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Abstract

The transient upsurge of G2P[4] group A rotavirus (RVA) after Rotarix vaccine introduction in several countries has been a 
matter of concern. To gain insight into the diversity and evolution of G2P[4] strains in South Africa pre- and post-RVA vac-
cination introduction, whole-genome sequencing was performed for RVA positive faecal specimens collected between 2003 
and 2017 and samples previously sequenced were obtained from GenBank (n=103; 56 pre- and 47 post-vaccine). Pre-vaccine 
G2 sequences predominantly clustered within sub-lineage IVa-1. In contrast, post-vaccine G2 sequences clustered mainly 
within sub-lineage IVa-3, whereby a radical amino acid (AA) substitution, S15F, was observed between the two sub-lineages. 
Pre-vaccine P[4] sequences predominantly segregated within sub-lineage IVa while post-vaccine sequences clustered mostly 
within sub-lineage IVb, with a radical AA substitution R162G. Both S15F and R162G occurred outside recognised antigenic sites. 
The AA residue at position 15 is found within the signal sequence domain of Viral Protein 7 (VP7) involved in translocation of 
VP7 into endoplasmic reticulum during infection process. The 162 AA residue lies within the hemagglutination domain of Viral 
Protein 4 (VP4) engaged in interaction with sialic acid-containing structure during attachment to the target cell. Free energy 
change analysis on VP7 indicated accumulation of stable point mutations in both antigenic and non-antigenic regions. The 
segregation of South African G2P[4] strains into pre- and post-vaccination sub-lineages is likely due to erstwhile hypothesized 
stepwise lineage/sub-lineage evolution of G2P[4] strains rather than RVA vaccine introduction. Our findings reinforce the need 
for continuous whole-genome RVA surveillance and investigation of contribution of AA substitutions in understanding the 
dynamic G2P[4] epidemiology.
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Data Summary
The authors confirm all supporting data, code and protocols have been provided within the article or through supplementary 
data files.

Impact Statement

The abrupt increase of G2P[4] RVA strains during the post-vaccination introduction period has generated a lot of attention, espe-
cially in Rotarix vaccine introduced jurisdictions. The G2P[4] (DS-1-like) strains have a different genotype constellation to the 
Rotarix vaccine (Wa-like) strain suggestive of the differential protection observed against G2P[4] strains compared to Wa-like 
genotype constellation strains. Although G2P[4] RVA strains have been associated with dynamic epidemiology, longitudinal 
whole-genome based studies on this genotype have been scarce. Amino acid substitutions outside antigenic sites are generally 
overlooked as they are assumed not to have much evolutionary impact. Here, in our analysis of South African pre- and post-
vaccine G2P[4] strains, we observed AA substitutions outside antigenic sites that appeared to define pre- and post-vaccine sub-
lineages, especially on the outer capsid proteins, VP7 and VP4. Our study findings recommend an exhaustive investigation of 
AA substitutions outside protein antigen sites to gain insight in understanding G2P[4] epidemiology during the post-vaccination 
introduction era.

Introduction
Group A rotavirus (RVA) is the primary etiological agent of acute gastroenteritis (AGE) and resulted in approximately 128 500 
deaths (95 % uncertainty interval [UI], 104 500–155 600) in under-five children in 2016 [1]. Rotavirus belongs to the Reoviridae 
family and its genome comprises 11 genome segments which encode six structural proteins and five or six non-structural proteins 
(NSP) [2]. A binary classification scheme has traditionally been used to classify RVA into G and P types based on the properties 
of the outer capsid proteins, VP7 (denoted G, for its glycoprotein property) and VP4 (denoted P, for its property as a protease-
sensitive protein) [3]. However, to comprehensively decipher the RVA diversity, the binary (G/P) classification system was further 
extended to include the other nine genome segments [4]. In the whole-genome classification scheme, a genotype is assigned to 
each of the 11 genome segments expressed as Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx, whereby x is an integer and defines RVA 
VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5/6, respectively [4]. The whole-genome classification also provided 
the basis for the three established RVA genogroups: Wa-like (genotype I constellation), DS-1-like (genotype II constellation) 
and AU-1-like (genotype III constellation) [4]. Nucleotide (NT) sequencing facilitated by next-generation sequencing (NGS) 
technologies has uncovered substantial genetic diversity among RVA, with 41 G, 57 P, 31 I, 27 R, 23 C, 23 M, 38 A, 27 N, 27 T, 31 
E and 27 h genotypes reported to date [5].

