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Abstract

Group A rotaviruses (RVAs) with distinct G and P genotype combinations have been reported 

globally. We report the genome composition and possible origin of seven G8P[4] and five G2P[4] 

human RVA strains based on the genetic evolution of all 11 genome segments at the nucleotide 

level. Twelve RVA ELISA positive stool samples collected in the representative countries of 

Eastern, Southern and West Africa during the 2007–2012 surveillance seasons were subjected to 

sequencing using the Ion Torrent PGM and Illumina MiSeq platforms. A reference-based 

assembly was performed using CLC Bio’s clc_ref_assemble_long program, and full-genome 

consensus sequences were obtained. With the exception of the neutralising antigen, VP7, all study 

strains exhibited the DS-1-like genome constellation (P[4]-I2-R2-C2-M2-A2-N2-T2-E2-H2) and 
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clustered phylogenetically with reference strains having a DS-1-like genetic backbone. 

Comparison of the nucleotide and amino acid sequences with selected global cognate genome 

segments revealed nucleotide and amino acid sequence identities of 81.7–100 % and 90.6–100 %, 

respectively, with NSP4 gene segment showing the most diversity among the strains. Bayesian 

analyses of all gene sequences to estimate the time of divergence of the lineage indicated that 

divergence times ranged from 16 to 44 years, except for the NSP4 gene where the lineage seemed 

to arise in the more distant past at an estimated 203 years ago. However, the long-term effects of 

changes found within the NSP4 genome segment should be further explored, and thus we 

recommend continued whole-genome analyses from larger sample sets to determine the 

evolutionary mechanisms of the DS-1-like strains collected in Africa.
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Introduction

Group A rotaviruses (RVAs) are a major cause of acute gastroenteritis in infants and young 

children globally. They are associated with approximately 453,000 childhood deaths 

annually, the majority of which occur in African and Asian countries [1]. The genome of 

RVA is composed of 11 segments of double-stranded RNA that primarily encodes six 

structural (VP) and six non-structural (NSP) proteins. Viral evolution occurs through both 

the selection of point mutations and by reassortment of the segmented RVA genome, which 

is a powerful evolutionary mechanism to increase viral genetic diversity [2].

The two outer viral proteins, VP7 (glycoprotein, G) and VP4 (protease-sensitive, P), are 

known to elicit neutralising antibody responses and segregate independently since they are 

encoded by different RNA segments. Based on this, RVA strains have been conventionally 

classified into G and P types [2]. More recently, RVAs have been classified using whole-

genome nucleotide sequences with a genotype descriptor of Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-

Tx-Ex-Hx (where x = genotype number) representing genome segments encoding VP7-

VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5, respectively [3-5]. Currently, at 

least 27G, 35P, 16I, 9R, 9C, 8M, 18A, 9N, 12T, 14E and 11H genotypes have been 

recognised from both human and animal RVA strains using the complete genome 

constellation classification system recommended by the Rotavirus Classification Working 

Group [5, 6]. Of these, rotaviruses with genotypes G1 through G6, G8 through G12 and 

G20, as well as P[1] through P[11], P[14], P[19], P[25] and P[28], have been identified in 

humans [7].

Whole-genome (codon-complete) sequencing has become widely established in the recent 

RVA research, because it offers a platform for genotyping all 11 genome segments of RVA, 

and thus provides insight into RVA genetic evolution and reassortment events [7, 8]. Strains 

with genotype 1 (I1-R1-C1-M1-A1-N1-T1-E1-H1 [Walike]) and 2 (I2-R2-C2-M2-A2-N2-

T2-E2-H2 [DS-1-like]) constellations represent the two primary human RVA pathogens that 

spread rapidly among the human populations. RVA with genotype 3 (I3-R3-C3-M3-A3/A12-
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N3-T3-E3-H3/H6 [AU-1-like]) genetic backbones are rarely detected in humans [9]. The 

variation among RVA genome constellations is greater in developing countries than in 

developed countries [10, 11].

