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ABSTRACT 

The introduction of rotavirus vaccines into national immunization programmes 

(NIPs) of many countries globally has considerably reduced the rotavirus group A 

(RVA) disease burden. Kenya introduced the monovalent Rotarix® vaccine (G1P[8] 

backbone) into its national immunization programme in July 2014 and a ~60% 

decrease in rotavirus group A-associated diarrhoea hospitalization was reported two 

years post-vaccine introduction. Despite this success, rotavirus group A continues to 

be among the leading causes of severe diarrhoea in young children hospitalized at 

Kilifi County Hospital (KCH) on the coast of Kenya. Coincidentally, studies 

elsewhere have shown an increase in Rotarix® vaccine partially or fully 

heterologous genotypes in countries implementing Rotarix® vaccine use. Therefore, 

this study aimed to study the genetic relatedness, origin, and evolution of rotavirus 

group A G2P[4]  strains circulating in the Rotarix® pre- and post-vaccination period 

in Kilifi County and determine whether the introduction of the Rotarix® vaccine in 

Kenya impacted the antigenic diversity of G2P[4] RVA strains circulating in Kilifi 

County, coastal Kenya. Whole genome sequencing of 32 pre-(January 2012 to June 

2014) and 31 post-vaccine -(July 2014- December 2018) periods rotavirus group A 

G2P[4] vaccine heterologous strains infecting children (<13 years old) admitted to 

KCH was done to understand the genetic diversity of these strains and determine 

their potential origins (source) and local transmission patterns. The results found that 

both pre- and post-vaccine G2P[4] strains had a typical DS-1-like genomic backbone 

(G2-P[4]-I2-R2-C2-M2-A2-N2-T2-E2-H2). The Kilifi G2P[4] strains classified into 

lineages II (for VP4 segment), lineage IV (for VP7, VP4, VP2, NSP1, and NSP5 

sequences), lineage V (for VP6, VP1, VP3, NSP2, and NSP3 segments), lineage VI 

(for the NSP4 segment) and lineage VII (for the VP3 and NSP4 segments). 

Phylogenetically, the Kilifi pre- and post-vaccine period sequences majorly formed 

separate clusters on the global phylogeny across the 11 genome segments, implying 

distinct virus populations were in circulation pre- and post-vaccine periods. In 

addition, the Kilifi strains mainly clustered on the same branch separate from other 

global strains, suggesting observed local strains were most likely persisting in the 

Kilifi or surrounding regions with an accumulation of genetic changes over time. 

However, the Kilifi pre- and post-vaccine strains had conserved amino acid changes 

on the antigenic epitopes of the VP7 and VP4 surface proteins, suggesting that 

replacement of the pre-vaccine population was unlikely due to immune escape. In 

conclusion, the study indicated that the G2P[4] strains circulating in Kilifi pre- 

(January 2012 to June 2014) and post-(July 2014- December 2018) periods are 

genetically different but antigenically similar and  constitute locally circulating 

strains. Further studies should be conducted to determine the genomic epidemiology 

of G2P[4] strains by extending the geographical sampling area by including various 

health facilities across Kenya and from non-hospitalized infected persons in the 

community to have a representative sample across the entire Kenyan population.
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CHAPTER ONE 

INTRODUCTION 

1.1 Background Information 

This study investigated the genomic epidemiology of rotavirus group A (RVA) 

genotype G2P[4] circulating in the pre- (January 2012-June 2014) and post- (July 

2014-December 2018) rotavirus vaccination periods in Kilifi, coastal Kenya. RVA is 

the leading cause of acute gastroenteritis (AGE) associated with approximately 

122,000 to 215,000 deaths annually among under-five-year-old children globally 

(Barros De Arruda et al., 2022). RVA is highly contagious and is transmitted through 

contact with faecal matter or contaminated surfaces, food, or water (Crawford et al., 

2017). Symptoms of RVA infection include watery diarrhoea, vomiting, fever, and 

abdominal pain, and can lead to severe dehydration, malnutrition, and death if left 

untreated (Crawford et al., 2017). Children from low- and middle-income settings 

bear a greater RVA disease burden compared to high-income countries (Troeger et 

al., 2018). A study on the global burden of RVA disease in 2016 indicated that 100 

per 100, 000 children aged below five years die from RVA-related diarrhoea in 

Kenya (Tate et al., 2016).  

RVA-AGE disease can be effectively managed through providing affected children 

with oral rehydration therapy to prevent progression of the disease into severe form 

and prevent death which may arise from dehydration or through vaccination 

(Crawford et al., 2017). For severe rehydration, initial intravenous rehydration 

therapy is provided followed by immediate provision of oral rehydration (Crawford 

et al., 2017; Florez et al., 2020). Improving hygiene in low-income settings may not 

significantly reduce the burden on RVA disease as the incidence of hospitalization 

due to RVA-related diarrhoea was about 40% in both the developed and developing 

countries prior to introduction of RVA vaccine (Crawford et al., 2017). Thereby, 

vaccination against RVA is the most effective measure for management of RVA 

disease (Donato & Bines, 2021). 
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Since 2009, the World Health Organization (WHO) recommended inclusion of 

licenced RVA vaccines into national immunization programs (NIPs) of all countries 

globally with the aim of mitigating RVA-associated disease burden (WHO, 2021). In 

July 2014, Kenya implemented the use of a two-dose live-attenuated Rotarix® 

(GlaxoSmithKline Biologicals, Belgium), a monovalent vaccine based on the G1P[8] 

genotype into her NIP (Wandera et al., 2018). Consequently, a significant decline in 

hospitalization associated with RVA-diarrhoea in children aged below five years of > 

80% (95% CI, 46–93%) was reported in the second year and sustained to the third 

year post-vaccine introduction (Otieno et al., 2020), a two- and one-dose Rotarix® 

vaccine effectiveness of 64% and 54%, respectively (Khagayi et al., 2020), and a 

remarkable increase in non-Rotarix® vaccine type strains including G2P[4], G3, and 

G9 (Gikonyo et al., 2020; Mwanga et al., 2020)  

Beginning January 2023, the Kenyan Ministry of Health (MoH) decided to switch 

from Rotarix® to Rotavac® (a live-attenuated monovalent) vaccine following 

transition from support by Global Alliance for Vaccines and Immunization (GAVI) 

to support by the Government of Kenya (GoK). Studies in India showed 

that Rotavac® vaccine efficacy against severe rotavirus gastroenteritis in the first 

year of life was 53.6% (95% CI, 35.0-66.9) (Bhandari et al., 2014) and 55.1% (95% 

CI 39.9-66.4) in the second year of life (Bhandari et al., 2014). A recent study 

conducted in Palestine revealed that following a two-year transition from Rotarix®, 

the epidemiological outcomes of the Rotavac vaccination were comparable to those 

of Rotarix®, where the RVA-positivity rate declined by 67.1 % (from 38.2 % to 13 

%) following Rotarix introduction and maintained at 15% after transition to Rotavac 

vaccine (Rennert et al., 2023). In addition, the results showed a measurable decline 

in the incidence of acute gastroenteritis among children under five years old, and a 

change in predominant genotypes from G9P[8] and G12P[8] during the Rotarix® 

vaccine period to G2P[4] two years post-Rotavac® vaccine introduction (Rennert et 

al., 2023). 

In 2016, an upsurge of G2P[4] strains among children admitted to Kilifi County 

Hospital (KCH), coastal Kenya in the post-Rotarix® vaccine period (Mwanga et al., 

2020) was observed (Figure 1.0)  between June and November (post-vaccine period) 
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while only a small peak was reported previously between May and September 2012 

(pre-vaccine period). Genotyping of the samples was done based on partial gene 

sequencing followed by the binary classification scheme (Mwanga et al., 2020). The 

current study employed whole-genome analysis to understand the complete 

genotypic constellation of these pre- and post-vaccine G2P[4] strains, determine the 

genetic relatedness, establish the source and transmission pattern of the locally 

circulating strains, and establish whether the Rotarix® vaccine has a direct effect on 

the antigenic diversity of the local strains.   

 

Figure 1.1: Temporal plot showing total diarrhoea admissions at Kilifi County 

Hospital, total Rotavirus A detections, and G2P[4] detections from January 

2012 to December 2018. Total diarrhoea admissions are shown by the red dotted 

line, total rotavirus A detections are shown by the green dotted line, while the 

purple dotted line shows total G2P[4] detections. The solid arrow lines at the top 

indicate periods of industrial actions of healthcare workers at KCH. Genotyping 

was done using the binary classification system via Sanger sequencing (Mwanga 

et al., 2020). 

1.2 Statement of the Problem 

Group A Rotaviruses (RVAs) are ubiquitous and primarily cause life-threatening 

diarrhoea in children aged zero to five years (Barros De Arruda et al., 2022). Despite 

the inclusion of RVA vaccines into the NIPs of 122 countries globally (IVAC 2022), 

the prevalence of RVA infection in hospitalized children is approximately 30-50 %, 

with > 80 % of children with fatal RVA infections living in developing countries 
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(Reiner et al., 2020; Were et al., 2022). In Kenya, in spite of RVA vaccination since 

July 2014, RVA strains have been reported in circulation albeit at lower frequencies, 

with a significant increase in vaccine heterotypic strains, including G2P[4] and G3 

(Mwanga et al., 2020). Genotype G2P[4] has been reported to increase significantly 

in countries using the Rotarix® vaccine (Bibera et al., 2020; Leshem et al., 2014). 

Therefore, whole genome sequencing of the G2P[4] circulating in Kilifi contributes 

to the discussion on the consequences of rotavirus vaccination on RVA genetic 

diversity.  

1.3 Research Questions 

(i) Does the agnostic sequencing method compare with the amplicon-based 

sequencing method in RVA G2P[4] genome recovery? 

(ii) Does Rotarix® vaccine introduction contribute to the G2P[4] RVA genetic 

and antigenic diversity in Kilifi County? 

(iii) What are the sources of G2P[4] RVA strains causing AGE epidemics in Kilifi 

County in the pre- and post-vaccination era?  

1.4 Justification of the Study 

The efficacy of the Rotarix® vaccine in developed countries is 83% while in Kenya, 

a low-economic setting it is 64% (Burnett et al., 2020). Reductions in; vaccine 

immunogenicity and protection provided by natural RVA infection mostly contribute 

to reduced Rotarix® vaccination efficacy in underdeveloped settings (Lopman et al., 

2012). Surveillance of RVA by the KEMRI Wellcome Trust Programme (KWTRP) 

at Kilifi, Kenyan coast since 2009 (Khagayi et al., 2020) indicates a significant 

increase in the incidence of G2P[4] strains among Kenyan children (Mwanga et al., 

2020) despite the inclusion of the WHO-prequalified Rotarix® vaccine into the NIP 

of Kenya in July 2014 (Wandera et al., 2018). Genotyping of these strains was done 

through Sanger sequencing of the VP7 and VP4 surface proteins (Mwanga et al., 

2020). Studies involving whole genome sequencing of G2P[4] strains have revealed 

the antigenic diversity, and established the origin and overall genetic diversity of the 

strains circulating in a particular region (Donato et al., 2021; Mwangi et al., 2022). 

Therefore, whole genome sequencing of Kilifi G2P[4] strains reveals; whether 
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Rotarix® vaccine introduction has a direct effect on G2P[4] strains circulating post-

vaccine period, the introduction sources of pre- and post-vaccination G2P[4] strains, 

their genetic diversity, and the antigenic differences between the pre- and post-

vaccine period strains. Besides, this study contributed to the number of near-full-

length G2P[4] genomes from Kenya.  

1.5 Hypothesis 

1.5.1 Null Hypotheses 

The lower efficacy of the Rotarix® vaccine in Kilifi County (~64%) is not related to 

circulating G2P[4] antigenic diversity and that the G2P[4] RVA strains originating 

from regions outside Kilifi County are circulating in the County, during pre- and 

post-vaccine periods. 