The commonly detected human RVA strains globally are: G1P[8], G2P[4], G3P[8], G4P[8], G9P[8] and G12P[8] [6]. With 
the exception of DS-1-like G1P[8] and equine-like G3P[8] strains, the typical G1P[8], G3P[8] and G12P[8] belong to the 
Wa-like genogroup [7], while the G2P[4] typically possesses the DS-1-like genogroup and its predominance in certain 
geographical regions is well documented [8–11]. Four RVA vaccines: Rotarix (GlaxoSmithKline, Rixenstart, Belgium), 
Rotasiil (Serum Institute of India, India), RotaTeq (Merck and Co, USA) and Rotavac (Bharat Biotech, India) have been 
prequalified by World Health Organization (WHO) for global use [12]. The G1P[8]-based Rotarix vaccine offers heterotypic 
strain protection although higher effectiveness was described against G1P[8] strains compared with G2P[4] strains in some 
settings [13, 14]. Rotavirus vaccination and, in part, improvements in socio-economic factors such as safe water, sanitation 
and access to health care have led to a significant reduction of RVA mortality (from ~500 000 during the pre-vaccine era 
to ~128 000 during the post-vaccine era) globally [1, 15]. South Africa introduced the Rotarix vaccine in August 2009 [16] 
and RVA vaccination has reduced RVA hospitalizations by approximately 60 %, based on laboratory-confirmed results during 
post-vaccine introduction surveillance [17, 18].

Although RVA vaccination has reduced the burden of RVA disease, there are concerns of potential vaccine-induced selective 
pressure on the circulation of RVA strains [19]. The G2P[4] strains typically belong to a different genogroup with a different 
ancestral lineage compared to G1P[8], G3P[8], G4P[8], G9P[8] and G12P[8] strains and have been a matter of concern during 
the post-vaccination period [20]. In terms of diversity, G2 strains follow temporal evolutionary patterns as reported by a 
study that analysed VP7 sequences of G2 RVA spanning over a 35-year-period [8]. In that study, the G2 strains belonging 
to lineage I (G2-I), including the prototype strain, DS-1, were not detected beyond 1990 while G2 strains that clustered in 
lineage II (G2-II) circulated between 1991–2005. The G2 strains from 2001 to 2009 clustered mainly in lineage IV, within 
two distinct sub-lineages IVa-1 (which emerged in the 1990s and were detected globally) and IVa-3 (which emerged in the 
2000s and spread globally) [8].
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Fig. 1. VP7 Maximum likelihood phylogenetic tree. Maximum likelihood phylogenetic tree based on the ORF of the VP7 encoding genome segment. 
The evolutionary model used was Tamura-3 parameter + Gamma (T92 + G). South African pre-vaccine G2 sequences are indicated with black circles 
while post-vaccine strains are highlighted in red circles. Thirteen previously sequenced G2 strains (from 1984 - 1996) were included for reference 
and are indicated with black triangles. The reference sequences used to construct the tree are indicated with blue circles. The pie-chart summarizes 
the number of pre- and post-vaccine sequences. Lineages are indicated in roman numerals. Only bootstrap values > 70% are shown adjacent to each 
branch node. The scale bar indicates the number of NT substitutions per site.

There has been a transient increase in detection of G2P[4] strains reported in several countries such as Australia, Belgium, 
Brazil, Japan, Saudi Arabia and Venezuela after Rotarix introduction [9, 10, 21–24]. Following Rotarix introduction in Malawi 
in 2012, G2 RVA (associated with either P[4], P[6] or P[8]), predominated during the early post-vaccine era and remained 
highly prevalent until 2018 [25]. In Zambia, a 4 year G2P[4] prevalence period in post-Rotarix introduction was reported [26]. 
In Kenya, G2P[4] prevalence increased from 2–17% post-Rotarix introduction [27]. The G2P[4] strains were most prevalent 
in 2013 in Botswana after Rotarix vaccine introduction [28]. South African G2 strains dominated alongside G1 strains in 
1984, 1990 and 1993 and were also reported to exhibit a ten-year cyclic pattern with major epidemics in 1987 and 1997 [29]. 
Cyclic peaks of G2P[4] strains have also been reported in other studies [30–32] and the G2 lineages have been predicted to 
arise globally every 7 years [33]. A South African study reported three major lineages for G2 strains: one lineage involving 
strains collected before 1987, a second lineage comprised strains between 1988–1994 and a third lineage consisted of strains 
collected from 1995 [29]. Non-G1P[8] rotavirus strains increased significantly from 33 % during pre-vaccine period (2009) 
to 52 % during post-vaccine period (2012–2014) in South Africa [34]. The G2P[4] strains peaked and predominated in all 
surveillance sites in South Africa in 2013 [34].