The G8P[10] prototype strain (69M) was first reported in Indonesia in 1985 [12]. In Africa, 

the first G8 was detected as a mixed G1 and G8 infection in a child from Nigeria presenting 

with diarrhoea [13]. The G8 genotype has since been reported as the predominant genotype 

in some African countries such as Malawi, where the predominance of G8 strains was first 

described in the late 1990s [14], and Kenya, where G8 strains were reported during annual 

seasonal RVA surveillance [15]. Most human RVA G8 strains contain DS-1-like genetic 

backbone with occasional reassortment events and account for up to 27 % of the total 

circulating strains in some African countries, such as Malawi [14, 16]. Some G8 strains have 

been reported to belong to the Wa-like genotype constellation [9, 17, 18].

Among humans, RVA VP4 genotype P[8] predominates worldwide, followed by P[4]. 

Human RVA strains with P[4] genotypes have been reported primarily in association with 

G2 and G8 VP7 genotypes [19]. Most often, RVA strains with a G2P[4] genotype have a 

DS-1-like genotype constellation. In this study, we analysed the complete coding regions of 

seven G8P[4] and five G2P[4] strains from seven African countries to determine the 

evolutionary mechanisms giving rise to genome constellations having G8 and G2 strains 

sharing the VP4 P[4] genotype.

Materials and methods

Sample collection and RNA extraction

The Medical Research Council/Diarrhoeal Pathogens Research Unit (MRC/DPRU), a World 

Health Organisation (WHO) Rotavirus Regional Reference Laboratory in South 

Africa/WHO (RRL-SA), has been conducting annual rotavirus genotyping training 

workshops since 1998 that involves several African countries. Stool samples used during 

these workshops are collected from hospitalised children below the age of five years 

presenting with acute gastroenteritis.

Stool samples were initially screened for RVA with a commercially available rotavirus kit 

(ProSpecT Rotavirus Microplate Kit, England) and stored at +4 °C in sentinel or national 

laboratories. Samples were subsequently transferred to WHO RRL-SA as part of the WHO 

African surveillance rotavirus network and used for rotavirus molecular characterisation and 

were eventually stored at −20 °C for future use, if and when necessary. For this study, 

archival samples that had displayed some interesting results after their initial molecular 

characterisation by polyacrylamide gel electrophoresis and that also represented a diverse 

geographical distribution were retrieved for full-length genome analysis. The dsRNA 

genome was extracted from seven G8P[4] and five G2P[4] strains following previously 

described methods [11, 18].

RNA sequencing

A 1:30 dilution of 0.9 μl of extracted RVA RNA was used in each of 11 one-step RT-PCR 

reactions (QIAGEN OneStep RT-PCR Kit, QIAGEN, Hilden, Germany) to amplify full-
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length RVA RNA genome segments using segment-specific primers ordered from Integrated 

DNA Technologies (Coralville, IA, USA; Supplementary data 1). The thermocycling 

parameters included 30 min at 45 °C for reverse transcription, followed by 50 cycles of 

denaturation (10 s, 94 °C), annealing (1 min, 55 °C) and extension (3 min, 68 °C). RTPCR 

products were verified on 1 % agarose gels, and excess primers and dNTPs were removed by 

treatment with exonuclease I (New England BioLabs, Ipswich, MA, USA) and shrimp 

alkaline phosphatase (Affymetrix, Santa Clara, CA, USA) at 37 °C for 60 min, followed by 

incubation at 72 °C for 15 min. The products were quantitated using a SYBR green dsDNA 

detection assay (SYBR Green I Nucleic Acid Gel Stain, Thermo Fisher Scientific, Waltham, 

MA, USA), and all 11 RT-PCR products for each genome were pooled in equimolar 

amounts. Pooled amplicons were then sequenced using the Illumina and/or Ion Torrent 

sequencing platforms.