1.6 Objectives  

1.6.1 General Objective 

To determine whole genome characterization of RVA G2P[4]  strains circulating in 

the Rotarix® pre- and post-vaccination period in Kilifi County and determine 

whether the introduction of the Rotarix® vaccine in Kenya impacted the antigenic 

diversity of G2P[4] RVA strains circulating in Kilifi County, coastal Kenya.  

1.6.2 Specific Objectives 

(i) To compare two whole genome sequencing methods for G2P[4] RVA strains 

and establish a WGS method for G2P[4] RVA strains at Kilifi, KWTRP 

laboratories and use it to obtain sequence data from RVA positive samples 

classified as G2P[4] by the binary system. 

(ii) To determine whether Rotarix® vaccine introduction in Kenya has a direct or 

indirect impact on the antigenic diversity of G2P[4] strains circulating in 

Kilifi using the antigenic epitopes of the surface proteins (VP4 and VP7).    

(iii) To determine the genetic diversity, genetic relatedness, origin and patterns of 

transmission of G2P[4] RVA strains circulating in Kilifi County, coastal 



 

6 

Kenya in the pre- (January 2012-June 2014) and post-vaccine (July 2014-

December 2018) periods using whole genome sequencing. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 RVA Disease Burden 

Globally, RVA is the principal pathogen of diarrhoea-associated morbidity and 

mortality in under five-year-old children (Troeger et al., 2017). RVA causes an 

estimated 258,000,000 infections and 122,000 to 215,000 deaths among children 

aged below five years old globally (Barros De Arruda et al., 2022).  This is despite 

the inclusion of the WHO-prequalified RVA vaccines (WHO, 2021) in 122 countries 

globally (IVAC, 2022). A greater burden of RVA disease (80%; 104, 743 deaths) is 

experienced in sub-Saharan Africa (Troeger et al., 2018). In Kenya, a Post-Rotarix® 

vaccine study involving children admitted with diarrhoea to KCH indicated no 

significant decline in RVA positivity rate post-vaccine introduction (27.4% vs 

23.5%, P = 0.253) (Agoti et al., 2022) coinciding with an increase in G2P[4] and 

G3P[8] non-Rotarix® vaccine genotypes (Mwanga et al., 2020).  

2.2 The Structure, Genome Organization, and Protein Composition of 

Rotavirus 

Rotavirus (RV) has a wheel-shaped characteristic appearance as seen under an 

electron microscope, hence its name rota signifying a wheel (Figure 2.1A) (Prasad & 

Chiu, 1994). It was first discovered by Bishop Research group in Australia in 

children with gastroenteritis (Bishop et al., 1973). RV is a non-enveloped double-

stranded RNA virus that belongs to the Reoviridae family, Sedoreoviridae sub-

family, genus Rotavirus (Sadiq et al., 2018). A mature RV virion has a three-shelled 

icosahedral capsid of 70-100nm diameter consisting of the outer, middle, and inner 

layers as shown in figure 2.1A (King et al., 2011). The outer layer is comprised of 

the viral proteins; VP7 and VP4, with the VP4 protein protruding in form of spikes 

(Figure 2.1A) (Sadiq et al., 2018). The VP6 protein make up the middle layer, while 

the inner/core layer is comprised of the core shell VP2 protein enclosing the VP3 and 

VP1 proteins (Figure 2.1A) (Sadiq et al., 2018). The double stranded RNA genome 
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(~18,555 base pairs) is made up of 11 segments, which is packaged within the inner 

layer (Figure 2.1A) (Desselberger, 2014). Each segment is a gene coding for six 

structural proteins (VP)-VP1, VP2, VP3, VP4, VP6 and VP7, and six or five non-

structural proteins ((NSP)-NSP1, NSP2, NSP3, NSP4, NSP5, and NSP6) (Figure 

2.1B) (Desselberger, 2014). Ten gene segments are monocistronic, while the 

eleventh genome segment is bicistronic i.e., in some RV strains encodes two genes 

(NSP5 and NSP6) (Sadiq et al., 2018). These RV segments are numbered 1-11 based 

on sequence lengths (Desselberger, 2014; King et al., 2011) as shown in figure 2.1C.   
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Figure 2.1: The general structure of Rotavirus virion. A: Virion Schematic:  An 

overview of the various structural proteins of the RV virion. The virion is 

organized into three concentric capsid layers, outer shell (capsid proteins VP4 

and VP7), the middle shell (VP6 protein) and the inner shell (VP2 protein). C: 

Encoded proteins; shows the respective protein encoded by each segment.  

The VP1 protein serves as the RNA-dependent RNA polymerase of RV, while VP3 

protein functions as a guanylyl transferase for the mRNA capping enzyme 

(Desselberger, 2014). These two proteins constitute the replication enzyme of RV 

and are in intense contact with the genomic double-stranded RNA segments via the 

VP1 protein (Desselberger, 2014). The VP2 protein functions as a co-factor for the 

replicase activity of VP1 RNA polymerase by recruiting the VP1/3 complex along 

with a double-strand RNA template (King et al., 2011). VP4 (protease sensitive) 

protein facilitates RV attachment and entry into host enterocyte cells, virulence, and 

P serotype and host range determination, while the VP7 glycoprotein is implicated in 

Ca2+ binding to facilitate RV entry into host cells and G serotype determination 

(Desselberger, 2014). In addition, the VP7 and VP4 proteins harbour various 

antigenic epitopes that trigger production of host-neutralization antibodies upon RV 
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infection (Desselberger, 2014). The VP6 protein is required for A-J grouping and 

sub-classifying into sub-groups (I, II, I + II, and “non-I, non-II”) on the basis of their 

reactions to monoclonal antibodies (Sadiq et al., 2018).  

The five or six non-structural proteins (NSPs) are only expressed in cells infected 

with RVs (Desselberger, 2014). During infection with RV, NSP1 docks the 

interferon regulatory factor-3 to inhibit interferon response (Desselberger, 2014). 

NSP2 and NSP5 work together in synthesis and packaging of RV RNA, and 

replication of the genome, while NSP3 is implicated in the synthesis of viral proteins 

and shutting off synthesis of host proteins (Desselberger, 2014; King et al., 2011). 

NSP4, the enterotoxin protein, is involved in diarrhoea development and serves as a 

viroporin facilitating viral replication, while NSP6 protein interacts with NSP5 

facilitating RNA binding (Desselberger, 2014).  

2.3 Classification of Rotaviruses 

There are three classification schemes for RVs, namely VP6 antigen-based grouping, 

and the dual classification and full-genome based classification systems for group A 

RVs (RVA) (Sadiq et al., 2018), as discussed below.  

2.3.1 VP6 Protein-Based Classification 

On the basis of antigenic reactivity to VP6 protein, genus Rotavirus is classified into 

ten serological groups (RVA-RVJ) defined as RV species (Bányai et al., 2017; Sadiq 

et al., 2018). RVA-RVH have been accepted by the International Committee on 

Taxonomy of Viruses, while RVI and RVJ are pending confirmation (Sadiq et al., 

2018). Species RVA, RVB, RVC, and RVH cause acute gastroenteritis in humans 

and animals, while species RVD, RVE, RVF, RVG, RVJ, and RVI infect animals 

only (Bányai et al., 2017; Mihalov-Kovács et al., 2015; Sadiq et al., 2018). RVA is 

the most important epidemiologically in both humans and animals (Leshem & 

Lopman, 2018). RVAs are further classified into four subgroups, namely SGI, SGII, 

SGI + II, and SG nonI/noni, based on VP6 sequence data and reactivity of VP6 

protein to specific monoclonal antibodies (Sadiq et al., 2018).  
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2.3.2 Binary Classification System for RVA 

The two outer capsid proteins, VP7 (glycoprotein) and VP4 (protease sensitive) are 

used to classify RVAs into G and P genotypes, respectively (Sadiq et al., 2018). 

Currently, up to 42G and 58 P RVA genotypes have been identified in humans 

(RCWG 2021). 

2.3.3 Full Genome-Based Classification System 

Matthijnssens and colleagues introduced a more detailed sequence-based 

classification and nomenclature scheme for classification of RVAs in 2008 

(Matthijnssens, et al., 2008). This classification system assigns RVA genes (VP7-

VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5/6) into genotypes (Gx-

P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx, respectively; where x is an integer indicating 

the number of corresponding genotypes) on the basis of calculated nucleotide 

sequence identity cut-off values (Table 2.0) (Matthijnssens, et al., 2008, 2011). Up to 

date (December 2022), 42 G, 58 P, 32 I, 28 R, 24 C, 24 M, 39, 28 A, 28 N, 28 T, 32 

E, and 28 H genotypes have been described in humans (Table 2.1) (RCWG, 2021). 

The full genome-based classification scheme coupled with advancements in second-

generation sequencing technologies allows researchers to determine genetic changes 

and relatedness in circulating RVA strains (Svensson et al., 2016). 
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Table 2.1: Percentage Identity Cut-Off Values for Genotyping (As of December 

2022) and Functions for Each RVA Segment 

RVA 

segment 

Size 

(bp) 

Genome 

protein 

Nucleotide 

identity cut-off 

value (%) 

Number of 

genotypes 

Name of protein 

1 3302 VP1 83 28 R  RNA dependent RNA 

polymerase 

2 2687 VP2 84 24 C Core shell protein 

3 2592 VP3 81 24 M Guanyl transferase 

4 2362 VP4 80 58 P Protease sensitive 

5 1356 VP6 85 32 I Middle capsid protein 

6 1062 VP7 80 42 G Glycoprotein 

7 1581 NSP1 79 28 A Interferon antagonist 

8 1059 NSP2 85 28 N NTPase 

9 1074 NSP3 85 28 T Translation enhancer 

10 751 NSP4 85 32 E Enterotoxin 

11 667 NSP5 91 28 H Phosphoprotein  

 

2.3.4 RVA Genotype Constellations 

Based on the full-genome classification system, RVAs are further classified into 

genogroups (Matthijnssens, et al., 2008, 2011). Two main RVA genogroup 

constellations have been identified in humans, Wa-like genogroup with a genomic 

backbone of Gx-P[x]-I1-R1-C1-M1-A1-N1-T1-E1-H1 and the DS-1 like genogroup 

with a genetic backbone of Gx-P[x]-I2-R2-C2-M2-A2-N2-T2-E2-H2 (Matthijnssens, 

et al., 2011). A third and minor genogroup, the AU-1-like genotype with a genetic 

constellation of Gx-P[x]-I3-R3-C3-M3-A3-N3-T3-E3-H3 that shares ancestry with 

canine and feline RVs has been described in humans (Matthijnssens & Van Ranst, 

2012; Wang et al., 2013). The Wa-like RVA genogroup have a common ancestry 

with porcine RVs found in combination with P[8], while DS-1 human RVAs share 
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most of their genome segments with bovine RVs found in combination with P[4] 

(Matthijnssens & Van Ranst, 2012). Typical Wa-like genetic backbone is found in 

G1P[8], G3P[8], G4P[8], G9P[8], and G12P[8] RVA strains, while typical DS-l like 

constellation is found in G2P[4], G8P[4], and G8P[6] strains (Matthijnssens & Van 

Ranst, 2012). G3P[9] strains possess a typical AU-like genetic backbone 

(Matthijnssens & Van Ranst, 2012; Wang et al., 2013). Therefore, whole genome-

based genotyping of RVA offers a more robust method for investing the evolutionary 

patterns and genetic relationships between circulating RVA strains (Matthijnssens et 

al., 2011). 

2.4 RVA Vaccines 

The use of RVA vaccines is the most effective intervention of combating severity of 

RVA disease (Donato & Bines, 2021). The large burden of RVA-associated disease 

led the Diarrhoeal Disease Control Programme of WHO, the National Academy of 

medicine previously called Institute of Medicine (1985-1986), the Bill and Melinda 

Gates Foundation Programme, and the Global Alliance for Vaccines and 

Immunization (GAVI) (2002) to select RVA as a high priority pathogen requiring 

accelerated vaccine development (Glass et al., 2006).  