It is unresolved whether the increased detection during the post-vaccine period of non-G1P[8] strains such as G2P[4] strains, 
which have different genetic backbone to the G1P[8] strain (upon which the Rotarix vaccine is based), is primarily due to the 
inherent RVA evolutionary mechanisms or could be vaccine-induced. The evolution of G2P[4] strains has been hypothesized 
to be a series of stepwise changes in lineages at whole-genome level [35]. Since there is a scarcity of whole-genome based 
studies of G2P[4] RVA strains in the African continent and considering that vaccine-induced selective pressure is subtle to 
describe within one or 2 years of vaccine introduction, whole-genome based longitudinal studies are essential to assess the 
impact of RVA vaccines on the evolution of RVA. Therefore, this study analysed G2P[4] strains collected between 2003–2017 
in South Africa.
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Fig. 2. Non-synonymous amino acid substitutions in South African G2 sequences. Non-synonymous amino acid substitutions shared in each sub-
lineage of G2 lineage IV where South African G2 strains in this study clustered in respect to the outgroup G2 strain, RVA/Human-tc/USA/DS-1/1976/
G2P[4], are shown. South African pre-vaccine G2 sequences are indicated with black circles while post-vaccine strains are highlighted in red circles. 
Nodes with defining non-synonymous amino acid substitutions are highlighted in blue rectangles.
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Fig. 3. VP4 Maximum likelihood phylogenetic tree. Maximum likelihood phylogenetic tree based on the ORF of the VP4 encoding genome segment. 
The evolutionary model used was Tamura-3 parameter + Gamma (T92 + G). South African pre-vaccine P[4] sequences are indicated with black circles 
while post-vaccine sequences are highlighted in red circles. The reference sequences used to construct the tree are indicated with blue circles. The 
pie-chart summarizes the number of pre- and post-vaccine sequences. Lineages are indicated in roman numerals. Only bootstrap values > 70% are 
shown adjacent to each branch node. The scale bar indicates the number of NT substitutions per site.

Methods
Strain description and conventional genotyping
Archival rotavirus positive stool specimens (n=98) were retrieved from the National Institute of Communicable Diseases (NICD), 
Johannesburg, South Africa (n=59) and from the Diarrhoeal Pathogens Research Unit (DPRU), Pretoria, South Africa (n=39) 
(Table S1, available in the online version of this article). The stool samples originated from hospital-based sentinel surveillance 
sites namely: Dr George Mukhari Hospital (Gauteng/North West Province), Chris Hani Baragwanath Academic Hospital (Gauteng 
Province), Mapulaneng Hospital (Mpumalanga Province), Matikwane Hospital (Mpumalanga Province), Edendale Hospital 
(KwaZulu Natal Province), Ngwelezane Hospital (KwaZulu Natal Province) and Red Cross Children’s Hospital (Western Cape 
Province). The stool samples were collected between 2003–2017 and were previously characterized as G2P[4] by conventional 
genotyping methods [36]. Briefly, viral double-stranded ribononucleic acid (dsRNA) was extracted from 10 % faecal suspension 
using the QIAamp viral RNA extraction method (Qiagen, Hilden, Germany). The extracted RNA was reverse transcribed and 
amplified using consensus primer pairs Con2/Con3 and sBeg/End9 as described previously [37, 38]. The resulting complementary 
deoxyribonucleic acid (cDNA) template was used for G and P typing using hemi-nested reverse transcription polymerase chain 
reaction (RT-PCR) amplification of the genes encoding the VP7 and VP4 [37, 38].

Rotavirus RNA extraction and purification
Extraction of rotavirus dsRNA was performed as described previously [39]. Briefly, a faecal suspension was prepared by adding 
a pea size (approximately 100 mg) stool sample into 200 µl phosphate-buffered saline (PBS) solution, 0.01M, pH (Sigma-Aldrich, 
St Louis, MO, USA). The faecal suspension was vortexed for 10 s and let to stand at room temperature for 10 min. A volume 
of 300 µl supernatant was added to 900 µl TRI-Reagent-LS (Molecular Research Centre, Cincinnati, OH, USA) and then the 
solution was vortexed for 10 s and let to stand for 10 min at room temperature. A volume of 300 µl chloroform (Sigma-Aldrich, 
St Louis, MO, USA) was added to the solution containing TRI-Reagent-LS (Molecular Research Centre, Cincinnati, OH, USA) 
and faecal supernatant. The solution was vortexed for 10 s and let to stand for 5 min at room temperature. Then centrifugation 
was performed for 18 000 g for 20 min at 4 °C. After centrifugation, the aqueous supernatant was removed and added to 700 µl of 
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Fig. 4. Non-synonymousamino acid substitutions shared in each sub-lineage of G2 lineage IV where South African P[4] strains in this study clustered 
in respect to the outgroup P[4] strain, RVA/Human-tc/USA/DS-1/1976/G2P[4], are shown. South African pre-vaccine G2 sequences are indicated with 
black circles while post-vaccine strains are highlighted in red circles. Nodes with defining non-synonymous amino acid substitutions are highlighted 
in blue rectangles.
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Fig. 5. Protein structural and free energy change analysis of VP7. The superimposed VP7 protein structure models of strain, RVA/Human-wt/ZAF/
UFS-NGS-NICD18920/2017/G2P[4], representative of the current post-vaccine G2P[4] strains with that of an old G2 South African strain, RVA/Human/
ZAF/SA405GR/87/1987/G2P[4]. The observed AA substitutions, A87T, D96N, I113T, N125T, V129M, S178N, N213D, N242S and I287V were shared by G2 
strains in lineage IV, where all the South African G2 strains in this study clustered, in relation to the G2 strains in lineage I where a 1987 G2 strain RVA/
Human/ZAF/SA405GR/87/1987/G2P[4] and also the prototype DS-1-like strain, RVA/Human-tc/USA/DS-1/1976/G2P[4], clustered. The free energy 
change difference after mutations was -1.592 kcal/mol. The structure of the pre-vaccine strain is in deep-teal while that of the post-vaccine strain is 
dark gray. The AA residues are represented in green and firebrick red to examine the structural conformation of the protein structure. The AA residues 
highlighted in firebrick red represents the pre-vaccine strain while that in green represents the post-vaccine strain.