Illumina libraries were prepared using the Nextera DNA Sample Preparation Kit (Illumina, 

Inc., SanDiego, CA, USA) with half-reaction volumes. Briefly, 25 ng of pooled DNA 

amplicons was tagmented at 55 °C for 5 min. Tagmented DNA was cleaned with the ZR-96 

DNA Clean & Concentrator Kit (Zymo Research Corporation, Irvine, CA, USA) and eluted 

in 25 μl resuspension buffer. Illumina sequencing adapters and barcodes were added to 

tagmented DNA via PCR amplification, which used 20 μl tagmented DNA combined with 

7.5 μl Nextera PCR Master Mix, 2.5 μl Nextera PCR Primer Cocktail, and 2.5 μl of each 

index primer (Integrated DNA Technologies, Coralville, IA, USA) for a total volume of 35 

μl per reaction. Thermocycling was performed with an initial extension for 3 min at 72 °C, 

followed by five cycles of PCR as per the Nextera DNA Sample Preparation Kit protocol 

(i.e. denaturation for 10 s at 98 °C, annealing for 30 s at 63 °C, and extension for 3 min at 

72 °C) to create a dual-indexed library for each sample. After PCR amplification, 10 μl of 

each library was pooled into a 1.5-μl tube and the pool was cleaned two times with Ampure 

XP Reagent (Beckman Coulter, Inc., Brea, CA, USA) to remove all leftover primers and 

small DNA fragments. The first cleaning used 1.2 × volume Ampure Reagent, and the 

second cleaning used 0.6 × volume Ampure Reagent. The cleaned pool was sequenced on 

the Illumina MiSeq v2 instrument (Illumina, Inc., San Diego, CA, USA) with 300-bp paired-

end reads.

Ion Torrent libraries were prepared by shearing pooled RVA amplicons for 12 min, and Ion 

Torrent compatible barcoded adapters were ligated to the sheared DNA using the Ion Xpress 

Plus Fragment Library Kit (Thermo Fisher Scientific, Waltham, MA, USA) to create 200-bp 

libraries. Barcoded libraries were pooled in equal volumes and cleaned with the Ampure XP 

Reagent (Beckman Coulter, Inc., Brae, CA, USA). Real-time PCR was performed on the 

pooled, barcoded libraries to assess their quality and to determine the template dilution 

factor for emulsion PCR. The pool was diluted appropriately and amplified on Ion Sphere 

Particles (ISPs) using the Ion One Touch instrument (Thermo Fisher Scientific, Waltham, 

MA, USA). The pool was cleaned and enriched for template-positive ISPs on the Ion One 

Touch ES instrument (Thermo Fisher Scientific, Waltham, MA, USA) and sequencing was 

performed on the Ion Torrent PGM platform using an Ion 316 chip (Thermo Fisher 

Scientific, Waltham, MA, USA).

Nyaga et al. Page 5

Virus Genes. Author manuscript; available in PMC 2018 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Additionally, for some samples, pooled RVA RT-PCR products were randomly amplified 

using a sequence-independent single-primer amplification (SISPA) method [20]. Briefly, 100 

ng of amplified pooled amplicons was denatured in the presence of DMSO and a chimeric 

oligonucleotide containing a known 22-nt barcode sequence followed by a 3′ random 

hexamer. A Klenow reaction was prepared with the denatured DNA template by adding NE 

Buffer 2, 3′ –5′ exo- Klenow (New England BioLabs, Ipswich, MA, USA), and dNTPs 

(Thermo Fisher Scientific, Waltham, MA, USA). The Klenow reaction was incubated at 

37 °C for 60 min, followed by incubation at 75 °C for 10 min. The resulting cDNA was 

amplified with 35 cycles of PCR using Promega Go Taq Hot Start Polymerase (Promega 

Corporation, Madison, WI, USA), with denaturation for 30 s at 94 °C, annealing for 30 s at 

55 °C and extension for 48 s at 68 °C. PCR reactions contained primers corresponding to the 

known 22-nt barcode sequence from the oligonucleotide utilised in the previous Klenow 

step. SISPA products were normalised and pooled into a single reaction, which were purified 

using the QIAquick PCR Purification Kit (QIAGEN, Hilden, Germany). The sample was 

further gel purified to select for SISPA products of 300–500 bp in size and sequenced on the 

Illumina MiSeq v2 instrument (Illumina, Inc., San Diego, CA, USA) with paired-end 250-bp 

reads.