Development of oral RIT vaccine from bovine RV strain (RIT 4237) by the Vesikari 

research group in 1983 was stopped due to inconsistent efficacies in clinical trials in 

developing countries (Glass et al., 2006). The RotaShield® vaccine (Wyeth-Lederle, 

Pearl River, NY, USA) showed a two-dose efficacy of 70-90% in the US and 

Venezuela in children aged <5 years and was licensed by the Food and Drug 

Administration (FDA) of the USA in 1998 for routine immunisation of children. 

However, RotaShield® vaccine was withdrawn from national immunisation 

programms after reports of intestinal intussusception in 1999 (O’Ryan, 2017).  

Currently, four RVA vaccines are pre-qualified by WHO for use globally: RotaTeq® 

(Merck & Co, Pennsylvania, USA; pre-qualified in 2008), Rotarix® 

(GlaxoSmithKline, Rixenstart, Belgium: pre-qualified in 2009), Rotasiil® (Serum 

Institute of India, Pune, India; pre-qualified in 2018), and Rotavac® (Bharat Biotech, 

Hyderabad, India; pre-qualified in 2018) (Table 2.1) (Burke et al., 2019; Lee, 2021). 
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In addition, two RVA vaccines including Lanzhou lamb rotavirus vaccine (LLR-85) 

(Lanzhou Institute of Biological Products, Lanzhou, China) and Rotavin-M1®, 

(Polyvac, Hanoi, Vietnam) are available for private market use in China, and 

Vietnam, respectively (Table 2.1) (Burke et al., 2019; Lee, 2021). 
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Table 2.2: Characteristics of the Currently Licensed Oral RVA Vaccines 

Vaccine Year of 

WHO pre-

qualification 

Doses Vaccine composition Efficacy Vaccine Formulation, Dosage Volume, and Storage 

Developed 

countries 

Developing 

countries 

RotaTeq® 

(Merck) 

2009 3 5 attenuated human-

bovine reassortant 

rotaviruses (G1, G2, G3 

G4, P[8]) 

898–100% 43–64% Liquid suspended in a buffer 

Dosage volume: 2.5 mL 

Storage: Refrigerated (2–8°C) for 24 months 

Rotarix® (GSK) 2009 2 Single, attenuated human 

rotavirus RIX4414 strain 

(G1P[8]) 

85–96% 49–77% Liquid or lyophilized vaccine reconstituted with buffer 

Dosage volume: 1 mL (liquid) or 1.5mL (freeze-dried) 

Storage: Refrigerated (2–8°C) for 36 months 

Rotasiil (Serum 

Institute of India) 

2018 3 5 human-bovine (UK) 

reassortant rotaviruses 

(G1, G2, G3, G4, G9) 

No data 33-67% Lyophilized vaccine in glass vial and reconstituted 

with antacid diluent from separate vial 

Dosage volume: 2.5 mL 

Storage: Refrigerated (2–8°C) for 30 months 

Rotavac® 

(Bharat Biotech) 

2018 3 Single, attenuated human 

rotavirus strain (G9P[11]) 

No data 48-56% Liquid in glass vial  

Dosage volume: 0.5 mL 

Storage: refrigerated at 2–8°C 

Nationally Licenced  

LLR-85 

(Lanzhou 

Institute of 

Biological 

Products 

2000 

(Nationally 

in China) 

1 annually 

for 3 

years (age 

2 months 

to 3 

years) 

Live attenuated lamb 

rotavirus strain 

(G10P[15]) 

 35% Liquid suspended in buffer  

Dosage volume: 2.5 mL 

Storage: Refrigerated at 2–8°C 

Rotavin-M1®, 

(Polyvac) 

2012 

(Nationally 

in Vietnam) 

2 Single attenuated human 

rotavirus KH0118-2003 

strain (G1P[8]) 

 73% Liquid vaccine in glass vial 

Dosage volume: 2.0 mL 

Storage: refrigerated at 2–8°C 
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Rotarix® (GSK) and RotaTeq  (Merck) are the most widely used WHO-prequalified 

RVA vaccines, while Rotasiil (Serum Institute of India) and Rotavac® (Bharat 

Biotech) are primarily used in India (Lee, 2021). Globally, 122 countries had 

introduced WHO-prequalified RVA vaccines into their NIPs by the end of 2022 

(Figure 2.2) (IVAC, 2022). Most of the lower- and middle-income countries are 

supported by the Global Alliance for Vaccines and Immunisation (GAVI), of which 

42/47 GAVI supported countries had introduced WHO pre-qualified RVA vaccines 

by the end 2022 (IVAC, 2022). Regionally, 79% countries have introduced WHO 

pre-qualified RVA vaccines in Africa (Figure 2.3) (ROTA, 2022).  

 

Figure 2.2: Global Map Showing the Status of WHO Pre-Qualified RVA 

Vaccine Introductions by May 2023 (IVAC, 2022). 

 

Figure 2.1: Proportion of Countries that Have Introduced WHO Pre-Qualified 

RVA Vaccines in Each WHO Region by May 2023 (IVAC, 2022). 
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2.5 RVA Genetic Diversity and Evolution 

RVA can undergo evolution and gain genetic diversity through four approaches 

(Kirkwood, 2010). The first and most common mechanism involves the reassortment 

of genome segments (gene shift), in which the exchange of cognate gene segments 

occurs in progeny RVAs when one cell is infected with two or more homologous or 

heterologous RVA strains (Svensson et al., 2016). This can result in a novel 

constellation of RVA gene segments, while the reassortment of surface proteins 

could give rise to a progeny of RVAs with different antigenic properties (Kirkwood, 

2010). Secondly, RVAs can undergo genetic drift through accumulating point 

mutations, giving rise to novel lineages that can escape vaccine-induced immunity 

(Kirkwood, 2010). Thirdly, NSP genes can undergo gene rearrangement involving 

deletions, insertions, or duplications into coding and non-coding regions (Kirkwood, 

2010).  Lastly, it is through interspecies transfer involving the transmission of a 

genome segment between host species (Kirkwood, 2010; Mijatovic-Rustempasic et 

al., 2016).  

Higher rates of co-infection in low-resource settings estimated at 20% explain the 

high frequency of reassortants generation in these regions compared to developed 

economies with co-infection rates of less than 5% (Patton, 2012). Studies have 

shown that uncommon RVA genotypes resulting from reassortment events may 

become epidemiologically important (Luchs & Timenetsky, 2016). For instance, a 

recent study indicated that genotype G9P[8] is gaining dominance among human 

RVA genotypes circulating globally (Bibera et al., 2020).  In addition, introduction 

of RVA vaccines has increased immune pressure on circulating strains in a local set-

up, which may change the factors of RVA evolution (Luchs and Timenetsky 2016; 

Zeller et al., 2017). Therefore, full-genome surveillance is required to reveal gene-

reassortment events, transmission patterns, and genetic drifts of circulating RVA 

strains in local settings and globally. 

2.6 RVA Molecular Epidemiology  

Studies have shown that both common and unusual RVA genotypes infect humans 

(Matthijnssens et al., 2016; Matthijnssens et al., 2008; Matthijnssens & Van Ranst, 
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2012). The most predominant G genotypes of RVA include G1, G2, G3, G4, G9, and 

G12 while the most predominant P genotypes are P[8], P[4], and P[6] (Donato & 

Bines, 2021; Dóró et al., 2014; Ouermi et al., 2017). Globally, the most common G/P 

genotype combinations include G1P[8], G2P[4], G3P[8], G4P[8], G9P[8] and 

G12P[8] (Dóró et al., 2014). These genotypes account for an estimated 90% of the 

total human RVA infections globally (Sadiq et al., 2018). However, studies have 

reported regional variability of RVA genotypes (Bányai et al., 2012). In Africa, the 

most dominant G/P genotype combinations include G1P[8] (23%), G2P[4] (8%), 

G9P[8] (7%), and G2P[6] (5%) (Ouermi et al., 2017). In addition, genotypes G1P[6], 

G8P[6], G9P[6], G8P[8], and G8P[4] are relatively common in Africa, however rare 

elsewhere (Ouermi et al., 2017). In Eastern and Southern Africa, a wide strain 

diversity was documented to have been in circulation in between 2010 and 2015, 

predominantly G1P[8] (26.9%), G2P[4] (15%), G2P[6] (6.6%),G9[8] (6.5%), G12[8] 

(4.5%), and G3P[6] (3.2%), with the G1P[8] and G2P[4] being the most predominant 

(Seheri et al., 2018). A surveillance study of RVA genotype distribution in Kenya 

revealed a wide genotype diversity in circulation, predominantly G1P[8] (45.8%), 

G8P[4] (15.8%), G9P[8] (13.2%), G2P[4] (7.0%) and G3P[6] (3.1%) in the pre-

vaccine period (January 2010-June 2014) and G1P[8] (52.1%), G2P[4] (20.7%) and 

G3P[8] (16.1%) in the post-vaccine period (July 2014 –December 2018) (Mwanga et 

al., 2020).  

2.7 RVA Genotype G2P[4] 

RVA G2P[4] genotype is among the most predominant genotype infecting humans 

worldwide (Bibera et al., 2020). During the pre-vaccine period, G2P[4] was the 

second most common genotype (10%) circulating globally after G1P[8], however 

exhibited region-specific temporal variations (Bányai et al., 2012). In North Africa, 

G2P[4] was second most predominant from 1999 to 2009 (Khoury et al., 2011). 

However, there have been significant fluctuations in the prevalence of G2P[4] 

genotype in the post-RVA vaccine period globally (Bibera et al., 2020). Some 

studies indicated a significant increase in G2P[4] strains in countries using the 

monovalent Rotarix® vaccine compared with countries using the pentavalent 

RotaTeq® vaccine (Dóró et al., 2014; Leshem et al., 2014). However, a recent 
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systematic analysis showed no evidence of significant differences in G2P[4] 

genotype over time in regions or countries using the Rotarix® or RotaTeq® vaccines 

(Bibera et al., 2020). Data collected in Kenya spanning the pre- and post-Rotarix® 

vaccine period shows a significant increase in G2P[4] genotype (Figure 1.1) 

(Gikonyo et al., 2020; Mwanga et al., 2020).  

An evolutionary model established for the global whole genomes of G2P[4] 

postulates that they evolved in a stepwise manner from lineage I to IVa in the NSP5, 

NSP1, VP2, VP1, and VP7 genome segments, and from lineage I to V in the VP1, 

VP3, VP6, NSP2, NSP3, and NSP4 genome segments, with some of the strains 

undergoing intragenotype reassortments in the VP7, VP3, and NSP4  genes after 

2004 giving rise to emergent lineages of V in the VP7 segment, lineages VI and VII 

in the VP3 gene, and VI, VII, VIII, IX and X lineages in the NSP4 gene 

(Agbemabiese et al., 2016; Doan et al., 2015). In Kenya, lineages of only two 

G2P[4] genome sequences that circulated in 1982 and 1989 have been described 

(Ghosh et al., 2011).  

Previously, there were 446 global G2P[4] genome sequences (>80% coverage) in 

Genbank, of which 155 were from Africa, and only five from Kenya (NCBI, 2022). 

This study has contributed an additional 63 G2P[4] genome sequence with a genome 

coverage of > 85% (accession numbers OP677569 to OP677754 and MZ093788 to 

MZ097268). 

2.8 RVA Whole Genome Sequencing Approaches 

Genomic analysis of RVA reveals the lineages, evolutionary events involving 

reassortment events and establishes the origin and overall genetic diversity of the 

strains circulating in a particular region (Ghosh et al., 2011). However, whole 

genome sequencing of G2P[4] and RVs in general is limited by the complexity of the 

eleven-segmented nature of their genome (Dung et al., 2017; Fujii et al., 2012; 

Magagula et al., 2015; Phan et al., 2016). Hence, obtaining full/near-complete 

G2P[4] genome sequences (>80% coverage) requires a protocol that generates 

sequences of all the 11 segments (Dung et al., 2017).  
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In the current study, we compared the performance of an agnostic sequencing 

method with an amplicon based WGS approaches in recovery of all the 11 segments 

and genome coverage of G2P[4] RVA. The agnostic WGS method allows isolation 

of total nucleic particles from clinical samples enabling detection and 

characterization of important pathogens in the sample (Gauthier et al., 2023). In 

addition, the method does not require prior knowledge of the targeted genome, can 

reveal multiple viral pathogens within a sample, and can reveal co-infections. 