ice-cold isopropanol (Sigma-Aldrich, St Louis, MO, USA). The solution was incubated at room temperature for 20 min to allow 
precipitation by isopropanol. Further, centrifugation was performed at 18 000 g for 30 min at room temperature. A 5 µl aliquot 
of dsRNA was electrophoresed in 1 % 0.5 X Tris-borate ethylenediamine tetraacetic acid (TBE) agarose (Bioline, UK) gel stained 
with Pronasafe (Condalab, UK) for 1 h at 95 volts. The dsRNA bands were then visualized on an ultraviolet (UV) transilluminator 
(Syngene, Cambridge, UK). The extracted RNA was incubated in 8M lithium chloride (Sigma-Aldrich, St Louis, MO, USA) for 
16 h at 4 °C to enrich for rotavirus dsRNA [40] and then subsequently purified using the MinElute PCR purification kit (Qiagen, 
Hilden, Germany).

cDNA synthesis and whole-genome sequencing
The extracted viral dsRNA was subjected to cDNA synthesis using the Maxima H Minus Double Stranded Synthesis Kit (Thermo 
Fisher Scientific, Waltham, MA, USA), as described previously [41]. The DNA libraries were prepared utilizing the NexteraXT 
DNA Library Preparation Kit (Illumina, San Diego, CA, USA) as per the manufacturer’s instructions. The Illumina MiSeq platform 
(Illumina, San Diego, CA, USA) at the University of the Free State - Next Generation Sequencing (UFS-NGS) Unit was utilized 
to perform paired-end NT sequencing (301×2) using a MiSeq Reagent Kit v3.

Genome assembly
Quality control analysis on the raw data was performed using FASTQC [42]. Briefly, upon loading the raw sequence files in FASTQ 
format, FASTQC processed the data by a series of analysis modules then generated a quality control (QC) html output report 
showing a summary of the run modules. Alongside each analysed module, a flag of ‘Passed’, ‘Warn’ or ‘Fail’ was assigned. The ‘per 
base sequence quality plot’ module was assessed to consider data files with a distribution of Q30 quality score (99.9 % accuracy 
of the base calling at a particular position) for subsequent analysis. Illumina read ends (adapter sequences) were trimmed from 
the raw FASTQ sequence data using BBDuk trimmer (https://sourceforge.net/projects/bbmap/) which is embedded in Geneious 
Prime software, version 2020.1.1 [43]. The trimmed reads were mapped to complete nucleotide sequences of the prototype 
DS-1-like G2P[4] reference strain, RVA/Human-tc/USA/DS-1/1976 /G2P[4] (accession numbers HQ650116-HQ650126) using 
Geneious Read Mapper 6.0.3 with the Medium Sensitivity and five-times iterative fine-tuning parameters [43]. The Total Quality 
consensus calling was performed using the Geneious Consensus Tool by selecting 60 % highest quality threshold [43]. Regions 
of low coverage (<200) were annotated using the Annotate and Predict Tool in Geneious Prime version 2020.1.1. Briefly, the 

https://sourceforge.net/projects/bbmap/
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Table 1. Protein structural and free energy change analysis of VP7

Pre-vaccine strain Post-vaccine strain Energy change in kcal/mol Alignment value in RMSD 
(Å)

RVA/Human-wt/ZAF/
SA296GR/84/1984 /G2P[4]

RVA/Human-wt/ZAF/UFS-NGS-NICD18920/2017 /
G2P[4]

−0.523 0.018

RVA/Human-wt/ZAF/
SA410GR/85/1985 /G2P[4]

RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU68/2013 /
G2P[4]

−1.017 0.018

RVA/Human-wt/ZAF/
SA659GR/86/1986 /G2P[4]

RVA/Human-wt/ZAF/UFS-NGS-NICD13522/2014 /
G2P[4]

−0.786 0.017

RVA/Human-wt/ZAF/
SA405GR/87/1987 /G2P[4]

RVA/Human-wt/ZAF/UFS-NGS-NICD15034/2015 /
G2P[4]

−1.592 0.017

RVA/Human-wt/ZAF/
SA514GR/87/1987 /G2P[4]