The sequencing reads from the Ion Torrent PGM and Illumina MiSeq v2 instrument were 

sorted by barcode, trimmed and de novo assembled using CLC Bio’s clc_novo_assemble 
program (QIAGEN, Hilden, Germany), and the resulting contigs were searched against 

custom full-length RVA segment nt databases to find the closest reference sequence for each 

segment (http://www.clcbio.com/products/clc-assemblycell/). All sequence reads were then 

mapped to the selected reference RVA segments using CLC Bio’s clc_ref_assemble_long 
program. At lociwhere both Ion Torrent and Illumina sequence data agreed on a variation (as 

compared to the reference sequence), the reference sequence was updated to reflect the 

difference. A final mapping of all the next-generation sequences to the updated reference 

sequences was performed with CLC Bio’s clc_ref_assemble_long program. Sequences were 

submitted to NCBI’s GenBank and assigned accession numbers (Supplementary data 2).

Whole-genome phylogenetic analysis

Complete open reading frames were obtained for all 12 RVA genome segments from each 

study strain, as well as for various reference genomes from GenBank (see Supplementary 

data 2 for reference strain accession numbers by segment). Genotypes for each genome 

segment were determined using the RotaC v2.0 webserver [21]. Nucleotide sequence 

alignments for each genome segment were constructed using the MUSCLE algorithm 

implemented in MEGA 5.1 [22].

Maximum likelihood phylogenies were inferred for each gene segment based on their 

nucleotide sequences and included the African G8P[4] and G2P[4] strains, as well as the 

corresponding genome segment sequences from selected rotavirus strains available in 

GenBank (Fig. 1a–l). The best substitution models were selected based on the corrected 

Akaike Information Criterion (AICc) value as implemented in MEGA 5.1. Models used in 

this study were GTR+I+G (NSP1, NSP3 and VP7-G2), GTR+G (NSP4 and NSP5), 

TN93+G+I (NSP2, VP1, VP2 and VP6), T92+G+I (VP3), HKY+G+I (VP4) and T92+G 
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(VP7-G8). In addition, multiple sequence alignments for genome segments were 

constructed, and nucleotide and amino acid similarity matrices were prepared 

(Supplementary data 3A–L). Bayesian MCMC calculations were carried out in BEAST 

v2.1.1 as described previously [23, 24]. Divergence dates were estimated for lineages 

containing the African strains of interest, and genotypic lineages were defined as tight 

phylogenetic clusters, when bootstrap support was > 70. The evolutionary rate for all 11 

genome segments was calculated.

Results

Sequence analyses

The nucleotide and deduced amino acid sequences for the eleven gene segments, encoding 

VP1–VP4, VP6–VP7, and NSP1–NSP5, from the 12 African strains (seven G8P[4] and five 

G2P[4]) were determined, and the nomenclature and genotype constellations for the study 

strains are provided in Table 1. Using the RotaC online genotyping tool to assign genotypes 

to the genome segments encoding VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5, the 

seven G8P[4] strains and five G2P[4] strains exhibited the characteristics of DS-1-like 

genetic backbone constellations (I2-R2-C2-M2-A2-N2-T2-E2-H2).

The sequence diversity data show the maximum diversity in the NSP4 encoding genome 

segment, which is also reflected in the extremely large divergence time for this gene within 

the DS-1-like group. The other ten genome segments do not show such high sequence 

diversity compared with other strains in GenBank, which is reflected in their more recent 

estimated divergence times (data not shown).

