRU5683/2014/G12P[8]
 MK059434.1 RVA/Human-wt/ZMB/MRC-DPRU4165/2010/G12P[8]

IIIB

A B

 MK059437.1 RVA/Human-wt/KEN/MRC-DPRU1377/2012/G12P[6]
 MK059428.1 RVA/Human-wt/KEN/MRC-DPRU4288/2010/G12P[6]
 MK059436.1 RVA/Human-wt/KEN/MRC-DPRU1369/2012/G12P[6]
 MK059435.1 RVA/Human-wt/KEN/MRC-DPRU1367/2012/G12P[6]

 KP753206.1RVA/Human-wt/ZMB/MRC-DPRU3506/2009/G12P[6]
 KF636151.1 RVA/Human-wt/ZMB/MRC-DPRU3491/2009/G12P[6]
 AB938240.1 RVA/Human-tc/MWI/MAL39/2007/G12P[6]
 HQ657154.1 RVA/Human-wt/ZAF/3133WC/2009/G12P[4]
 AB861972.1 RVA/Human-tc/KEN/KDH684/2010/G12P[6]

 MK059426.1 RVA/Human-wt/ZMB/MRC-DPRU1765/2012/G12P[8]
 MK059427.1 RVA/Human-wt/ZMB/MRC-DPRU2495/2011/G12P[6]

 KJ870916.1 RVA/Human-wt/COD/KisB521/2008/G12P[6]
 EU284737.1 RVA/Human-wt/ZAF/SA4949JHB/2004/G12P[6]
 EU284740.1 RVA/Human-wt/ZAF/SA4958JHB/2004/G12P[6]
 LC019079.1 RVA/Human-tc/MMR/P02/2011/G12P[8]
 KP881966.1 RVA/Human-wt/BGD/Bang-020/2008/G12P[6]

 KP222837.1 RVA/Human-wt/MOZ/21164/2011/G12P[6]
 MG926781.1 RVA/Human-wt/MOZ/0042/2012/G12P[6]

 MK059428.1 RVA/Human-wt/RWA/MRC-DPRU6219/2014/G12P[8]
 KX574271.1 RVA/Human-wt/IND/RV1115/2011/G12P[6]
 KX265696.1 RVA/Human-tc/EGY/AS1002/2012/G12P[6]
 KU048641.1 RVA/Human-wt/ITA/ME659/2014/G12P[8]
 MN066951.1 RVA/Human-wt/IND/CMC 00044/2012/G12P[8]
 KF723285.1 RVA/Human-wt/IND/BCK-2907/2013/G12P[8]

IIIC

LINEAGE III

LINEAGE I EF672595.1 RVA/Human-tc/PHL/L26/1987/G12P[4]
LINEAGE IV DQ204743.1 RVA/Pig-wt/IND/RU172/2002/G12P[7]

 AB125852.1 RVA/Human-wt/JPN/CP727/2001/G12P[9]
 AB186120.1 RVA/Human-wt/JPN/k12/2000/G12P[9]
 KF907304.1 RVA/Human-wt/BRA/PE18974/2010/G12P[9]
 KJ412726.1 RVA/Human-wt/PRY/1093A/2007/G12P[4]
 KJ412603.1 RVA/Human-wt/PRY/942A/2006/G12P[9]
 KJ412813.1 RVA/Human-wt/PRY/985A/2006/G12P[8]