However, this method requires more sample volume and a pre-treatment step to 

deplete host genomic material and enrichment viral genomic material (Gauthier et 

al., 2023). In viral agnostic sequencing, isolation of total nucleic acids is done 

through an initial bead-beating process that allows rapturing all the cells in the stool 

sample to expose the nucleic contents (Boom et al., 1990; Phan et al., 2016). Since 

all the 11 RVA segments lack the poly(A) tail, the agnostic genome sequencing 

approach employs non-ribosomal hexanucleotides targeting enrichment of viral 

RNAs while excluding contaminating ribosomal RNAs in faecal specimens (Endoh 

et al., 2005; Nguyen et al., 2016; Phan et al., 2016).  

Amplicon-based sequencing methods that employ RVA segment specific primers 

have been used to enhance coverage of all the 11 RVA segments (Dung et al., 2017; 

Fujii et al., 2012, 2019; Magagula et al., 2015). A universal RVA genome 

sequencing approach that is amplicon-based uses highly sensitive and specific 

Enzyme Immuno Assay (EIA) plates to capture and purify RVA particles from faecal 

particulate (Dung et al., 2017). This method uses primers specific for all 11 RVA 

segments to allow amplification of the entire RVA genome in a multiplex PCR 

reaction (Dung et al., 2017). However, this method does not consider the cross-

hybridization of the primers with each other, hence may miss amplifying the target 

segment(s) (Sint et al., 2012). In addition, the concentration of antibodies in the EIA 

plates limits the number of bound RVA particles (Izzo et al., 2012). In this study, we 

adopted a singleplex PCR amplification of each RVA segment that employs 

segment-specific primers that has been used to sequence RVA genomes, thus 

eliminating the possibility of primer hybridization (Fujii et al., 2012; Magagula et 

al., 2015). This method allows for lower sequencing depth per sample therefore 

permitting multiplexing of extensive samples, which lowers sequencing costs 
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(Gauthier et al., 2023). However, this method is labour intensive (Moss et al., 2011). 

It is therefore important to note that an effective sequencing method should recover 

all the 11 RVA segments and >80 % of genome to allow genomic characterization of 

the strains circulating in a given region (Matthijnssens et al., 2011). 

2.9 G2P[4] Whole Genome Studies 

Recent studies have investigated genomic epidemiology of G2P[4] strains in the pre- 

and post-vaccine periods. The table in appendix I summarizes the findings of studies 

on whole genome of G2P[4] strains.   
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Study Site and Population  

The samples analysed in this project were from a longitudinal surveillance study 

monitoring rotavirus infections established at Kilifi County Hospital (KCH) 

paediatric ward recruiting children aged below 13 years old admitted with diarrhoea 

as one of their illness symptoms (Khagayi et al., 2020; Otieno et al., 2020). KCH is 

located at the North Coast of Kenya within Kilifi Health and Demographic 

Surveillance System (KHDSS) (Figure 3.1). KCH serves an urban, rural, and semi-

rural population and is the only Kenyan government health facility that offers 

paediatric inpatient services in the KHDSS area (891 km2) (Scott et al., 2012). The 

KHDSS was established in 2000 to capture surveillance data majorly for patients 

admitted to KCH (Scott et al., 2012). RVA surveillance at KCH was implemented in 

2009 by the Kenya Medical Research Institute (KEMRI)-Wellcome Trust 

Programme, which is a partnership between KEMRI, Wellcome Trust, and the 

University of Oxford (Nokes et al., 2008; Scott et al., 2012). The study utilized stool 

samples collected in the pre-vaccine introduction (January 2012 to July 2014) and 

the post-vaccine (August 2014 to December 2018) periods. The stool samples had 

been collected and archived at the -80°C freezers at the KWTRP BIOBANK facility 

(NSW, n.d.).  The industrial actions experienced in the ministry of health in Kenya 

were responsible for the low sample collections experienced in January to May 2012, 

September 2012, December 2012 to March 2013, December 2013, December 2016 

to March 2017, and June 2017 to November 2017, as indicated in figure 1.1. 

The stool samples were screened to detect RVA by using the enzyme-linked 

immunoassay kit (ProSPect™; Oxoid, Basingstoke, UK). All the RVA-positive 

samples (n=429) (Figure 1.1) were initially genotyped by a partial segment 

sequencing approach (Mwanga et al., 2020). VP7 and VP4 genes were sequenced, 

and G and P genotypes were inferred using the Virus Pathogen Resource (ViPR) tool 

for RVA (Pickett et al., 2012). Those samples that classified as G2P[4] (n= 87) based 

on the outer capsid proteins were selected for this study (Mwanga et al., 2020). Only 
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samples (n=69) with sufficient stool sample available in our biobank (>100  L or 

200 mg) were processed for whole genome sequencing (35 pre- and 34 post-vaccine 

periods), of which 63 (32 pre-vaccination, 31 post-vaccination) samples yielded 

near-complete G2P[4] genome sequences (>85% coverage) in this study.  

 

Figure 3.1: Map Showing the Location of Kilifi Health and Demographic 

Surveillance System (KHDSS) and the Kilifi County Hospital (KCH) (This map 

was adapted from Abuga et al., 2022).  

3.1.1 Inclusion Criteria 

Children <13 years old who were admitted with diarrhoea; defined as more than 

three episodes of watery stool within the past 24 hours. Availability of stool 

specimen as an archived faecal sample at KWTRP Biobank. Selected samples must 

have previously been genotyped as G2P[4] through Sanger Dideoxy sequencing of 

the surface proteins VP7 and VP4 (Mwanga et al., 2020). Although severe rotavirus-

associated diarrhoea tends to occur in children aged under 5 years, rotavirus disease 

burden may continue well beyond this age group, and infections/reinfections are 

known to occur throughout a lifetime. In addition, there are reports of shifting the 

burden of severe rotavirus infection to older age groups because of the introduction 

of rotavirus vaccination into NIPs (Kyo et al., 2021). Thus, this study included a 
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broad age range to be able to examine such recent claims if they have also occurred 

in the local population 

3.1.2 Exclusion Criteria  

The parent/guardian declined consent and there was inadequate stool sample from 

the patient. 

3.2 Ethical Consideration 

The Scientific and Ethics Review Unit (SERU) of KEMRI approved the study 

(SERU protocols (#3049 and #2861). The parents or guardians of the children 

provided written informed consent. Collected samples were archived in the KWTRP 

Biobank using unique identification codes for confidentiality and anonymity.  

3.3 Laboratory Methods 

3.3.1 RNA Extraction and cDNA Synthesis 

Two different extraction methods were used owing to the limited availability of 

nucleic acid extraction kits. The Boom protocol (Boom et al., 1990) was used to 

extract total nucleic acids from pre-vaccine period (January 2012-July 2014) stool 

samples. The samples were suspended in 110μl of phosphate buffered saline (PBS) 

and centrifuged at 10,000 × g for 10 minutes, followed by addition of 20l of 

TURBO DNase (Life Technologies, Carlsbad, USA). According to the Boom 

method, diatom suspension was prepared by adding 50 ml of H2O and 500 μl (32% 

HCL) to celite (10 g; Janssen Chemicals (Beerse, Belgium). Next, the reaction 

vessels were prepared by adding 900 μl of lysis buffer (120 g of GuSC dissolved in 

100 ml of Tris HCL and 22 ml of EDTA) to 40 μl of diatom suspension in 1.5 

Eppendorf tubes. To extract total nucleic acids (NAs), 200 μl of stool samples were 

added to vortexed reaction vessels and immediately vortexed for five seconds, then 

incubated at room temperature for 10 minutes. Thereafter, the vessels were vortexed 

for five seconds followed by centrifugation (12,000 x g for five seconds). Then, the 

supernatant was discarded, and the diatom-NA washed twice with wash buffer L2 
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(120 g of GuSCN dissolved in 100 ml Tris-HCL), twice with freshly prepared 70% 

ethanol, and once with acetone. After that, the pellets were air-dried in a heating 

block, then eluted in 60 μl of elution buffer through heating at 56°C for 10 minutes 

and centrifuging at 12,000 x g for two minutes and aliquoting the supernatant 

containing NAs into nuclease-free Eppendorf tubes. DNA was degraded from the 

samples using TURBO DNase (ThermoFisher Scientific). RNA quality was checked 

on the Bioanalyzer system (Agilent) using the Agilent RNA 6000 Nano Kit (Agilent) 

as described by the manufacturer. Synthesis of first-strand cDNA was performed 

using the SuperScript II Reverse Transcriptase (Life Technologies, Carlsbad, USA) 

with the non-ribosomal Endoh-hexamer primers that exclude transcription of 

bacterial and host rRNAs. Second strand-cDNA synthesis was done with the 5U of 

Klenow fragment 3’ – 5’ exo- (New England Biolabs, Ipswich, USA). 

Extraction of RNA from the post-vaccine period (August 2014 to December 2018) 

was performed using the QIAamp Fast DNA Stool Mini Kit protocol. The samples 

(200 μl/sample) were first subjected to bead beating (Liu et al., 2016), and then total 

nucleic acids were extracted using the QIAamp Fast DNA Stool Mini kit (Qiagen, 

Manchester, UK) as detailed in the manufacturer’ protocol. DNA was depleted then 

from the samples using TURBO DNase (ThermoFisher Scientific), and the RNA 

quality checked using the Agilent RNA 6000 Nano Kit (Agilent) on the Bioanalyzer 

system (Agilent) as described by the manufacturer. Next, a one-step PCR was 

performed separate for each genome segment using segment-specific primers (Table 

3.1) (Fujii et al., 2012; Magagula et al., 2015). In brief, a reaction mixture of RNA (2 

μl) and reverse primer (2 μl for VPs or 3 μl for NSPs) was incubated in a VeritiPro 

Thermal Cycler (Applied Biosystems, Foster City, USA) at 95°C for five minutes. 

Next, a RT-PCR master mix was prepared using the SuperScript IV One-Step RT-

PCR System (Thermo Fisher Scientific Inc, Waltham, USA) and added to the first 

reaction mixture. The RT-PCR conditions for the VP segments (VP1-VP4, VP6 and 

VP7) were; incubation at 50°C for 30 minutes to synthesise cDNA and then at 95°C 

for 15 minutes to deactivate RT-enzyme, followed by PCR of 40 cycles (denaturation 

at 90°C for 30 seconds, primer annealing at 61°C for one minute and an extension at 

68°C for six minutes). Amplification conditions for NSP segments (NSP1-NSP5) 

consisted of cDNA synthesis (50°C for 30 minutes and 95°C for 15 minutes) 
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followed PCR of 40 cycles (30 seconds at 90°C, one minute at 55°C, and four minutes at 68°C). A final extension at 72°C for 10 

minutes was included for both NSPs and VPs. The PCR amplicons were resolved on 2% agarose gel. The amplicons were then purified 

with Exonuclease I (Thermo Fisher Scientific, Waltham, USA) as per the protocol provided by the manufacturer, and the 11 amplicons 

pooled for each sample. 

Table 3.1: Primers for Each RVA Genome Segment Used in One-Step RT-PCR. 