Nucleotide and amino acid sequence analyses of the G8 and G2 VP7 encoding genome 
segment

Comparison of the coding nucleotide and deduced amino acid sequences of the seven 

African G8P[4] strains showed that they share nucleotide and amino acid identities in the 

range of 97.1–100 % among themselves and a fairly moderate relatedness to previously 

reported G8 strains with various P genotypes from humans and animals (81.5–100 %). 

Absolute nucleotide and amino acid identities were shared between the G8P[4] strains 

MRC-DPRU3463 and MRC-DPRU3347. They were also significantly closely related to the 

Malawian strain RVA/Human-tc/MWI/QOP387/2007/G8P[4], sharing nucleotide and amino 

acid identities of 99.8 and 100 %, respectively (Supplementary data 3A). Phylogenetic 

analysis of the G8 rotaviruses based on their VP7 nucleotide sequence showed that the G8 

study strains and other published G8 strains form three separate lineages. All the African G8 

study strains are in lineage II and sub-cluster with other previously reported African G8 

strains from Malawi, the DRC, Kenya and Nigeria, irrespective of their VP4 genotypes (Fig. 

1a).

The five African G2P[4] study strains share nucleotide and amino acid identities of 97.1–

99.7 % and 98.3–100 %, respectively. Comparative analysis of the G2 nucleotide and amino 

acid sequences of these African G2 study strains with cognate sequences of older and 

contemporary G2 strains from GenBank showed moderate to high nucleotide and amino acid 
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identities in the ranges of 91.9–99.7 % and 94.1–100 %, respectively (Supplementary data 

3B). Phylogenetic analysis of the G2 study strains, along with several published G2 strains, 

revealed that all African G2 study strains cluster together in lineage II and are most closely 

related to G2 strains from China, Iraq, Thailand and India (Fig. 1b).

Nucleotide and amino acid sequence analyses of the VP4 encoding genome segment

A distance matrix analysis indicated that the VP4 encoding genome segment of the seven 

G8P[4] and five G2P[4] study strains shares nucleotide and amino acid identities with each 

other in the ranges of 92.8–9.7 % and 95.5–99.9 %, respectively. The VP4 encoding genome 

segments are highly identical (98.6–99.9 %) among the G8P[4] study strains, but are less 

identical (92.9–99.6 %) among the G2P[4] study strains. However, nucleotide and amino 

acid sequence comparisons between the VP4 encoding genome segment of the 12 African 

study strains and those from GenBank showed a moderate to high sequence identity in the 

range of 91.9–99.7 % (Supplementary data 3C). Phylogenetic analysis showed that the 12 

African study strains cluster into two separate lineages, irrespective of their VP7 genotypes. 

The study strains MRC-DPRU1606 (G8P[4]), MRC-DPRU1621 (G8P[4]), MRC-

DPRU1922 (G8P[4]), MRC-DPRU3347 (G8P[4]), MRC-DPRU3463, MRC-DPRU82 

(G2P[4]), MRC-DPRU4568 (G2P[4]) and MRC-DPRU 4576 (G8P[4]) are in lineage II, 

whereas strains MRC-DPRU2201 (G2P[4]), MRC-DPRU5124 (G2P[4]), MRC-DPRU81 

(G2P[4]), and MRC-DPRU1061 (G2P[4]) cluster in lineage III (Fig. 1f).

Nucleotide and amino acid sequence analyses of the VP1, VP2, VP3 and VP6 encoding 
genome segments

Phylogenetic analyses of the nucleotide sequences coding for VP1, VP2, VP3 and VP6 for 

the seven G8P[4] and five G2P[4] African study strains demonstrated that each of these 

encoding genome segments groups in several clusters together with strains isolated 

worldwide (Fig. 1c–e, g). The African strains show a close genetic relationship with cognate 

gene sequences of previously described G8P[4], G2P[4], G8P[14], G6P[5], G9P[6], G6P[1] 

and G8P[10] strains detected in Malawi, the DRC, the USA, Hungary, South Africa, France, 