LINEAGE II

OUTGROUP AY816184.1 RVA/Human-wt/CMR/3710CM/1999/G9P[8]
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Fig. 1 a Complete Maximum likelihood G12 tree illustrating the branching of the four G12 lineages and sub-lineages. b G12P[8] and G12P[6] VP7
maximum likelihood tree constructed from African G12 rotavirus nucleotide sequences from six countries and selected published human and
porcine rotavirus reference strains. Bootstraps > 70 are shown on the branch length. Key: The African G12 strains are indicated in black and the
countries abbreviated as follows: Ethiopia-ETH, Kenya-KEN, Rwanda-RWA, Tanzania-TZA, Togo-TGO and Zambia-ZMB
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VP4 genotype analysis
The partial VP8* gene sequence of VP4 (876 bp) was
also analysed for the 15 study strains and compared to
sequences in GenBank. Of the sequences analysed, both
P[8] (n = 8) and P[6] (n = 7) strains were included. Se-
quence comparison showed that the G12P[8] strains
shared 98.4–99.9% nucleotide and 98.1–100% amino
acid similarity with most African P[8] strains available in
the GenBank database. Also, they shared similar per-
centage similarity with each other (Supplementary
Table 3). The P[8] rotavirus strains clustered in lineage
III distantly from the Rotarix and RotaTeq P[8] vaccine
components, which clustered in lineage I and lineage II,
respectively (Fig. 3). Four of the five strains from
Ethiopia formed their own monophyletic cluster as was

also seen with their VP7 sequences. While MRC-
DPRU5683 (Ethiopia), MRC-DPRU2118 (Togo), MRC-
DPRU6219 (Rwanda) and MRC-DPRU4540 (Tanzania)
scattered throughout the phylogenetic tree, clustering
closer to strains from Hungary, USA, Australia and
India, respectively.
The comparison of the eight strains bearing VP4 P[8]

genotype with the VP4 P[8] gene included in the two
vaccines, Rotarix and RotaTeq, and other strains repre-
senting different P[8] lineages, revealed that the strains
are highly conserved with a few amino acid substitutions
within the VP8* neutralizing antigenic epitopes. Within
VP8* there are four defined neutralization epitopes, des-
ignated 8–1 to 8–4 [51] (Table 3). As shown in Table 3,
the study strains had similar amino acid substitutions