RVA/Human-wt/ZAF/UFS-NGS-NICD12041/2013 /
G2P[4]

−0.528 0.019

The table includes five G2 strains that circulated in South Africa from 1984−1987 and clustered in lineage I alongside the prototype DS-1-like 
strain. Five post-vaccine G2 strains were randomly selected for the protein structural and free energy change analyses. Protein stability was 
predicted by estimating the energy change, expressed in kcal mol−1, between a pre-vaccine strain and post-vaccine strain. The energy change 
o ±0.5 was regarded significant for stabilizing or destabilizing effect. A positive (+) value indicates destabilizing effect while a negative (−) value 
indicates stabilizing effect. The impact of mutation on the structural conformation of the protein was assessed by superposing a pre-vaccine 
strain with a post-vaccine strain and the RMSD (Root Mean Square Deviation) alignment value expressed in Angstroms (Å). An RMSD value of 
zero indicates absolute structural alignment

parameter options ‘Find regions with coverage below’ and the ‘Standard deviation from mean=2’ were selected and a coverage 
annotated track indicating the annotated regions was then generated to aid in the consensus calling.

Generation of whole-genome constellations
The genotype of each genome segment was determined using web-based Virus Pathogen Database and Analysis Resource (ViPR) 
to generate the full-genome constellations for each RVA strain [44].

Phylogenetic analysis
The Open Reading Frame (ORF) for each genome segment was aligned and comparatively analysed as described previously 
[39]. Sequence alignments were performed using the MUltiple Sequence Comparison by Log-Expectation (muscle) tool [45] in 
Molecular Evolutionary Genetic Analysis (mega) version 6 and further complementary analysis was performed using Multiple 
Alignment using Fast Fourier Transform (MAFFT) tool version 7 [46] in Geneious Prime 2020.1.1 [43]. Briefly, in muscle, a −400 
Gap Opening Penalty and zero Gap Extension Penalty was selected, and the alignment process performed for eight iterations. The 
best evolutionary model was estimated using the Model Test in mega version 6 [47]. Briefly, maximum likelihood was selected 
as the statistical method for model selection analysis and gaps/missing data were treated by employing partial deletion with an 
80 % site coverage cut-off with moderate branch swap filtering. Maximum-likelihood phylogenetic trees for each genome segment 
with a 1000 bootstrap support were constructed using mega version 6 [47]. Genetic distance matrices were calculated using the 
p-distance algorithm of mega version 6 [47]. The TREESUB phylogenetic programme [48] was used to estimate ancestral codon 
substitutions for VP7 and VP4 with the DS-1-like G2P[4] strain as the outgroup, using baseml as implemented in Phylogenetic 
Analysis by Maximum Likelihood (PAML) [49]. The DS-1 strain (G2P[4] serotype specificity) was isolated in 1976 in Washington 
D.C (USA) from a gastroenteritis patient [50]. The strain exhibited slow migration of genome segments 10 and 11 on the gels 
compared to other RVA strains and was regarded as the prototype of RVA strains exhibiting short electrophoretic patterns. 
Nonsynonymous substitutions were transcribed onto the generated phylogenies and visualized in FigTree version 1.4.4 (http://​
tree.bio.ed.ac.uk/software/figtree/).

Protein structural and free energy change analyses
Protein modelling was performed using the SWISS-MODEL homology modelling server [51]. The VP7 protein data bank (pdb) 
structure, 3fmg.1, with X-ray diffraction resolution value of 3.40 Å, was selected from the SWISS-MODEL template library [52]. 
The stereochemical quality of the protein structures was assessed using the Structure Assessment Feature in SWISS-MODEL. 
The analysis and visualization of the three dimensional (3D) protein structures was performed in PyMOL [53]. The predicted 
VP7 protein structures covered AA residues 78–312. We did not perform protein structural and free energy change analysis on 
the VP4 protein structure as the available VP4 protein structure from the SWISS-MODEL template library covered 20 % of total 
ORF (158/775) [54]. The effect of the mutation(s) on the stability of the 3D protein structure was predicted using FoldX [55]. 
Briefly, the FoldX plug-in was installed in YASARA, a molecular graphics programme [56] where the the pdb file was opened. 

http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
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Table 2. Positively selected codon sites in 103 South African G2P[4] pre- and post-RVA amino acid residues as identified by FEL, FUBAR and MEME 
analysis

Method Amino acid sites in the gene segments under positive selection

 �  VP1 VP2 VP3 VP4 VP6 VP7 NSP1 NSP2 NSP3 NSP4 NSP5

MEME 2,62,90,
97 128,

157 158,
187 332,
364 371,
406 546,

654,1033,1041

5,13,14,
723 869,
873 874,
877 878

7,25,133,153,322,
346 473,
704 788,
828 835

7192,
625 627

13 315 10 212,
271 313

249 254 3,6,
16,27

2,3,5,9,10,
16,17,51,79,170

3,7

FUBAR 60 364 14, 878 7 7 13 66 10,11,
103 380 402

75 254 6 5 –

FEL – 14 7828 7 13 – 319 254 6 5,9 –

Bold and underlined sites are those identified by all the three methods: Fixed Effects Likelihood (FEL), Fast Unconstrained Bayesian AppRoximation (FUBAR) and Mixed Effects Model of Evolution (MEME). For MEME and FEL, statistical significance 
was assessed at P≤0.1 while for FUBAR it was assessed at posterior probability ≥0.9. The dash (-) sign indicates no site was identified. Further analysis reports are provided in the Supplementary Excelspreadsheet1.