Venezuela and India. Nucleotide (amino acid) identity values among the study strains range 

from 97.1–99.5 % (98.8–99.9 %), 96.5–100 % (99.5–100 %), 97.2–100 %(94.4–99.5 %) and 

96.1–100 %(99–100 %) for VP1, VP2, VP3 and VP6, respectively. Complete nucleotide and 

amino acid identity (100 %) is shared between strains MRC-DPRU4576 and MRC-

DPRU4568 in their VP2 and VP6 encoding genome segments. However, when the 

nucleotide and amino acid identities of the VP1–VP3 and VP6encoding genome sequences 

for the African study strains were compared with corresponding sequences from strains 

belonging to previously described VP1–VP3 and VP6 genotypes, all of them were more 

closely related to strains in the R2, C2, M2 and I2 genotypes, respectively (Supplementary 

data 3D–G). Further comparison showed that, within each genotype, the African study 

strains have maximum nucleotide (amino acid) identities of 84.1–97.7 % (95.6–99.7 %) 

forVP1, 84.2–99.8 %(96.8–99.9 %) for VP2, 97.2–100 % (94.4–99.5 %) for VP3 and 86.7–

99.7 % (96.1–100 %) for VP6.
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Nucleotide and amino acid sequence analyses of the NSP1, NSP2, NSP3, NSP4 and NSP5 
encoding genome segments

Phylogenetic analyses demonstrated that the NSP1–NSP5 coding nucleotide sequences of 

the seven G8P[4] and five G2P[4] African study strains group into small, separate 

subclusters of genotypes A2, N2, T2, E2 and H2, respectively, together with other strains 

from around the world (Fig. 1h–l). The African study strains showed close genetic 

association with cognate corresponding genome segment sequences of previously described 

DS-1-like G8P[8], G2P[4], G8P[6] and G9P[6] strains. Nucleotide (amino acid) identity 

values among these African study strains range from 97.0–99.9 % (96.7–100 %), 96.2–

99.9 % (97.5–100 %), 97.2–100 % (97.0–100 %), 85.0–99.8 % (92.4–100 %) and 97.5–

100 % (96.8–100 %) for NSP1, NSP2, NSP3, NSP4 and NSP5, respectively (Supplementary 

data 3H–L). Complete nucleotide and amino acid identities are shared between strains 

MRC-DPRU4576 and MRC-DPRU4568 in their NSP3 encoding genome segments. 

Comparison of the nucleotide and amino acid identities between the NSP1–NSP5 encoding 

genome sequences of the African study strains to corresponding gene sequences for strains 

belonging to already identified NSP1–NSP5 genotypes, all of them were more closely 

related to strains in the A2, N2, T2, E2 and H2 genotypes, respectively. Within each of these 

genotypes, the study strains shared maximum nucleotide (amino acid) identities of 91.6–

99.6 % (91–99.4 %), 85.5–99.8 % (91.8–99.7 %), 89.9–99.6 % (93.4–99.7 %), 81.7–99.4 % 

(90.6–100 %) and 94.6–99.6 % (94.1–100 %), respectively.

Further analysis of the deduced amino acid sequences of the NSP4 encoding genome 

segment for the African study strains showed that several amino acid substitutions exist in 

the previously described antigenic sites and enterotoxin domain of NSP4, when aligned with 

the prototype DS-1 strain and other strains belonging to the NSP4 genotype E2 [25]. Most of 

the substitutions were found between residues 128 and 161, which include the enterotoxin 

domain (amino acid residues 114–135) of NSP4, as well as the antigenic sites AS II 

(residues 136–150) and AS I (residues 151–169) (Supplementary data 4).