1950 1960 1970 1980 1990 2000 2010 2020

JF790307.1 _VU05-06-74_2005

DQ204743.1_RU172_2002

AB905479.1 _BTN-139_2010

LC372858.1 _5N0031_2005

MK059434.1 _MRC-DPRU4165_2010

AB071404.1 _T152_1998

KT952030.1 _14-G1039_2013

MK059430.1_MRC-DPRU2268_2011

KJ753076.1 _MRC-DPRU3043_2009

MF469406.1 _SSCRTV_00080_2015

KU048641.1 _ME659_2014

EU839934.1 _SK423/2005

EU496257.1_ Arg720A_1999

KJ752474.1 _MRC-DPRU1911_2007

KM660398.1 _ES283_2010

MK434807.1 _LWK229_2017

EU839942.1 _MMC206_2006

KJ870916.1 _KisB521_2008

KP881966.1 _Bang-020_2008

MN577144.1 _NS18-A1413_2018

DQ490562.1 N60-02_2002

DQ490574.1 _Dhaka17-05_2005

KU048649.1 _ME864_2012

EU284737.1 _SA4949JHB_2004

MK05943429.1 _MRC-DPRU5683_2014

HF952910.1 _Dijon-R0684_2005

MN066951.1 _CMC_00044_2012

MK050147.1 _196_2016

KF500579.1 _KNIH09-8_2009

AB938241.1 _MAL40_2007

MK059437.1 _MRC-DPRU1377_2012

AJ311741.1 _Se585_1999

JN849116.1 _BE0085_2008

AB938240.1 _MAL39_2007

LC426752.1 _Ns17-5_2017

EU496254.1 _Arg721_1999

KT952027.1 _14-G1025_2012

KP752795.1 _MRC-DPRU4970_2010

LC019079.1 _P02_2011

DQ995173.1 _SI-264_2006

MK059426.1 _MRC-DPRU1765_2012

KF636151.1 _MRC-DPRU3491_2009

KJ753732.1 _MRC-DPRU4620_2011

KJ752388.1 _MRC-DPRU1689_2008

MF469282.1 _SSCRTV_00023_2013

KJ412813.1 _985A_2006

KP732455.1 _pe23690-14_2014

MK059436.1 _MRC-DPRU1369_2012

KU048652.1 _RG177_2013

MG877693.1 _100300_2016

JN711098.1 _Ro4434_2007

AB186120.1 _k12_2000

MN529954.1 _NIV-1740121_2017

MF184830.1 _CNMC4_2011

KX574271.1 _RV1115_2011

AB125852.1 _CP727_2001

EF672595.1 _L26_1987

KP753228.1 _MRC-DPRU1858_2011

DQ490570.1 _Dhaka38-03_2003

JQ627608.1 _2933_2010

FJ747618.1 _GER126-08_2008

KT936631.1 _CMHN49-12_2012

EU284741.1 _SA4792DGM_2004

MK417645.1 _SS62629762_2016

MN106117.1 _Z2761/2019

MH169543.1 _3000813459_2017

MG926781.1_0042_2012

KP752950.1 _MRC-DPRU4578_2010

AB306269.1_05SLC013_2005

KJ626959.1 _1487SR_2007

MH169556.1 _3000813458_2017

AB861972.1_KDH684_2010

EU284740.1 _SA4958JHB_2004

MK059440.1 _MRC-DPRU2118_2011

RMK059428.1 _MRC-DPRU6219_2014

MK059438.1_MRC-DPRU2273_2011

MH171401.1 _SS64751571_2016

KT918693.1 _VU11-12-71_2012

MK059427.1 _MRC-DPRU2495_2011

KF907304.1_PE18974_2010

MH357647.1 _019_2014

KM660391.1 _MA11_2010

KT920612.1 _VR11113_2003

MH402694.1 _0342_2010

KJ753599.1 _MRC-DPRU2140_2011

MK417785.1 _SS96099331_2018

KX574278.1 _RV0914_2009

HQ657154.1 _3133WC_2009

MK059428.1 _MRC-DPRU4288_2010

KP753206.1_MRC-DPRU3506_2009

MK059435.1 _MRC-DPRU1367_2012

MK417653.1 _SS67701930_2018

MH402704.1 _0756_2015

AB275291.1 _05N054_2005

KP119464.1 _SONMX-32_2013

MK059431.1 _MRC-DPRU857_2012

JX891405.1 _IQBT28_2008

KP752939.1 _MRC-DPRU1370_2004

MF469129.1 _SSCRTV_00075_2015

KF723285.1 _BCK-2907_2013

KP222837.1 _21164_2011

MG557582.1 _SONMX-44_2013

JF490979.1 _VU08-09-6_2008

DQ482723.1 _Matlab28_2005

DQ501280.1 MV404-02_2002

EU179541.1 _Dan297_2000
KJ412603.1 _942A_2006

KP222810.1 _21125_2011

KP752871.1 _MRC-DPRU1660_2008

MK059439.1 _MRC-DPRU4540_2011

MK059432.1 _MRC-DPRU4959_2011

KX265696.1 _AS1002_2012

MK050151.1 _285_2016

DQ146665.1 _Dhaka12_2003

[3,4.7]

IIIA

IIIB

IIIC

[5.14,7.9]

[5,6.13]

[2.51,6.54]

[12.55,17.71]

[15.32,19.23]

[20.2,34.28]

[20.69,29.31]

[17.03,22.92]

[22.05,34.45]
[8,9.33]

[19.47,26.21]

[15.13,19.08]

[17.18,18.52]

[20.13,24.48]

[9.04,13.56]

[13.25,18.25]

[19.02,022.34]

[9.04,13.56]
[22.05,34.45]

[43.24,137.6]

[21.53,3012]

[36.18,76.31]

[13.64,17.61]

[9.44,16.35]

2011.19

2008.63

1997.79

1995.22

1999.08

1992.12
2010.09

2001.43

1997.17

1985.53

1945.57

2001.96

Fig. 2 G12 Maximum Credibility Clade phylogenetic tree based on 114 G12P[8] and G12P[6] human and porcine rotavirus strains. For each G12
strain, the accession number, name and year are mentioned. The ages and height 95% HPD are shown on the nodes. Our study strains are
indicated by a black arrow and the three sub-clusters are labelled
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(S125N and S131R) with the VP4 of RotaTeq. This
S131R substitution is common with other strains in line-
ages II to IV, but not with Rotarix which lies in lineage
I. At positions 150 and 113, both the vaccine VP4

components were the same as the study strains (except
for the monophyletic strains from Ethiopia which carried
E150D and N113D substitutions). The S146G amino
acid change was observed in all the study strains and the