The FoldX Repair PDB Repair command was selected to optimize the free energy of the protein by rearranging the amino acid 
sidechains [55]. Then the Mutate Residues action was executed to calculate stability change upon mutation(s). The protein stability 
was estimated empirically, and the free energy change (ΔG) expressed in kcal mol−1. In this study, (ΔG) was determined as the 
free energy difference between a pre-vaccine strain (in this case the oldest South African strain(s)) and post-vaccine strain(s). 
A positive free energy change value was predicted to destabilize the resulting protein structure while a negative free energy 
change value was predicted to stabilize the mutant protein structure. Statistical significance for stabilizing/ destabilizing effect 
was determined at ±0.5 kcal mol−1 [55].

Analysis of selection pressure
The suite of tools in the DataMonkey webserver were utilized for analyses of selective pressure on the 103 G2P[4] study strains 
[57]. The tools included: Fixed Effects Likelihood (FEL), Fast Unconstrained Bayesian AppRoximation (FUBAR) and Mixed 
Effects Model of Evolution (MEME) [58–60]. In order to minimize risk of bias by one analysis approach, a site was considered 
to be under positive selection if it was detected by all three methods.

Results
Nucleotide sequencing and whole-genotype constellations
The sequence data from the MiSeq instrument registered an overall Phred quality score of Q≥30. The average number of reads 
and the coverage depth for the 11 genome segments including the full-genome lengths and the respective open reading frames 
(ORF) are summarized in Table S2. All 103 South African G2P[4] strains analysed in this study had the DS-1-like (genotype II) 
constellation (I2-R2-C2-M2-A2-N2-T2-E2-H2).

Phylogenetic and sequence analysis
Phylogenetic analysis was performed for all 11 genome segments. The VP7 and VP4 capsid proteins elicit neutralizing antibodies 
and have dominated focus in vaccine development [61], hence the in-depth analysis of these two genome segments in this study. 
The reference sequences that were utilized for lineage designations are provided in Supplementary Excelspreadsheet2.

Phylogenetic and sequence analysis of VP7 and VP4 segments
The VP7 phylogenetic tree was constructed using five previously described lineage designations [35]. South African G2 sequences 
(n=98) generated in this study clustered within lineage IV and further segregated into three sub-lineages IVa-1, IVa-2 and IVa-3 
(Fig. 1). To further get insight on potential temporal evolutionary pattern of G2 sequences as reported before in literature, we 
included 13 South African G2 sequences retrieved from GenBank (indicated in black triangles in Fig. 1). Five of the 13 G2 
sequences from 1984 to 1987 clustered within lineage I, three sequences from 1993, 1995 and 1998 clustered in lineage II, three 
sequences from 1996 to 1998 clustered within sub-lineage IVa-1 while two 1997 G2 sequences clustered within sub-lineage 
IVa-2 (Fig. 1). The G2 sequences that clustered within lineage IV shared 13 non-synonymous AA substitutions with respect 
to the prototype DS-1-like G2 strain found in lineage I at residues: I44M, P75S, A87T, D96N, I113T, N125T, V129M, S178N, 
N213D, N242S, I287V, V306I and A319T (Fig. 2). The I44M substitution lies within the cytotoxic T lymphocyte (CTL) epitope 
region [62] and did not result in any change in charge or polarity but the resulting residue contained a sulphur atom [63]. The 
six AA residues at positions 87, 96, 125, 129, 213 and 242 lie in the neutralization epitope regions 7–1 a and 7-1b, respectively 
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[52]. The AA substitution, D96N, resulted in a change from a polar negatively charged to a polar neutral residue, while N213D 
substitution resulted in change from a polar neutrally charged to a polar negatively charged residue [63]. The AA residues at 
positions 75, 113, 178, 287, 306 and 319 lie outside the antigenic regions. Majority of pre-vaccine G2 sequences (n=53/69) 
belonged to sub-lineage IVa-1, while most of post-vaccine G2 sequences (n=45/47), clustered within sub-lineage IVa-3 (Fig. 1). 
All the G2 sequences in sub-lineage IVa-1 had a phenylalanine at position 15 while serine was observed in G2 sequences in 
sub-lineage IVa-3, which was a radical substitution from a non-polar to a polar AA residue [63]. Three G2 sequences that 
circulated in 2003 clustered within sub-lineage IVa-2 (Fig. 1) and shared AA substitutions at eight residues S15Y, T25I, T29M, 
L40F, V66A, G733, S75L and A321T (Fig. 2). The conservative AA substitution, L40F, lies within the CTL epitope region [62], 
while the rest of the AA residues lie outside the antigenic regions. The range of NT similarity between pre- and post-vaccine 
G2 sequences was 95.1–100 % (Table S3).