Genome 

Segment 

Primer 5’ sequence 3’ Product 

Size 

Full segment 

size 

Source Publication 

VP7 VP7-1F TGTAAAACGACGGCCAGTGGCTTTAAAAGAGAGAATTTC 1023 1059 (Magagula et al., 2015) 

VP7-1063R CAGGAAACAGCTATGACCGGTCACATCRWACAATTC 

VP4 VP4-1F CAGGAAACAGCTATGACCGGTCACATCCTCAATAG 2333 2359 (Magagula et al., 2015) 

VP4-2359R TGTAAAACGACGGCCAGTGGCTTTWAAACGAAGTCTTC 

VP6 VP6-1F TGTAAAACGACGGCCAGTGGCTTTWAAACGAAGTCTTC 1320 1356 (Magagula et al., 2015) 

VP6-1364R CAGGAAACAGCTATGACCGGTCACATCCTCTCAC 

VP1 VP1-1F TGTAAAACGACGGCCAGTGGCTATTAAAGCTGTAC 3269 3302 (Magagula et al., 2015) 

VP1- 3302-R CAGGAAACAGCTATGACCGGTCACATCTAAGCAC 

VP2 VP2-1F TGTAAAACGACGGCCAGTGGCTATTAAAGGCTCAATG 2695 2727 (Magagula et al., 2015) 

VP2-1R CAGGAAACAGCTATGACCGGTCATATCTCCACAGTG 

VP3 VP3-1F TGTAAAACGACGGCCAGTGTTTTACCTCTGATGGTG 2530 2591 (Magagula et al., 2015) 

VP3-1R CAGGAAACAGCTATGACCGGTCACATCATGACTAG 

NSP1 NSP1 F GGCTTTTTTTATGAAAAGTCTTGTG 1547 1564 (Fujii et al., 2012) 

NSP R CTAGGCGCTACTCTAGT 

NSP2 NSP2 F GGCTTTTAAAGCGTCTCAGTC 1058 1058 (Fujii et al., 2012) 

NSP2 R GGTCACATAAGCGCTTTCTATTC 

NSP3 NSP3 F GGCTTTTAATGCTTTTCAGTGGTTG 1050 1050 (Fujii et al., 2012) 

NSP3 R GGTCACATAACGCCCCTATAG 

NSP4 NSP4 F CTTTTAAAAGTTCTGTTCCGAGAG 739 750 (Fujii et al., 2012) 

NSP4 R AAGACCATTCCTTCCATTAAC 

NSP5 NSP5 F GGCTTTTAAAGCGCTACAGT 633 633 (Fujii et al., 2012) 

NSP5 R GGTCACAAAACGGGAGTGGGGA 
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3.3.1 Library Preparation and Sequencing  

Standard Illumina libraries of pre-vaccine period samples were prepared following a 

published protocol (Phan et al., 2016). In brief, second strand-cDNAs of pre-vaccine 

samples were sheared into fragments of 400-500 nucleotides long. Next, each sample 

was indexed, pooled and sequenced on the Illumina Hiseq 2500 machine at the 

Sanger Institute (UK) to generate 250 bp pair-end reads for each sample.   

The pooled amplicons for each post-vaccine period samples were purified with 

Agencourt AMPure XP beads (Beckman Coulter, Brea, USA) as per the 

manufacturer’s instructions. Preparation of standard Illumina libraries was done 

using the Illumina DNA flex Kit (Illumina, San Diego, USA) as specified by the 

manufacturer. In brief, tagmentantion of amplicons for each sample was performed 

using bead-linked transposomes. A limited PCR was performed to add adapters to 

the tagmented amplicons, and the adapter-bound DNA purified using the tagment 

wash buffer. A second limited cycle-PCR program was performed to add i7, i5 

adapters and sequences (required for cluster generation during Illumina sequencing) 

to the adapter-bound amplicons. Thereafter, purification of our amplified libraries 

was performed using double-sided bead purification. Quantification of each library 

was done using a Qubit Analyzer Kit (Life Technologies, Waltham, USA) and 

confirmation of correct insert sizes was performed with the Agilent high sensitivity 

DNA kit (Agilent, Santa Clara, USA), normalized and pooled at equimolar 

concentrations. The multiplexed Illumina libraries were denatured, and sequencing 

was performed using the MiSeq Reagent Kits v2 (Illumina Biotechnology; San 

Diego, USA) on the Illumina MiSeq Machine (Illumina, San Diego, USA) at 

KWTRP to generate 150 paired end reads. 

The processing of samples was done based on availability of reagents and 

sequencing platforms. The pre-vaccine samples were processed and cDNAs sent to 

Sanger Institute and sequenced on the Hi-Seq platform, while the post-vaccine 

samples were sequenced on the MiseQ platform at the KWTRP labs. Studies have 

shown that the sequences generated from HiSeq2000 and MiSeq are highly 
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comparable and consistent (Caporaso et al., 2012), therefore the sequencing platform 

does not influence the sequence data.  

Boom Method

(Pre-vaccine period samples)

RNA Extraction

QIAamp Fast DNA Stool Mini Kit 

(Post-vaccine period samples)

First-strand cDNA synthesis
SuperScript II Reverse Transcriptase

Endoh primers

One-step RT-PCR
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Segment specific primers

RNA

Second-strand cDNA synthesis
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Purification of amplicons
Exonuclease I

ds-cDNA/post-PCR 

clean up

Standard Illumina Libraries

Library processing

Standard Illumina Libraries

HiSeq platform

Sequencing

MiSeq platform

 

Figure 3.2: Sample Processing Workflow in the Lab. 

3.4 Bioinformatic Analysis. 

3.4.1 Genome Assembly 

The quality of the raw Illumina FASTQ reads was checked using FastQC (v0.12.0) 

(Andrews, 2010), and low-quality reads and adapters were trimmed using the 

Trimmomatic software (Phred score >30) (Bolger et al., 2014). The quality trimmed 

reads were de-novo assembled using Spades (Bankevich et al., 2012). Identification 

of RVA-specific contigs of the pre-vaccine samples was performed using 

USEARCH (Edgar & Bateman, 2010) and a slim algorithm (Cotten et al., 2014). 

Joining of partial but overlapping RVA contigs was then performed using 

Sequencher to obtain complete RVA segments (Gene Codes, 2023). The quality of 

assembled contigs of post-vaccine sequences was assessed using Quast (Gurevich et 

al., 2013) and identification of ORFs of each genome segment was done using 
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artemis (Carver et al., 2012). Determination of full-genome genotypes was 

performed with the RVA Virus Pathogen Resource tool (Pickett et al., 2012). 

3.4.2 Collection and Processing of Global Sequences for G2P[4] 

All contemporary G2P[4] sequences along with the respective metadata consisting of 

collection year and originating country were downloaded from the RVA Virus 

Pathogen Resource (ViPR) for all the 11 genome segments (Pickett et al., 2012). The 

nucleotide sequences whose metadata were missing were searched manually and 

information on collection year and country of origin that could be found in the 

primary publication were included in the corresponding sequence data. More 

sequences were downloaded from GenBank. Duplicates from the two datasets were 

removed using the seqkit linux command (seqkit rmdup -s < in.fa > out.fa). Datasets 

of each genome segment were obtained by sub-setting the downloaded global 

dataset. The datasets were further filtered to exclude samples without all 11 RVA 

segments and with a coverage of < 80% of the ORF from analysis. Therefore, 350 

contemporary G2P[4] genome sequences were included in phylogenetic analyses.  

3.5 Phylogenetic Analysis 

The fasta files of all 11 genome segments were separately aligned using MAFFT 

v7.487 with the script “mafft --auto --reorder --preservecase input_file.fasta > 

output_file.fasta” (Katoh et al., 2002), and manually edited using AliView (Larsson, 

2014). Phylogenetic trees were inferred using IQ-TREE v2.1.3 (Minh et al., 2020) 

using the best fit models of evolution selection in IQ-TREE “iqtree -s input_file.fasta 

-m TEST -bb 1000” (Subha et al., 2017). Maximum likelihood tree sampling was 

accomplished by 1,000 bootstraps in IQ-TREE (Hoang et al., 2018) and the trees 

were linked to the corresponding metadata in R v4.1.0 and visualized and plotted in 

“ggtree” R package (Posit team, 2022).  
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Figure 3.3: A summary of Bioinformatics Workflow for Analysis of Next-

Generation Sequencing Data. 

3.6 Selection Pressure Analysis 

Analysis of selection pressure for the sixty-three Kilifi G2P[4] strains was performed 

using the tools in the DataMonkey webserver (fixed effects likelihood and Fast 

Unconstrained Bayesian AppRoximation (FUBAR) (Murrell et al., 2013; Weaver et 

al., 2018). A site was considered to be under positive selection if it was detected by 

the two methods. In addition, synonymous and non-synonymous amino acid changes 

were analysed between the study strains and the Rotarix vaccine strain through 

multiple sequence alignment in Aliview and manual inspection.  

3.7 Data Availability and Scripts Used in Analysis 

Nucleotide sequence data generated in this study have been deposited in GenBank 

and can be accessed using accession numbers: OP677569 to OP677754 and 

MZ093788 to MZ097268. The epidemiological data analysed in this study are 

available in the Harvard dataverse (https://doi.org/10.7910/DVN/P4MRVF).  The 

scripts used in analysis have been deposited in Github 

https://doi.org/10.7910/DVN/P4MRVF
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(https://github.com/tmakori/Genomic-epidemiology-of-G2P-4-in-Kilifi-Kenya-pre--

and-post-vaccine-introduction.git). 

https://github.com/tmakori/Genomic-epidemiology-of-G2P-4-in-Kilifi-Kenya-pre--and-post-vaccine-introduction.git
https://github.com/tmakori/Genomic-epidemiology-of-G2P-4-in-Kilifi-Kenya-pre--and-post-vaccine-introduction.git
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CHAPTER FOUR 

RESULTS 

4.1 General Characteristics of the Study Participants 

Overall, there were 429 RVA positive cases recruited during the study period 

(January 2012-December 2018) of which 87 (20.3%) were genotyped using the 

VP7/VP4 binary classification system as G2P[4] (Table 4.1). Sixty-nine samples had 

sufficient stool sample available in our biobank (>100 L or 200 mg) and were 

processed for whole genome sequencing (35 pre- and 34 post-vaccine periods) 

(Figure 4.1A). Sixty-three near complete genome sequences (>85% coverage) from 

the G2P[4] samples were recovered in this study (32 pre-vaccination, 31 post-

vaccination) (Figure 4.1B & Table 4.1). Segment sequencing failure happened in six 

samples (Figure 4.1A & B). The baseline characteristics (i.e., age, gender, and 

vaccination status) of the study participants are provided in Table 4.1. Out of the 31 

post-vaccine period samples, 13 (42%) were obtained from children who were given 

two doses of the Rotarix® vaccine (fully vaccinated) (Table 4.1).  
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Table 4.1: Baseline Characteristics of the Study Participants 

Characteristic Total RVA 

cases (%) 

Successfully 

Sequenced 

G2P[4] (%) 

Cases of all 

G2P[4] cases 

(%) 

P-value: all 

G2P[4] vs non-

G2P[4]  

Total case numbers 429 63 (14.7) 87 (20.3)  

Vaccination period    0.04 

Pre-vaccine 215 (49.9) 32 (50.7) 35 (40.2)  

Post-vaccine 214 (50.1) 31 (49.3) 52 (59.8)  

Age (in months)    0.95 

Mean (SD) 14.9 (13.1) 17.6 (16.4) 16.9 (15.4)  

Median (IQR) 11.7 (8.3-17.9) 11.2 (8.6-20.7) 10.6 (8.4-19.7)  

Age group (in months)    0.10 

0-11 months 216 (50.4) 33 (52.4) 47 (54.0)  

12– 23 months 169 (39.4) 20 (31.2) 26 (29.9)  

24– 59 months 35 (8.2) 7 (11.1) 11 (12.6)  

>=60 months 9 (2.1) 3 (4.8) 3 (3.5)  

Gender    0.79 

Male 

Female 

251 (51.5) 

178 (41.5) 

37 (58.7) 

26 (41.3) 

52 (59.7) 

35 (40.3) 

 

 

Vaccination status    0.13 

Vaccinated 88 (20.6) 14 (22.2) 22 (25.6)  

Not vaccinated 215 (50.4) 33 (52.4) 35 (40.7)  

Unknown 124 (29.0) 16 (25.4) 29 (33.7)  

Two doses (full 

vaccination) 

79 (18.4) 13 (20.6) 21 (24.1) 0.26 
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Figure 4.1: Bar Plots Showing (A) Number of G2P[4] Samples Processed for 

Whole Genome Sequencing (B) Genome Segment Recovery Across the 69 

Processed Samples 

4.2 G2P[4] Genome Recovery  

The ability of the amplicon based (single-plex PCR method targeting amplification 

of each of the 11 RVA genome segment separately) and agnostic sequencing 

approaches to generate high coverage genomes was evaluated. In the amplicon-based 

sequencing approach, >85% (IQR, 90.0%-90.6%) coverage of G2P[4] genomes were 

produced for all the samples, with slight differences in segment coverage (Figure 

4.2A). The VP7, VP1, VP2, VP3, NSP1, and NSP5 segments exhibited the highest 

coverage (>90%, IQR 90%-99%), while the VP6, NSP3, and NSP4 segments had a 

coverage ranging between 70% and <90% (IQR, 70%-89.7%) (Figure 4.2B). The 

VP4 segment had the lowest coverage (median=68.4%, IQR, 68.7%-69.2%) (Figure 

4.2B). In the agnostic sequencing method, genome coverage of > 92% (IQR, 96.1%-

97.9%) was recovered across all the samples (Figure 4.2C & D). All the genome 

segments exhibited good coverage of >92% (IQR, 93.8%-100%) in the agnostic 

sequencing approach (Figure 4.2D). This study has contributed 63 G2P[4] genome 
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sequence with a genome coverage of > 85% (accession numbers OP677569 to 

OP677754 and MZ093788 to MZ097268) to NCBI. 