Table 2 A-E: Comparison of the nine variable regions (VR) and four antigenic regions (AR) in VP7 (defined in references [46, 47]) of
the 15 study strains with reference strains representing all four G12 lineages. Amino acid substitutions within the study strains are
bolded, grey areas indicate antigenic regions and * indicates that the amino acid is conserved

Rakau et al. BMC Infectious Diseases          (2021) 21:107 Page 7 of 15



lineage III-IV reference strains, and distinct from Rotarix
and RotaTeq. Finally, the study strains as well as the
lineage III reference strain, had N195G amino acid
change differentiating lineage III from lineages I
(Rotarix), II (RotaTeq) and IV (MRC-DPRU2144).
Similarly, the P[6] study strains shared 95.9–99.7% nu-

cleotide and 97.1–100% amino acid similarity amongst
themselves and with P[6] sequences available in the
GenBank database. However, strain MRC-DPRU857

from Ethiopia shared fewer nucleotide and amino acid
similarity with the study strains, 95.9–97.1% and 97.5–
98.8% respectively (Supplementary Table 4). The P[6]
study strains clustered in lineage Ia with other global
strains and tended to cluster more closely with other Af-
rican strains (Fig. 4). Amino acid conservation plot of
the study strains with other P[6] strains representing the
four lineages show that the study strains are conserved
within lineage I into which the study strains clustered

 KJ454524.1 RVA/Human-wt/BRA/BA4931/2001/G9P[8]
 KM027067.1 RVA/Human-wt/BRA/rj1718-98/1998/G1P[8]
 JN849153.1 RVA/Human-wt/BEL/BE1175/2009/G1P[8]
 KJ626908.1 RVA/Human-wt/PRY/467/2000/G9P[8]
 DQ005111.1 RVA/Human-wt/COD/DRC88/2003/G8P[8]
 KJ454590.1 RVA/Human-wt/BRA/RJ10650/2005/G9P[8]
 JN849145.1 RVA/Human-wt/BEL/BE1259/2009/G3P[8]
 KT988197.1 RVA/Human-wt/ITA/PR781/2009/G3P[8]

 KT695107.1 RVA/Human-wt/USA/DC5685/1991/G1P[8]
 JX261746.1 RVA/Human-wt/RUS/Nov05-237/2005/G9P[8]
 KY616900.1 RVA/Human-wt/JPN/JP12669/2014/G1P[8]
 KX545221.1 RVA/Human-wt/Noguchi/GHA-00532/DC/2008/GXP[8]

 KP882726.1 RVA/Human-wt/KEN/Keny-110/2009/G1P[8]
 KX632323.1 RVA/Human-wt/UGA/MUL-13-285/2013/G9P[8]
 MH035725.1 RVA/Human-wt/CHN/VP4-20/2017/G3P[8]

 GU199506.1 RVA/Human-wt/BGD/Matlab36/2002/G11P[8]
 KM668724.1 RVA/Human-wt/NCA/4VN11 P8/2011/G12P[8]

 DQ492672.1 RVA/Human-wt/BGD/Dhaka16/2003/G1P[8]
 KJ094933.1 RVA/Human-wt/CHN/LL10131400/2010/G9P[8]

 KC769352.1 RVA/Human-wt/AUS/CK00061/2007/G1P[8]
 KX363183.1 RVA/Human-wt/VNM/12057 85/2013/GXP[8]
 MN203602.1 RVA/Human-wt/SVK/2554/2017/GXP[8]

 LC325461.1 RVA/Human-wt/JPN/15R429/2015/G3P[8]
 LC469341.1 RVA/Human-wt/IDN/GRV68/2014/G1P[8]
 AB749210.1 RVA/Human-tc/MWI/QEC289/2006/G8P[8]

 MH382867.1 RVA/Human-wt/ETH/GR079/2016/G12P[8]
 KP882649.1 RVA/Human-wt/GHA/Ghan-146/2008/G1P[8]