The South African P[4] rotavirus sequences clustered within lineage II and IV of previously described lineage designations [8] 
(Fig. 3). Lineage II comprised three sequences that circulated in 2003 while 100 P[4] strains clustered in lineage IV (Fig. 3). All 
the P[4] sequences in lineage II shared non-synonymous AA substitutions in relation to the prototype DS-1-like P[4] strain at 
13 residues; V35I, V130I, D150E, R172K, S187R, N189D, S305L, N565S, T586A, S603L, G651R, N684S and I178M (Fig. 4). The 
conservative AA substitution, D150E, lies within 8–1 a epitope region [64] while the other 12 residues reside outside antigenic 
regions. South African P[4] sequences in lineage IV segregated further into sub-lineages, herein defined as IVa and IVb (Fig. 2). 
All the P[4] sequences in lineage IV shared AA substitutions at nine residues (R7S, I120V, G149S, I444M, M463V, T591S, S598l, 
M630I and I683V) in relation to the prototype DS-1-like P[4] strain, which occurred in non-antigenic regions (Fig. 4). Sub-lineage 
IVa comprised predominantly pre-vaccine sequences that shared a glycine at position 162 while sub-lineage IVb consisted mainly 
of post-vaccine sequences that shared an arginine at that particular position (Fig. 4). The R162G was a radical AA substitution that 
occurred in the non-antigenic region and involved a change from a polar positively charged to a non-polar neutrally charged AA 
residue [63]. The NT similarity between pre- and post-vaccination P[4] sequences ranged from 92.0–100 % (Table S3). There were 
no consistently conserved AA differences in recognized antigenic regions in VP7 and VP4 between pre- vaccine and post-vaccine 
sequences (Supplementary Excelspreadsheet3).

Phylogenetic and sequence analysis of VP1 - VP3, VP6 and NSP1 - NSP5 segments
The lineage attribution for the non-G and non-P genome segments was performed using a previously proposed lineage 
framework [65]. South African R2 sequences (n=100) clustered within lineage V and further segregated into pre- and post-
vaccination sub-lineages while three sequences from 2003 clustered within lineage VI (Fig. S1). The C2 sequences clustered 
within lineage IVa (Fig. S2). The VP3 genome sequences segregated into lineage V, which comprised both pre-and post-vaccine 
sequences, while lineage VII predominantly consisted of post-vaccine M2 sequences (Fig. S3). The VP6 gene sequences 
clustered within lineage V whereby pre-vaccine sequences clustered mainly in sub-lineage Va while post-vaccine sequences 
dispersed into sub-lineage Vb (Fig. S4). Pre and post-vaccine sub-lineages were observed for the NSP1 gene sequences 
lineage IVa (Fig. S5). The N2 sequences clustered within lineage V (Fig. S6) while NSP3 genome sequences belonged to 
lineage V (Fig. S7). The NSP4 genome sequences were dispersed amongst four lineages: lineage V and VII, which comprised 
mainly pre-vaccine sequences, while lineage VI and XXIII consisted primarily of post-vaccine sequences (Fig. S8). The NSP5 
phylogenetic tree did not resolve and the bootstrap was insufficient to separate the sequences into distinct sub-lineages (Fig. 
S9). We observed a disproportionate occurrence of AA mutations at several sites in the VP1, VP3, VP6, NSP1, NSP2 and 
NSP4 encoding genome segments and summarized the information including the functional roles of the domains where the 
disparities were identified in Tables S4–S9.

Structural and free energy change analyses of VP7
To get an insight on the potential structural conformation difference between post-vaccine G2 sequences and five old G2 sequences 
that circulated in South Africa between 1984 - 1987, we superimposed VP7 protein structures from the two time periods (Fig. 5, 
Table 1). The root-mean-square deviation (RMSD) value ranged from 0.017 to 0.019 indicating some level of alteration in 
structural conformation potentially due to the replacing amino acids (An RMSD value of 0.000 indicates absolute similarity) 
[66]. The predicted energy change differences after mutating the three old G2 protein structures at residues A87T, D96N, I113T, 
N125T, V129M, S178N, N213D, N242S and I287V D96N, V129M, S178N and N213D which defined G2 strains in lineage I and 
IV, ranged from −0.523 to −1.592 kcal mol−1, indicating stabilizing mutations (Fig. 5, Table 1).