 

Figure 4.2: Heatmaps Showing Percentage Recovery of the 11 RVA Segments 

Across the Samples Sequenced in the Amplicon-Based and Agnostic Sequencing 

Approaches. (B) Box Plot Showing Segment Coverage for All 11 RVA Segments 

Across all the Samples Sequenced in the Amplicon-Based and Agnostic 

Sequencing Methods. 

4.3 Experience with Agnostic Vs Amplicon Sequencing Approaches for RVA 

The pre-vaccine samples were shipped and processed from the Wellcome Trust 

Sanger Institute (WTSI) and sequenced on the Hi-Seq platform using the agnostic 

sequencing approach, while the post-vaccine samples were sequenced using an 

amplicon-based approach locally at the KWTRP once the next generation sequencing 



 

36 

facility was set up locally and the MiSeq platform available. The snipit plots for the 

VP7 and VP4 segments confirm the absence of remnants of the primer sequences in 

the post-vaccine period samples hence results from the two sequencing approaches 

and platforms adopted in this study are comparable (Figure 4.3). Studies elsewhere 

have shown that the sequence data generated from HiSeq2000 and MiSeq are 

comparable (Caporaso et al., 2012), therefore sequencing on either platform should 

not influence the sequence data. For instance, in the COVID-19 pandemic different 

sequencing platforms and sequencing methods of SARS-CoV-2 have been adopted 

to generate SARS-CoV-2 genomes which are highly comparable and have used to 

inform public policy. In addition, the global G2P[4] dataset we retrieved from 

GenBank for phylogenetic reconstruction was sequenced using different sequencing 

methods and platforms, but the results are comparable. 



 

37 

 

Figure 4.3: Snipit Plots for the VP7 and VP4 Segments for the Kilifi Strains. 

4.4 Genotypic Constellations of the Kilifi Strains 

All the 63 Kilifi G2P[4] strains classified as typical DS-1 like genotype (G2-P[4]-I2-

R2-C2-M1-A2-N2-T2-E2-H1) using the ViPR tool (Table 4.2). Therefore, no 

evidence of intergenotype reassortment was reported in the G2P[4] strains circulating 

in Kilifi, pre- and post-vaccine period introduction.  

Table 4.2: Genotypic Characterization of the Kilifi G2P[4] Strains 

RVA segment VP7 VP4 VP1 VP2 VP3 VP4 NSP1 NSP2 NSP3 NSP4 NSP5 

Genotype 

(n=63) 

G2 P[4] I2 R2 C2 M1 A2 N2 T2 E2 H1 
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4.5 Genetic Relatedness of Kilifi G2P[4] Strains 

Maximum likelihood phylogenetic trees were inferred to determine the phylogenetic 

relatedness of the Kilifi strains with global strains for all the 11 genome segments. 

The genetic diversity of the Kilifi strains was determined in MEGA v11. The VP7, 

VP4, VP6, VP1, VP2, NSP1, NSP2, NSP3, and NSP5 nucleotide sequences had high 

percentage similarities (93%-100%), while the VP3 and NSP4 nucleotide sequences 

exhibited middle to high percentage similarities (85%-100%) (Table 4.3) based on a 

previously defined nucleotide sequence criteria for G2P[4] (Thanh et al., 2018). All 

the 11 genome segments had high percentage amino identities (91.5%-100%) (Table 

4.3). 

Table 4.3: Percentage Nucleotide and Amino Acid Identity for the 63 Kilifi 

G2P[4] Strains 

Genome segment Percentage nucleotide similarity Percentage amino acid similarity 

VP7 94.3-100 96.3-100 

VP4 94.3-100 96.8-100 

VP6 94.0-100 96.0-100 

VP3 87.1-100 92.1-100 

VP2 97.2-100 99.2-100 

VP1 93.9-100 98.0-100 

NSP1 95.7-100 96.0-100 

NSP2 97.3-100 97.5-100 

NSP3 97.1-100 98.4-100 

NSP4 85.0-100 91.5-100 

NSP5 94.5-100 94.5-100 

 

4.6 Global Phylogenetic Context of Kilifi Strains 

The 63 Kilifi G2P[4] strains were phylogenetically compared with 350 global 

G2P[4] sequences (retrieved from ViPR and GenBank; Table 4.4) for each genome 

segment. This was done by constructing a maximum likelihood tree for each genome 

segment in IQTREE V.1.6.12. The spatial temporal distribution of the global 

sequences retrieved from GenBank is provided in Table 4.4. All the available 

sequences that made the inclusion criteria were added in the analysis. 
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Table 4.4: Spatial Temporal Distribution of the 350 Global Sequences Obtained 

from GenBank 

Region Country Period Number of sequences 

Oceania Australia 1975-1999 2 

  2000-2010 56 

2011-2018 6 

Asia Bangladesh 2005-2010 17 

2011-2018 8 

China 2015-2017 11 

Japan 1980-1999 2 

2010-2018 46 

Vietnam 2008 2 

2010-2013 3 

Europe Belgium 1999 1 

2000-2010 20 

2010-2013 7 

Russia 2017 1 

Hungary 2012 22 

Italy 1996 1 

2004-2010 6 

2011 1 

Americas Brazil 2005-2010 8 

2011 2 

Canada 2005-2010 8 

Dominican Republic 2016 2 

Paraguay 2005-2008 9 

USA 1976 1 

2000-2010 12 

2011-2017 21 

Africa Cameroon  2010 2 

Gambia  2010 1 

Ghana 2005-2010 15 

2011-2013 2 

Kenya 1982-1999 2 

2017 3 

Malawi 2012-2013 11 

Mauritania 2012 2 

Mozambique 2012-2013 5 

Senegal 2008 1 

South Africa 2003-2010 7 

2011-2018 23 

Uganda 2009 1 
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4.6.1 Phylogenetic Analysis of the VP7 and VP4 Genes 

The VP7 and VP4 genes are highly variable and encode the outer capsid immune 

response glycoprotein and protease sensitive proteins, respectively (Liu, 2014). The 

Kilifi sequences clustered separate from the global sequences in the VP7 and VP4 

global phylogenetic trees (Figure 4.4). Furthermore, the Kilifi sequences formed 

clusters based on the vaccination period in both the VP7 and VP4 phylogenetic trees 

(Figure 4.4). However, in both the VP7 and VP4 trees, the Kilifi post-vaccine 

sequences collected in 2014 clustered with pre-vaccine sequences (Figure 4.4). The 

Kilifi VP7 and VP4 post-vaccine sequences were interspersed with GenBank 

sequences collected in 2017 from children admitted to Kenyatta National Hospital 

(KNH), Nairobi (Figure 4.4A). Only one sequence from Kilifi (KLF1033/2018) 

clustered closely to sequences that circulated in Mozambique in the VP7 and VP4 

phylogenies (Figure 4.4). 

G2 sequences of typical DS-1 like strains have been postulated to have evolved in a 

stepwise pattern from lineage I to IVa by the year 2000 and further underwent 

intragenotype reassortments after 2004 resulting in an emergent lineage V 

(Agbemabiese et al., 2016; Doan et al., 2015). The Kilifi G2 sequences classified 

into lineage IVa-1 and IVa-3 (Figure 4.5A). Lineage IVa-3 co-circulated with low 

numbers of lineage IVa-1 strains in 2012 and thereafter lineage IVa-3 strains pre-

dominantly circulated until 2018 (Figure 4.5A). However, lineages IVa-1, IVa-3, 

IVnon-a and V circulated in the global context during the study period (Figure 4.5A). 

The Kilifi P[4] sequences classified as lineage II and IVa, with lineages IVa and II 

co-circulating in 2012 (Figure 4.5B). However, in 2013, P[4] lineage IVa strains 

replaced all lineage II sequences and circulated pre-dominantly until 2018 (Figure 

4.5B). A similar trend was seen in the global context, where P[4] lineage IVa strains 

dominated in circulation from 2012 to 2018, with few lineage II sequences 

circulating in 2012 and 2017 (Figure 4.5B). No lineage shift was reported pre- and 

post-vaccine periods both for the VP7 and VP4 sequences (Figure 4.5B).    
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Figure 4.4: Phylogenetic Reconstruction of the Sixty-Three Kilifi G2P[4] 

Sequences against A Backdrop of 350 Global Sequences for the VP7 and VP4 

RVA Genome Segments Using ML Methods. The Kilifi Sequences are Coloured 

by the Period of the Sample Collection (Either before Or After Vaccine 

Introduction in Kenya). 
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Figure 4.5: Temporal Pattern of the G2 and P[4] Lineages Observed in Kilifi 

and Globally. (A) Temporal Pattern of the Kilifi G2 Lineages from 2012 to 2018 

and Temporal Pattern of the Global G2 Lineages from 2010 to 2018. (B) 

Temporal Pattern of the Kilifi P[4] Lineages from 2012 To 2018 and Temporal 

Pattern of the Global P[4] Lineages from 2010 To 2018. 

4.6.2 Analysis of the Backbone G2P[4] Sequences 

Phylogenetic analysis revealed that the Kilifi strains clustered into lineages IVa (for 

the VP2, NSP1, NSP5 sequences), V (for the VP6, VP1, VP3, NSP2, and NSP3 

sequences), VI (for the NSP4 sequences) and VII (for the VP3 and NSP4 sequences) 

(Figures 4.6 and 4.7). Majority of Kilifi sequences in the VP6, VP1, VP2, VP3, 

NSP1, and NSP2 phylogenetic trees clustered into one major clade which further 

segregated into two sub-clades separated by vaccination period (Figure 4.6). The 

sequences sampled in the post-vaccine period in these gene segments were 

interspersed with GenBank sequences that circulated in 2017 in children admitted to 
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KNH (Figure 4.6). A further clade of Kilifi sequences that circulated in 2014 (pre- 

and post-vaccine periods) was observed in the VP3, VP6, NSP1, and NSP2 

phylogenetic trees (Figure 4.6). In the NSP4 phylogenetic tree, four strains 

(KLF0831, KLF0836, KLF1068, and KLF1078) that circulated post-vaccine 

introduction were interspersed with sequences that circulated in the pre-vaccine 

period, with majority of post-vaccine sequences forming a distinct clade (Figure 4.7). 