 MK059442.1 RVA/Human-wt/ETH/MRC-DPRU5683/2014/G12P[8]
 LC172499.1 RVA/Human/JPN/KN098/2013/G1P[8]
 MH382845.1 RVA/Human-wt/ETH/BD244/2016/G9P[8]

 MK059446.1 RVA/Human-wt/ETH/MRC-DPRU4959/2010/G12P[8]
 MK059450.1 RVA/Human-wt/ZMB/MRC-DPRU4165/2010/G12P[8]
 MK059448.1 RVA/Human-wt/ETH/MRC-DPRU2273/2011/G12P[8]
 MK059445.1 RVA/Human-wt/ETH/MRC-DPRU2268/2011/G12P[8]

 KM027086.1 RVA/Human-wt/BRA/ba8067-04/2004/G1P[8]
 JX154479.1 RVA/Human-wt/BFA/157-BF/2009/G1P[8

 MK059452.1 RVA/Human-wt/TGO/MRC-DPRU2118/2011/G12P[8]
 KT921160.1 RVA/Human-wt/USA/CNMC102/2011/G12P[8]
 KY497543.1 RVA/Human-wt/PAK/42/2010/G1P[8]

 MF494933.1 RVA/Human-wt/TKY/81AFYON2016/2016/G9P[8]
 MH382863.1 RVA/Human-wt/ETH/GR060/2016/G3P[8]

 JX195088.1 RVA/Human-wt/ITA/JES11/2010/G9P[8]
 KT919274.1 RVA/Human-wt/USA/VU12-13-146/2013/G12P[8]
 KP222875.1 RVA/Human-wt/MOZ/21196/2011/GxP[8]
 MH381983.1 RVA/Human-wt/IND/MD-149/2014/GXP[8]
 KU738599.1 RVA/Human-wt/IND/S3/NIV1118295/2011/G9P[8]

 MK059451.1 RVA/Human-wt/TZA/MRC-DPRU4540/2011/G12P[8]
 KP281283.1 RVA/Human-wt/SA/Taif-5/2013/G1P[8]
 KC442932.1 RVA/Human-wt/USA/VU08-09-40/2008/G12P[8]
 LC437658.1 RVA/Human-wt/NPL/TK2567/2007/G9P[8]
 KY055419.1 RVA/Pig-wt/UGA/BUW-14-A008/2014/G12P[8]
 KP222873.1 RVA/Human-wt/MOZ/21194/2011/G12P[8]
 KX545230.1 RVA/Noguchi/GHA-00894/DC/2010/GXP[8]

 HM467807.1 RVA/Human-wt/IND/AP06/2006/G1P[8]
 KP753020.1 RVA/Human-wt/ZAF/MRC-DPRU1808/2007/G1P[8]
 DQ146652.1 RVA/Human-wt/BGD/Dhaka25/2002/G12P[8]
 JX027821.1 RVA/Human-wt/AUS/CK00083/2008/G1P[8]
 JQ069653.1 RVA/Human-wt/CAN/RT092-07/2007/G1P[8]

 MK059447.1 RVA/Human-wt/RWA/MRC-DPRU6219/2014/G12P[8]

LINEAGE III

LINEAGE II GU565044.1 RVA/Vaccine/USA/RotaTeq-WI79-4/1992/G6P[8]
 JN849113.1 RVA/Vaccine/USA/Rotarix-A41CB052A/1988/G1P[8]

 KT694942.1 RVA/Human-wt/USA/Wa/1974/G1P[8]
LINEAGE I

 CONSISTS OF STRAINS BELONGING TO LINEAGE IV

OUTGROUP KJ940066.1 RVA/Human-wt/BRA/RJ12225/2006/G2P[4]
88

98

86

95

81

86

0.1

Fig. 3 G12P[8] VP4 maximum likelihood tree constructed from African rotavirus nucleotide sequences from six countries and selected human
rotavirus reference strains. Partial and complete sequences for reference strains were included in the analysis. Bootstraps > 70 are shown on the
branch length. Key: The study sequences are indicated in black and the countries are abbreviated as follows: Ethiopia-ETH, Kenya-KEN, Rwanda-
RWA, Tanzania-TZA, Togo-TGO and Zambia-ZMB
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(Table 4). S146N was the only substitution detected in
MRC-DPRU1369 strain isolated from Kenya, which was
like reference strains representing lineage II-IV.