Discussion

The current study contributes to the ongoing monitoring and molecular characterisation of 

RVA strains circulating in Africa, where interspecies RVA transmission between animals and 

humans is common and where RVA vaccine effectiveness has remained relatively low 

compared to data from the developed countries. Although the whole-genome RVA 

classification system has been widely adopted to classify circulating rotaviruses globally 

[3-5, 9], there are no or only a limited number of G8P[4] and G2P[4] RVA strains that have 

been completely sequenced from some of the countries included in the present study. 

Whole-genome data for G8P[4] and G2P[4] strains in other African countries are also 

limited to a few studies [16, 18, 26, 27]. Therefore, an assessment of the nucleotide and 

amino acid sequences from the complete genomes of the seven G8P[4] and five G2P[4] 

rotavirus strains reported here has considered data on DS-1-like genotype constellations in 

Kenya, Zimbabwe, Tanzania, Togo, Uganda, Zambia and South Africa relative to what is 

available in other countries of Africa and globally.
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The G8 genotype is primarily reported in association with several VP4 genotypes, including 

P[4], P[6], P[8] and P[14]. In developing countries, the G8 genotype has been shown to 

circulate and even predominate in some countries, such as Malawi and Kenya, primarily in 

combination with P[4], P[6] and P[8] [10, 14, 15]. In Kenya, the whole-genome sequence of 

one G8P[1] rotavirus strain has been previously characterised and was reported to have 

originated from reassortment events between artiodactyl-like and human rotavirus strains 

[17, 28]. G8P[4] strains are considered medically important in Kenya in association with 

diarrhoeal diseases and have previously been detected in Kenya using RT-PCR assays that 

target the genes encoding the two RVA outer capsid proteins, VP7 and VP4 [15, 29]. In 

contrast, to the best of our knowledge, no G8P[4] complete genomes have been previously 

reported from Zimbabwe, Uganda, Zambia or Tanzania, even though the RVA G and P types 

from these countries are reported annually as part of the ongoing African rotavirus 

surveillance network [30, 31].

All seven G8P[4] study strains exhibited intra-genotype diversity across the genome and 

grouped in various lineages that were shared with other global DS-1-like strains. They were 

also closely related to other human and animal DS-1-like strains and may have evolved over 

the last couple of decades through genetic reassortment events with other rotavirus strains, 

thus changing their VP4 genotype while maintaining a conserved DS-1-like genotype 

constellation for their other RVA genome segments. Likewise, a study done in Malawi 

reported an almost identical scenario [16]. Comparative analyses of the G8P[4] study strains 

from Kenya, Tanzania, Uganda, Zambia and Zimbabwe revealed close evolutionary 

relationships in all 11 genome segments to other human G8 strains containing the P[4], P[6] 

and P[10] genotypes that were primarily isolated from the DRC, Malawi, the USA and 

China. With the exception of the two outer capsid proteins, VP7 and VP4, the remaining 

nine gene segments had the closest evolutionary relationship to human and animal 

rotaviruses belonging in the DS-1-like genotype. Phylogenetic analyses showed evidence for 

relatedness in most genome segments between the G8P[4] study strains and the previously 

analysed G9P[6] reassortant strains RVA/Human-wt/ZAF/MRC-DPRU9317/1999/G9P[6] 

and RVA/Human-wt/ZAF/GR10924/1999/G9P[6], which both contain a DS-1-like genetic 

backbone [11, 18]. Comparison of nucleotide sequences from the study strains with selected 

global cognate genome segments revealed that the nucleotide (amino acid) identities ranged 

from 81.7–100 % (90.6–100 %), with the greatest diversity among their NSP4 gene 

segments.