Similarly, the KLF1078 post-vaccine sequence clustered with pre-vaccine sequences 

in the NSP3 phylogenetic tree (Figure 4.7). In the NSP5 phylogeny, the Kilifi post-

vaccine sequences formed one clade, except for the 2014 post-vaccine sequences that 

were interspersed with pre-vaccine sequences (Figure 4.7). However, the Kilifi pre- 

vaccine sequences in the NSP5 phylogeny clustered into patterns of three clusters 

(n2), and three singletons (Figure 4.7). A distinct clade of five strains (KLF1064, 

KLF0550, KLF0551, KLF0553, and KLF0558) that circulated in 2012 (pre-vaccine 

period) was observed in the VP1, VP2, VP3, NSP2, NSP4, and NSP5 phylogenies 

(Figures 4.6 and 4.7). However, in the NSP3 phylogeny this clade was interspersed 

with global sequences collected from Japan, Belgium, Australia, and Hungary 

between 2012 and 2017 (Figure 4.7). One Kilifi post-vaccine sequence 

(KLF1033/2018) formed a distinct cluster with sequences collected from 

Mozambique across all the backbone sequences and consistent with the VP7 and 

VP4 phylogenies (Figures 4.4, 4.6, and 4.7). In the NSP5 phylogeny, two sequences 

(KLF1066/2014 and KLF0722/2014) clustered as singletons, while one sequence 

(KLF0601/2012) clustered with a sequence from KNH (Figure 4.7). 
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Figure 4.6: Maximum Likelihood Phylogenetic Trees for the VP6, VP1, 

VP2, VP3, NSP1, and NSP2 Segments for the 63 Kilifi G2P[4] Strains with 

A Backdrop of 350 Global Sequences for each Segment Obtained from 

Genbank. the Kilifi Pre-Vaccine Sequences are Shown in Green and Post-

Vaccine Sequences in Red. 
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Figure 4.7: Maximum Likelihood Phylogenetic Trees for the NSP3, NSP4 

and NSP5 Segments for the 63 Kilifi G2P[4] Strains with a Backdrop of 

350 Global Sequences for Each Segment Obtained from Genbank. The 

Kilifi Pre-Vaccine Sequences are Shown in Green and Post-Vaccine 

Sequences in Red. 
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4.7 Amino Acid Changes in the VP7 Glycoprotein (G) and VP4 Protease 

Sensitive (P) Proteins 

Amino acid changes in the VP7 and VP4 proteins were analysed with respect to the 

DS-1 like ancestral strain. The VP7 protein (glycoprotein) has two important 

antigenic epitopes (7-1 (7-1a and 7-1b) and 7-2) and amino acid changes in these 

epitopes can potentially alter the ability of neutralizing antibodies to neutralize virus 

infectivity and reduce the effectiveness of vaccines (Aoki et al., 2009). Both pre- and 

post-vaccine period proteins sequences from Kilifi contained conserved amino acid 

substitutions (A87T, D96N, N125T, and V129M) in the 7-1a antigenic epitope with 

respect to the DS-1 like ancestral (Table 4.5). All Kilifi lineage IVa-1 sequences 

harboured the N242S aa change relative to the DS-1 strain, while lineage IVa-3 had 

the N213D aa substitution (Table 4.5). Other amino acid changes were observed 

outside the antigenic epitopes as shown in Table 4.5. Notably, the I144M aa 

substitution was observed in the T-lymphocyte epitope in the VP7 protein of all the 

Kilifi strains (Table 4.5). 

Table 4.5: Amino Acid Changes in the VP7 Glycoprotein Sequences of Kilifi 

Strains Relative to the DS-1 Ancestral Strain. 

VP7 Protein Epitope 7-1a Epitope 7-1b Epitope 7-2 Outside antigenic 

epitopes 

Lineages IVa-1  A87T, D96N, 

N125T, and 

V129M 

N242S None S15F, I44M, P75S, 

I113T, I241M, I287V, 

V306I, A319T. 

Lineage IVa-3 A87T, D96N, 

N125T, and 

V129M 

N213D None I44M, S72G (post-

vaccine sequences), 

P75L/P75S, I113T, 

V139I, S178N, I287V, 

V306I, A319T. 

 

The VP4 spike protein is proteolytically cleaved into VP8* and VP5* domains for its 

activation. In the activated form the VP8* domain forms a globular head which sits 

on VP5* stalk. The VP5* stalk and VP8* head contain five (5-1 to 5-5) and four (8-1 

to 8-4) antigenic epitopes which are exposed to the surface and have been shown to 
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contain 37 aa (Dormitzer et al., 2002). The Kilifi strains harboured three aa 

substitutions in the 8-3 (Q114P or L114P and N133S) and 8-4 (N89D) antigenic 

epitopes with respect to the DS-1 ancestral strain (Table 4.6). 

Table 4.1: Amino Acid Changes in the Antigenic Epitopes of VP4 Protease 

Sensitive Proteins of Kilifi Strains Relative to the DS-1 Ancestral Strain. 

VP4 

protein 

8-1 8-2 8-3 8-4 5-1 5-2 5-3 5-4 5-5 

Lineage II None None Q114P/L114P N89D None None None None None 

Lineage IV None None Q114P/L114P N89D None None None None None 

 

4.8 Amino Acid Changes between Pre-and Post-Vaccine Strains Across All 11 

Proteins 

The amino acid changes between the pre- and post-vaccine strains were analysed. 

Non-synonymous amino acid changes were observed in 10 proteins except for the 

NSP3 protein. All the 11 genome segments were under negative selection (Table 

4.7). However no positive selection was detected across the 11 genes (Table 4.7).   
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Table 4.2: Amino Acid Changes between the Kilifi Pre- and Post-Vaccine 

Strains 

Protein Non-synonymous aa 

changes  

Synonymous aa 

changes 

Analysis of selection pressure in 

FER and FUBAR 

Positive 

selection 

Negative 

selection 

VP1 Q959R A157, S389, R932 0 57 

VP2 S233N, S416L, 

L658P, Y792C 

R831 0 52 

VP3 N301D, P347S T110, S132, Y622, 

V764, S819 

0 104 

VP4 S7R F417, A451, F527 0 26 

VP6 G13D None 0 18 

VP7 S72G, S75L None 0 12 

NSP1 D403N I90 0 47 

NSP2 K92R None 0 9 

NSP3 None N16, L223 0 21 

NSP4 K59R  P34 0 19 

NSP5 N141S None 0 5 

 

4.9 Comparison of Antigenic Epitopes of Kilifi G2P[4] Strains with the 

Rotarix® G1P[8] Strain 

The VP7 and VP4 (VP8* and VP5*) antigenic epitopes of the Kilifi G2P[4] 

strains were compared with those of the Rotarix®-A41CB052A vaccine strain. 

The percentage nucleotide and amino acid identities between the Kilifi strains 

and the Rotarix®-vaccine strain were lowest in the VP7 segment (73% and 72-74%, 

respectively) and highest in the VP4 segment (84-87% and 87-90%) (Table 4.8). 

Comparison of the VP7 antigenic epitopes of Kilifi strains with the Rotarix®-

A41CB052A strain revealed amino acid differences at seven positions in the 
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7-1a region, at two positions in the 7-1b region, and at eight positions in the 7-

2 region (Figure 4.6A).  

Table 4.8: Percentage Nucleotide and Amino Acid Identity for the Kilifi G2P[4] 

Strains Relative to the Rotarix® -G1P[8] Strain 

 

Comparing VP4 antigenic epitopes of the Kilifi strains with those of the 

Rotarix®-A41CB052A vaccine strain showed differences in amino acid 

residues at six positions in region 8-1, at two positions in region 8-2, at seven 

positions in region 8-3, and at one position in region 8-4 of the VP8* antigenic 

epitope (Figure 4.8B). Amino acid differences were observed in entire VP5* 

antigenic epitope across all the Kilifi strains relative to the Rotarix®-

A41CB052A vaccine strain (Figure 4.8B).   

Segment Percentage nucleotide 

similarity (%) 

Percentage amino acid 

similarity (%) 

VP7 73 72-74 

VP4 84-87 87-89 

VP6 78-80 91-92 

VP1 79 89-90 

VP2 81-82 89-91 

VP3 75-76 53-55 

NSP1 75 68-69 

NSP2 80-82 89-90 

NSP3 77-78 82-83 

NSP4 78-80 80-84 

NSP5 84-85 80-83 
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A

B

Strain Vaccine period Lineage

87 91 94 96 97 98 99 100 104 123 125 129 130 291 201 211 212 213 238 242 143 145 146 147 148 190 217 221 264

Rotarix G1P1 A[8] Vaccine strain T T N G E W K D Q S V V D K Q N V D N T K D Q N L S M N G

KLF0831/2016 Post-vaccine IVa-3 T N S N E W E N Q D T M N K Q D V D N N R D N T S D I S G

KLF0833/2016 Post-vaccine IVa-3 T N S N E W E N Q D T M N K Q D V D N N R D N T S D I S G

KLF1012/2016 Post-vaccine IVa-3 T N S N E W E N Q D T M N K Q D V D N N R D N T S D I S G

KLF0558/2012 Pre-vaccine period IVa-1 T N S N E W E N Q D T M N K Q D V N N S R D N T S D I S G

KLF0569/2012 Pre-vaccine period IVa-3 T N S N E W E N Q D T M N K Q D V D N N R D N T S D I S G

KLF0570/2012 Pre-vaccine period IVa-3 T N S N E W E N Q D T M N K Q D V D N N R D N T S D I S G

Epitope 7-1a Epitope 7-1b Epitope 7-2

 

Figure 4.8: Alignments of (A) VP7 (7-1a, 7-1b, and 7-2) and (B) VP4 (VP8* and 

VP5*) Antigenic Epitopes of Representative Kilifi Strains with Those of the 

Rotarix®-A41CB052A Vaccine Strain. Amino Acid Residues Shaded in Purple 

Are those Different from the Rotarix® Strain. 
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CHAPTER FIVE 

DISCUSSION 

5.1 Discussion 

The current study performed genomic epidemiology of RVA G2P[4] strains 

circulating pre- and post-rotavirus vaccine introduction in Kilifi, coastal Kenya. All 

the 63 genomes generated in this study classified as typical human DS-1 like 

genotype (G2-P[4]-I2-R2-C2-M2-A2-N2-T2-E2-H2) indicating no evidence of 

interspecies transmission. These findings are consistent with G2P[4] whole genome 

studies in several other countries where the reported G2P[4] strains evolved devoid 

of reassortment with animal RVs (Agbemabiese et al., 2016; Aida et al., 2016; Do et 

al., 2015; Doan et al., 2011, 2015; Donato et al., 2014, 2021; Mwangi et al., 2022, 

2023).  

The study sequences formed separate clusters based on the vaccination period in the 

VP7, VP4, VP1-VP3, NSP1, NSP2, and NSP5 genome segments. Besides, the 

G2P[4] strains that circulated in the early post-vaccine period (i.e., July 2014) were 

interspersed with strains circulating in the post-vaccine period across all the 11 

genome segments possibly because vaccine coverage was low, hence the vaccine had 

no effect yet on the circulating strains. Whole genome studies characterising RVA 

G2P[4] strains circulating in South Africa (Mwangi et al., 2022) and Zambia 

(Mwangi et al., 2023) following vaccine introduction showed separate clustering of 

the pre- and post-vaccine period strains consistent with our findings. Similar findings 

have been reported in whole genome studies of G1P[8] strains in Rwanda (Rasebotsa 

et al., 2020), and Belgium (Zeller et al., 2017). However, all the strains (both G2P[4] 

and G1P[8]) reported in these studies (Magagula et al., 2015; Mwangi et al., 2022, 

2023; Rasebotsa et al., 2020; Zeller et al., 2017) were shown to be under negative 

purification pressure and not positive selection pressure and therefore the observed 

genetic changes post-vaccine period were attributed to natural fluctuations possibly a 

genetic drift (Kirkwood, 2010) and not vaccine-induced evolution.  
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In the global context, the Kilifi G2P[4] strains formed clusters separate from the 

global sequences both in the pre- and post-vaccine periods in the 11 genome 

segments. This suggests that the genetic diversity of the strains was locally restricted 

in the pre- and post-vaccine periods. The Kilifi G2P[4] strains circulating in the post-

vaccine period clustered with sequences sampled from children admitted to Kenyatta 

National Hospital, Nairobi further suggestive of restricted local diversity of Kenyan 

G2P[4] strains. The limited number of G2P[4] sequences from Kenya and East 

Africa available in GenBank may have contributed to the uncertainty regarding the 

regional context of Kilifi G2P[4] diversity. In the NSP3 gene, five strains clustered 

with global strains from Japan, Belgium, Australia, and Hungary reflective of 

circulation of G2P[4] strains with a similar gene elsewhere. In all the 11 gene 

segments, one Kilifi strain (KLF1033/2018) clustered with strains that circulated in 

Mozambique indicating there was limited importation of global strains into Kilifi.  