Discussion
This study analysed circulating G12P[6] and G12P[8] ro-
taviruses from several African countries collected during
the period 2010–2014 and prior to widespread use of
rotavirus vaccines on the continent. Genotype G12
strains, which emerged approximately two decades ago,
have been reported to be the cause of severe dehydrating
diarrhoea in vaccinated children in several countries,
particularly in Latin America which started vaccination
about six years prior to sub-Saharan Africa [52–54].
However, if one looks at a temporal association of the
emergence of the G12 strains, it is associated with the
global spread of these strains, rather than causally

associated with wide-spread vaccine use. Nevertheless,
with the introduction of rotavirus vaccine in 2012–2014
in many of the African countries included in this study,
the opportunity existed to conduct an analysis of circu-
lating G12P[6] and G12P[8] strains in several countries,
just prior to and as vaccines were introduced and to
evaluate whether these strains might become predomin-
ant due to evading the vaccine. Five of the six studied
countries had introduced the Rotarix vaccine with the
exception of Rwanda which initially introduced RotaTeq
vaccine and switched to Rotarix in 2018.
Clearly, G12 strains do not share the VP7 G-specificity

with vaccine strains; however, both licenced rotavirus
vaccines (RotaTeq and Rotarix) have demonstrated clin-
ical protection against heterotypic strains, including G12
strains. For instance, the phase III Rotarix clinical trial
conducted in Malawi and South Africa showed cross

Table 3 A-B Comparison of G12P[8] rotavirus strains with P[8] vaccine components of Rotarix and RotaTeq and other recent strains
representing the P[8] lineages within the VP8* antigenic epitopes (defined in references [47, 50]). Amino acids substitutions within
the studied strains are bolded and * indicates the amino acid is conserved

A P[8]
Lineage

Country (Year) of
isolation

8–1 8–2 8–3

100 146 148 150 188 190 192 193 194 195 180 183 113 114 115 116 125 131

Rotarix®
(Vaccine)

I USA (1989) D S Q E S T N L N N T A N P V D S S

RotaTeq®
(Vaccine)

II USA (1992) * * * * * * * * * D * * * * * * N R

GR079 III Ethiopia (2016) * G * D * * * * * G * * D * * * N R

MRC-
DPRU2144

IV South Africa (2004) * G * * * * D * * S * * * * * * * R

MRC-
DPRU2268

III Ethiopia (2011) * G * D * * * * * G * * D * * * N R

#MRC-
DPRU6219

III Rwanda (2014) * G * * * * * * * G * * * * * * N R

#MRC-DPRU
2118

III Togo (2011) * G * * * * * * * G * * * * * * N R

B P[8]
Lineage

Country (Year) of
isolation

8–3 8–4

132 133 135 87 88 89

Rotarix®
(Vaccine)

I USA (1989) N D V N T N

RotaTeq®
(Vaccine)