Selection pressure analysis
Selection pressure analysis by FEL, FUBAR) and MEME showed that the following AA sites were under positive selection: 14 
(VP2), 7 (VP3), 7 (VP4), 13 (VP6), 254 (NSP2), 6 (NSP3) and 5 (NSP4). These positively selected sites occurred in the signal 
peptide regions of the genome segments apart from site 254 which occurred in an RNA-binding domain [66–71]. The rest of the 
codon sites in the 11 gene segments were undergoing purifying selection (Table 2).
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Discussion
The present study reports whole-genome analysis of G2P[4] RVA strains collected from South Africa between 2003–2017. The 
DS-1-like constellation findings exhibited by the study strains are consistent with whole-genome studies of G2P[4] strains in 
several countries [33, 35, 72–74]. The sub-lineage shifts that were observed post-vaccine introduction are comparable to the 
findings of unique sub-clusters that were identified in a detailed whole-genome analysis in Belgium, albeit in G1P[8] strains [24].

South African G2 sequences in this study shared an asparagine at antigenic position 96 (N96), a hallmark of lineage IV linked with 
re-emergence of G2 strains from 2000 [8]. The G2 sub-lineage IVa-3 predominantly comprised post-vaccine strains characterized 
by an asparagine residue at antigenic position 242 (N242) observed in most modern G2 sequences globally [8, 74]. The radical 
AA substitution, S15F, between G2 sequences in sub-lineage IVa-1 and IVa-3 occurred in the signal sequence domain of VP7 
and mutations in this region potentially enhance translocation of VP7 into endoplasmic reticulum during infection process [75].

The majority of South African P[4] strains clustered within lineage IV which emerged during 2000s [76] and circulated worldwide 
as the strains gained epidemiological fitness [77]. The R162G radical AA substitution between P[4] strains in sub-lineage IVa and 
sub-lineage IVb lies within the hemagglutination domain of VP4 and mutation(s) in this region likely impact interaction with 
sialic-acid containing structure during attachment to the target cell, possibly improving the interaction [78]. We did not observe 
conserved AA differences between pre-vaccine and post-vaccine strains in the antigenic regions of VP7 and VP4. Therefore, it 
appears Rotarix introduction did not prompt significant mutations in the VP7 and VP4 antigenic regions.

Notably, the disproportionate occurrence of AA residues at particular sites in the gene segments between pre- and post-vaccine 
G2P[4] strains occurred in regions that potentially enhance viral infectivity of the virus. For example, in VP6, AA substitutions 
were observed within a region (site V281I) thought to interact with heat shock cognate protein (hsc70), a co-receptor for rotavirus 
entry into susceptible cells [79]. In VP3, up to nine mutations were found in the 2’5-phosphodiesterase domain which is involved 
in suppression of antiviral innate immunity by preventing activation of the cellular oligoadenylate synthetase (OAS)/RNase L. 
pathway [80]. In NSP4, a V135M mutation occurred within the enterotoxin domain that is implicated in diarrhea-induction 
through integrin binding and signalling, while R137Q, T139I and N140C appeared in the integrin binding domain [81].

Protein structural and free energy change analysis between old (1984–1987) pre-vaccine South African G2 strains that clustered 
in lineage I and post-vaccine strains in lineage IV indicated the introduction of stable point mutations in the antigenic and non-
antigenic regions that potentially enhance viral fitness. The consensus selection force in the codon sites of the 11 gene segments 
was negative selection. This purifying selection may be a strategy to purge any resultant deleterious polymorphisms that arise 
due to the high random mutation rates of the error-prone RNA-dependent RNA polymerase [2]. Positive selection in the signal 
peptide region of the gene segments is suggested to optimize translation [82] possibly as a strategy to enhance viral fitness.

We acknowledge some limitations in this study. There was a lack of G2P[4] samples in the years 2004, 2005 and 2011 although 
G2P[4] RVA strains are generally reported to exhibit fluctuation patterns [33]. The unavailability of completely resolved protein 
structures covering the whole ORF hindered comprehensive free energy change analysis on the impact of mutation on the protein 
structures.

Conclusion
The findings from our full-genome analysis of rotavirus G2P[4] strains collected from South Africa over a period of 13 years 
indicated AA substitutions in the non-antigenic regions in post-vaccine strains relative to pre-vaccine strains. These substitutions 
lead to pre- and post-vaccine RVA strains clustering in distinct sub-lineages. While it is possible to infer that AA substitutions 
could be a strategy to cope with population immunity generated after RVA vaccine introduction, selected AA residues were 
observed in the genome segments prior to vaccine introduction, suggesting that natural evolution dynamics of wild-type RVA are 
likely to be involved. Therefore, continuous whole-genome surveillance is required to refine our understanding of non-antigenic 
regions in RVA evolutionary dynamics. This will be essential to fully assess the impact of RVA vaccine introduction on the RVA 
strains circulating during the post-vaccine period.
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