The G2P[4] strains in this study have a highly conserved genome with an overall lesser 

genetic divergence in all genome segments, when compared with selected reference DS-1-

like strains, which has been previously reported for other G2P[4] strains [19]. However, four 

of the G2P[4] study strains fell into lineage III, while one was part of lineage II which 

demonstrated some reassortment within the VP4. Previously, whole-genome analyses of 

only one wild-type G2P[4] strain, RVA/Human-wt/ZAF/3203WC/2009/G2P[4], from South 

Africa was published [18] and nearly complete genome sequences of two Kenyan G2P[4] 

strains, AK26 and D205 [32]. Although the G2 viruses are highly conserved, they have been 

reported to have arisen from a reassortment event occurring between G3P[4] strains co-

circulating with G2P[4] strains under a DS-1-like genetic backbone, as reported for a single 

human rotavirus strain circulating in India [33]. Additional genetic variants of the RVA 
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G2P[4] genotype have also been identified and are reported to circulate in Brazil; these 

variants most likely arose through the occurrence of point mutations, reassortment events 

and widespread global gene flow [34].

Bayesian analyses to estimate times of divergence for the lineages containing the G8P[4] 

and G2P[4] African study strains from other known DS-1-like strains also gave similar 

results to those of maximum likelihood analyses. For all genes, the divergence times ranged 

from 16 to 44 years ago, except for the NSP4 gene where the lineage seemed to diverge in 

the much more distant past, about 203 years ago (data not shown). Such high sequence 

diversity in the NSP4 encoding genome segment has been previously reported in Cameroon 

G9 strains [35]. This suggests that the NSP4 genome segment comes from a much older 

lineage. All African study strains showed numerous amino acid substitutions in the 

enterotoxin domain (amino acids 114–135) of NSP4. These changes occur at amino acid 

positions 128, 132, 134 and 136, which are within the region reported to be responsible for 

altered pathogenesis mediated by the NSP4 protein [36]. Several residue substitutions in the 

four previously described NSP4 antigenic sites were also observed [25]. Antigenic sites AS 

IV (amino acids 1–24), AS III (amino acids 112–133), AS II (amino acids 136–150) and AS 

I (amino acids 151–169) had 1, 4, 6 and 3 amino acid substitutions, respectively. NSP4 is a 

transmembrane glycoprotein known to be involved in virus assembly and is capable of 

inducing diarrhoea in infant mice [26]. It is possible that the observed substitutions may 

affect the conformation or activity of NSP4 and may also alter the ability of host responses 

to neutralise the enterotoxic function of the NSP4 gene segment [26].

Conclusion

This study provides whole-genome sequence data of G8P[4] and G2P[4] strains from seven 

different African countries. With the exception of the NSP4 encoding genome segment of 

these African study strains, which is highly diverse when compared with the DS-1 reference 

strain and other strains belonging to the NSP4 genotype E2, the remaining ten gene 

segments were closely related in both their nucleotide and amino acid sequences. Estimated 

times of divergence for the lineages containing the African study strains from other known 

DS-1-like strains also gave similar results for the NSP4 and other encoding genome 

segments. For all the genome segments, divergence times ranged from 16 to 44 years ago, 

except for the NSP4 encoding genome segment for which the lineage seems to have 

diverged in the more distant past, about 203 years. The long-term effects of changes found 

within the NSP4 encoding genome segment should be continuously explored, and we 

therefore recommend continued whole genome analyses from larger sample sets to better 

understand the evolutionary mechanisms of the DS-1-like group collected in African 

countries. This data would also help to inform improved laboratory detection methods. In 

addition, similar full-genome sequence studies of cognate animal RVA strains are needed to 

unquestionably determine the specific origin of those genes relative to both human and 

animal rotavirus strains.
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Fig. 1. 
a–l Maximum likelihood phylogenetic trees based on the full-length coding nucleotide 

sequences of the rotavirus genes: a VP7 (G8), b VP7 (G2), c VP1, d VP2, e VP3, f VP4, g 
VP6, h NSP1, i NSP2, j NSP3, k NSP4 and l NSP5. Bootstrap values above 70 are provided 

for 500 replicates. The clades for each viral protein genotype are labelled in each tree. For 

the VP7 and VP4 trees, representative strains from different lineages were used to determine 
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in which lineage the study strains clustered. The black squares represent the G8 study strains 

and the black circles indicate the G2 study strain in all trees
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