II USA (1992) * * * * * *

GR079 III Ethiopia (2016) * * * * * *

MRC-
DPRU2144

IV South Africa (2004) * * * * * *

MRC-
DPRU2268

III Ethiopia (2011) * * * * * *

MRC-
DPRU6219

III Rwanda (2014) * * * * * *

MRC-DPRU
2118

III Togo (2011) * * * * * *

#Strain represent itself
MRCDPRU2268 represent three other strains from Ethiopia, one from Tanzania and one from Zambia
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Fig. 4 G12P[6] VP4 maximum likelihood tree constructed from African rotavirus nucleotide sequences from six countries and selected human
rotavirus reference strains. Partial and complete sequences for reference strains were included in the analysis. Bootstraps > 70 are shown on the
branch length. Key: The study sequences are indicated in black and the countries are abbreviated as follows: Ethiopia-ETH, Kenya-KEN, Rwanda-
RWA, Tanzania-TZA, Togo-TGO and Zambia-ZMB
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protection against diverse rotavirus strains, including
G12 with vaccine efficacy of 51.5% [37]. Similar results
were observed with the RotaTeq vaccine study in three
African countries [38]. Importantly, rotavirus vaccines
have been shown to exercise protection via the immune
responses to the VP4 neutralization antigens also [55],
and the VP4 P[8] is shared between both vaccines and a
proportion of the G12 strains evaluated, those with
G12P[8]. Thus, understanding the genetic variability of
both the VP4 and VP7 genes of the circulating G12 rota-
virus strains should provide insights into the evolution-
ary relationships and potential biological advantages of
these strains in Africa.
Phylogenetic analysis of G12 rotavirus strains globally,

shows segregation of the strains into four lineages (I –
IV). Lineage I is the prototype strain L26 identified in
1987 and which was not apparently biologically competi-
tive in humans and did not spread; lineage II is the
G12P[9] strains from Asia which appear to be a unique
class of natural reassortants with a VP4 P[9]; and lineage
IV includes the only porcine strain (G12P[7]) [17, 56,
57]. Lineage III strains, on the other hand, are the

mostly contemporary G12 strains detected since the
early-2000’s and which are now globally prevalent in
most continents. This analysis confirms that the geno-
type G12 strains circulating in these six sub-Saharan Af-
rican countries (Ethiopia, Kenya, Rwanda, Tanzania,
Togo and Zambia) clustered in lineage III with strains
circulating all over the world, showing the dominance
and biological competitiveness of these strains, which
have persisted over the last two decades in most conti-
nents [58–60]. The evolutionary rate of G12 genotype
(1.016 × 10–3 nucleotide substitutions/site/year) ob-
served in this study is well within the ranges that have
been reported by several investigators [17, 61, 62]. The
estimated time to the most recent ancestor of lineage III
strains is 1992 which is similar to a previous estimate of
1995 [47] and the African strains - although scattered
within the three sub-clusters - show their most recent an-
cestor to be from the late 1990s. This reflects the epidemi-
ologic data, which reported the first isolation of G12
strains in the African continent in 2004. The observed di-
versification of our African strains in three sub-clusters is
not due to their country of isolation, but more likely due

Table 4 A-B Comparison of G12P[6] strains with reference P[6] strains representing the four P[6] lineages within the VP8* antigenic
regions [47, 50]. Amino acids substitutions within the studied strains are bolded and * indicates the amino acid is conserved

A P[6]
Lineage

Country (Year) of
isolation

8–1 8–2 8–3

100 146 148 150 188 190 192 193 194 195 180 183 113 114 115 116 125 131

305 I Iran (2017) D S S E S T N L S E T A T N Q S T E

Gottrified II USA (1975) * N N D * * * * P D * * P S * D V *

JP3–6 III Japan * N * * * * * * Y D * * V S * * * *

B1198 IV Hungary (1998) * N * * * * * * * * * * * * * * * *

MRC-
DPRU1765

I Zambia (2012) * * * * * * * * * * * * * * * * * *

MRC-
DPRU1369

I Kenya (2012) * N * * * * * * * * * * * * * * * *

#MRC-
DPR857

I Ethiopia (2012) * * * * * * * * * * * * * * * * * *

B P[6]
Lineage

Country (Year) of
isolation

8–3 8–4

132 133 135 87 88 89

305 I Iran (2017) N N N T N Q

Gottrified II USA (1975) * S D I * K

JP3–6 III Japan * * * * * *

B1198 IV Hungary (1998) * S * * * *

MRC-
DPRU1765

I Zambia (2012) * * * * * *

MRC-
DPRU1369

I Kenya (2012) * * * * * *

MRC-
DPR857

I Ethiopia (2012) * * * * * *

#Strain represents itself
MRC-DPRU1765 represent one other strain from Zambia
MRC-DPRU1369 represent three other strains from Kenya
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to three different ancestral strains emerging at approxi-
mately the same time. This trend can be applied to glo-
bally circulating G12 strains belonging to lineage III [62].
Evidence of genetic variation was observed amongst

the four G12 lineages in this study. Amino acid substitu-
tion S25N (VR2), N87S (antigenic region A) and A213T
(antigenic region C) in lineages II & III, segregate be-
tween the prototype lineage I detected in 1987 and the
porcine lineage IV. The lineages were further charac-
terised by the amino acid substitutions A125S in VR6
and V142I in antigenic region B detected only in the
current circulating lineage III strains. This latter change
from Valine to Isoleucine, where the amino acids share
similar chemical properties, might not impose a con-
formational change to the VP7 protein. However, the
A125S substitution, in which Alanine acquired a hy-
droxyl group to change to Serine over the period of early
2000s to late 2000s could influence the capsid structure.
The mechanism of rotaviruses mutating to advance epi-
demiological spread was observed with recent G2 rota-
virus strains belonging to lineage IVa that spread
globally. All these strains exhibited an amino acid substi-
tution D96N which seemed to confer survival advantage
to these lineage IVa G2 rotavirus strains [63]. It needs to
be investigated further whether the A125S amino acid
substitution observed in lineage III G12 strains has con-
tributed to its competitiveness and spread. The amino
acid substitutions and phylogenetic clustering of the
study strains away from the porcine lineage IV, indicates
that they are not genetically related although animal-
human rotavirus transmission is often reported in the
African continent.
Amino acids changes within the antigenic regions of

VP7 can result in alteration to the antigenicity of the
virus and potentially enhance immunity [47]. It has been
shown that the antibodies targeting neutralization epi-
topes stabilize the capsid and prevent uncoating of the
virus which is required for viral replication [64]. Zeller
and colleagues proposed that differences in the neutral-
izing epitopes in VP4 could undermine the vaccines ef-
fectiveness [47]. If the vaccine efficacy is mediated
through the VP4 antigen, then considering these muta-
tions may provide further insight. The study strains had
similar amino acids in most of the antigenic epitopes to
the VP4 P[8] gene of RotaTeq, with some differences to
Rotarix, which is the preferred vaccine in most African
countries. The major amino acid substitution is in pos-
ition 131, in which Rotarix had a Serine and RotaTeq
and study strains had an Arginine.
The G12 rotaviruses appear to have emerged irrespect-

ive of the use of rotavirus vaccines and continue circulat-
ing in countries that have not introduced the vaccines,
indicating the natural circulation and competitiveness of
these human viral strains. For example, rotavirus vaccines

were introduced in the six countries included in this study
between 2012 and 2014 and the G12 strains analysed in
this study were collected between 2010 and 2014. To sub-
stantiate further, various studies from Ethiopia have re-
ported G12 rotaviruses as a dominant strain both pre- and
post-vaccine introduction [65].
It is therefore not possible to conclude that the preva-

lence of G12 strains was affected by vaccine introduc-
tion. Possibly, assessing the G12 strains that have
emerged in Latin America and Africa at different stages
after rotavirus vaccine introduction might shed light on
the evolutionary pressure exerted by the vaccines.

Conclusion
The study findings suggest that the novel G12 strains circu-
lating in African countries are highly similar at the nucleotide
and amino acid level, irrespective of geographical distribution
and year of detection. The African G12P[8] and G12P[6]
rotavirus strains belonging to lineage III circulating in these
countries are not unique and are the same as the globally cir-
culating rotavirus G12 strains and there is no evidence of
molecular evolutionary pressure from widespread vaccine
use. The antigenic epitopes display limited diversity to each
other and other global strains, including to the two rotavirus
vaccines (RotaTeq and Rotarix), indicating that this is un-
likely to be associated with sustained circulation over time in
Africa. The G12 strains diversified into three sub-clusters
with ancestries estimated to the late 1990s and are evolving
at 1.016 × 10− 3 nucleotide substitutions/site/year sustaining
this strain overtime. However, as new rotavirus vaccines
which do not carry the common human rotavirus VP4 geno-
type (P[8]), such as RotaVac and RotaSIIL from India [66,
67] have been pre-qualified by WHO and are introduced in
selected African countries, it will be imperative to continue
genotypic surveillance to identify and monitor emerging
strains.
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