Temporal lineage distribution coupled with phylogenetic analyses of Kilifi strains 

together with global sequences showed that lineages II (for VP4 segments), IV (for 

VP7, VP4, VP2, NSP1, and NSP5 sequences), V (for VP6, VP1, VP3, NSP2, and 

NSP3 segments), VI (for the NSP4 segment) and VII (for the VP3 and NSP4 

segments) were circulating in Kilifi during the study period. The VP7 lineages 

further classified into sub-lineages IVa-1 and IVa-3, while all VP4 sequences 

classified into sub-lineage IVa. In contrast to findings in South Africa (Mwangi et 

al., 2022) and Zambia (Mwangi et al., 2023) where the introduction of RVA vaccine 

was linked to VP7 and VP4 lineage shifts, there was no VP7 and VP4 lineage shifts 

in Kilifi during the pre- and post-vaccination periods. In addition, temporal lineage 

analysis showed that few VP7 and VP4 lineages were in circulation in Kilifi 

compared to the global context during the study period. This further supported our 

hypothesis that the evolution of G2P[4] strains circulating in Kilifi was driven by 

local drivers. However, it is important to note that regardless of the locally restricted 

genetic diversity of G2P[4] strains in Kilifi, the observed lineages in Kilifi (II (for 

VP4 segments), IV (for VP7, VP4, VP2, NSP1, and NSP5 sequences), V (for VP6, 

VP1, VP3, NSP2, and NSP3 segments), VI (for the NSP4 segment) and VII (for the 

VP3 and NSP4 segments)) have been reported in numerous regions worldwide, 

including Zambia (Mwangi et al., 2023), South Korea (Thanh et al., 2018), Japan 
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(Doan et al., 2015), South Africa (Mwangi et al., 2022), Ghana (Agbemabiese et al., 

2016), Australia (Donato et al., 2021), and USA (Dennis et al., 2014) regardless of 

the period of vaccination.  

Six conserved amino acid changes (A87T, D96N, N125T, V129M, N242S, and 

N213D) were observed in the 7-1a and 7-1b VP7 antigenic epitopes of both the pre- 

and post-vaccine period strains circulating in Kilifi relative to the ancestral DS-1 

strain. The aa changes (A87T, D96N, and N213D) have been implicated in escape of 

the virus from host neutralization antibodies (Dyall-Smith et al., 1986). In addition, 

the I44M aa change observed in the T lymphocyte epitope (40-52) of all the Kilifi 

strains may potentially lead to loss of virus recognition by T cells resulting in escape 

from host immune responses (Morozova et al., 2015; Wei et al., 2009). The VP4 

antigenic epitopes of the Kilifi strains (both pre- and post-vaccine period) harboured 

amino acid changes; N89D in epitope 8-4 and Q114P or L114P and N133S in the 8-3 

epitope, which have been linked to the escape of the virus from host neutralising 

monoclonal antibodies (Monnier et al., 2006). These aa changes in the VP7 and VP4 

antigenic epitopes were present in both the Kilifi pre- and post-vaccine period strains 

suggesting they were not caused by vaccine usage.  

The presence of few aa acid matches between the Rotarix® vaccine strain and Kilifi 

pre- and post-vaccine period strains in the VP7 and VP4 antigenic epitopes indicates 

that vaccination pressure did not generate significant antigenic changes. Besides, 

purifying pressure, which could serve as a strategy to get rid of any 

deleterious mutations resulting from the error-prone RNA-dependent RNA 

polymerase (Liu, 2014) to maintain the functional elements in the genome (Hoxie & 

Dennehy, 2021), was the consensus selection pressure in the coding regions of the 11 

segments of all Kilifi strains. The absence of positive selection in the coding regions 

across the 11 genes of all Kilifi strains further supports that they were not under 

vaccine-induced pressure consistent with study findings on the G2P[4] strains 

circulating in South Africa following vaccination (Mwangi et al., 2022). 

The two whole genome sequencing methods (agnostic and amplicon-based approach) 

adopted in this study yielded near complete genomes of RVA G2P[4] genotype 
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(>85% and >92% coverage, respectively). However, significant variations in 

segment recovery were observed in the single-plex amplicon-based method 

implemented on the MiSeq platform. The VP1 segment had the highest coverage 

(>99%) while the NSP4 and VP4 exhibited the lowest coverages (70% and 68%, 

respectively). Single-plex amplicon-based sequencing methods have been used to 

generate RVA genomes globally (Dennis et al., 2014; Fujii et al., 2012; Magagula et 

al., 2015; Mokoena et al., 2021). Amplicon based sequencing enriches the target 

pathogen for low sample titres and is more specific allowing high genome coverage 

(Lee et al., 2019). In this study, lower coverage for the VP4 and NSP4 segment may 

be attributed to primer mismatches arising from mutations in the primer annealing 

sites resulting in amplicon drop-offs during amplification (Bei et al., 2022). This can 

be overcome through updating the primers used in this study taking to consideration 

the mutations (Bei et al., 2022).  

The agnostic sequencing method implemented on the HiSeq platform yielded G2P[4] 

genomes of high coverage (>92%) and exhibited high and uniform coverage in 

segment recovery across the 11 genome segments (IQR, 93.8%-100%). The HiSeq 

platform generates higher read yield (1.2 billion paired-end reads) compared to the 

MiSeq platform (24-30 million paired-end reads) (Caporaso et al., 2012) which could 

explain the higher genome coverage in the samples sequenced using the agnostic 

approach on the HiSeq platform. Furthermore, agnostic sequencing is unbiased hence 

overcomes the issue of primers mismatches unlike the amplicon-based method that 

relies on pathogen-specific primers (Chen et al., 2022). Agnostic sequencing has 

been deployed in whole genome sequencing of RVs in previous studies yielding high 

genome coverage (>70%) and remains an important component of surveillance of 

infectious diseases especially during outbreaks to inform rapid responses (Fujii et al., 

2019; Phan et al., 2016). 

This study had limitations. First, we analysed only sequences sampled from children 

admitted to a paediatric ward at KCH, therefore may not fully representative of the 

genetic diversity of G2P[4] RVA strains circulating at the Kenyan coast. Second, 

near-complete genomes were recovered during sequencing, with only 68% coverage 

generated for the VP4 segment. Finally, the global sequence dataset obtained from 
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GenBank and used in the phylogenetic comparison was a collection from numerous 

countries (Table 4.3). However, the genomes from those countries that may have 

introduced RVA vaccines into their NIPs lacked data regarding host vaccination 

status. Therefore, it was not possible to compare our study sequences from 

vaccinated children with global sequences obtained from vaccinated children. 
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CHAPTER SIX 

CONCLUSION AND RECOMMENDATION 

6.1 Conclusion  

Both the agnostic and amplicon-based whole genome sequencing methods exhibited 

high genome recovery and coverage for the G2P[4] RVA strains. Our findings 

emphasize the importance of genomic surveillance to track the impact of vaccination 

on circulating RVA strains in Kenya. The G2P[4] strains that circulated in Kilifi 

2012-2018, were distinct by vaccine period and clustered separate from the global 

strains. In addition, the observed amino acid sequences in the VP7 and VP4 antigenic 

epitopes were conserved across the Kilifi pre- and post-vaccine strains indicating that 

Rotarix® vaccine usage did result in new immune escape mutations in G2P[4] 

strains circulating in Kilifi. 

6.2 Recommendations   

i. A new study should design new primer set, particularly for the VP4 and 

NSP4 segments for the G2P[4] RVA strains for the amplicon-based whole 

genome sequencing method to improve on whole genome segment recovery.  

ii. Further studies on the genomic epidemiology of G2P[4] strains should be 

conducted by extending the geographical sampling area through including 

health facilities across Kenya and from non-hospitalized infected children in 

the community to reveal the genomic epidemiology of G2P[4] circulating in 

Kenya. 

iii. Studies should continue to conduct the genomic surveillance of RVA strains 

circulating in Kenya to monitor the evolving genetic diversity and 

transmission patterns of RVA strains circulating in the post-vaccine period, 

especially now that Kenya has transitioned from the Rotarix® vaccine to the 

Rotavac® vaccine (G9P[11]). 
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APPENDICES 

Appendix I: Summary of Studies on Genomic Characterisation and Evolution of G2P[4] Strains 

 

Authors Country Period of 

study 

Number of 

genomes 

Findings 

(Ghosh et al., 

2011) 

Kenya 1982-1989 2  Strain D205/1989 had a typical DS-1 genotype constellation. 

 Strain AK26/1982 was a mono-reassortant at NSP2 gene from a Wa-like 

genogroup of animal origin. 

(Doan et al., 

2012) 

Japan 1981-1991 2  A mono-reassortant strain AU605/1986 with a Wa-like genogroup NSP2 

gene of human origin circulated in epidemic seasons dominated by non-

G2P[4] genotypes. 

(Giammanco 

et al., 2014) 

Italy 1996-2011 9  Strain PAI11/1996 clustered with reassortant Kenyan AK26/1982 strain 

and other similar global G2P[4] strains that circulated between 1982 and 

1999. 
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 Italian G2P[4] strains that circulated between 2004 and 2011 differed 

genetically from the PAI11/1996 strain in all 11 segments and clustered 

with global strains that circulated between 2000 and 2011. 

(Dennis et al., 

2014) 

USA 2010-2011 12  Typical DS-1 genotype strains that formed three different clusters across 

10 segments with no evidence of reassortment circulated during the study 

period. 

 Study strains clustered with global G2P[4] strains that circulated from 

2000 to 2010.  

 VP7 antigenic epitopes of the three clusters were similar.  

(Gómez et al., 

2014) 

Brazil 2005-2011 11  Brazilian G2P[4] strains from vaccinated and unvaccinated children 

clustered together for all the 11 segments. 

 Study strains were interspersed with contemporary global strains. 

 Similar amino acid mutations in the VP7 and VP8* antigenic epitopes were 

observed between pre- and post- Rotarix® vaccine introduction strains. 

(Donato et al., 

2014) 

Australia 2019 4  The four G2P[4] strains that circulated in Australia possessed a typical DS-

1 like genetic constellation and clustered with global G2P[4] strains that 
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circulated from 2005 to 2011. 

 All the strains harbored conserved amino acid changes (A87T, D96N and 

S213D) in the VP7 antigenic epitopes relative to the G2 component of the 

RotaTeq® strain. 

(Do et al., 

2015) 

Vietnam 2008 2  The VP1-VP4, VP6, VP7, NSP1, NSP3, and NSP5 segments clustered 

with contemporaneous sequences that circulated from 2000 to 2008. 

 The NSP2 genes of the study strains were interspersed with NSP2 genes of 

G10P[15] strains obtained from Chinese sheep.  

 The NSP4 genes clustered into an emergent lineage VIII that diverged 

from lineage VI. 

(Doan et al., 

2015) 

Japan 1983-2011 19  Eight G2P[4] strains possessed a typical DS-1 genetic backbone, while 11 

strains were mono-reassortants of Wa-like NSP2 gene on the DS-1 genetic 

background. 

 In the global context, G2P[4] strains have evolved in stepwise changes 

overtime from lineage I to V or from I to IVa in all gene segments. 

 Some G2P[4] strains in the global context underwent intragenotype 
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reassortments after 2004 in the VP7, VP3, and NSP4 genes to give rise to 

new lineages V (for VP7 segment), VI and/or VII (for VP3 and NSP4 

segments).  

(Aida et al., 

2016) 

Bangladesh 2010-2013 16  The G2P[4] strains that circulated in Bangladesh possessed a typical DS-1 

backbone and clustered with contemporary G2P[4] global strains that 

circulated between 2005 and 2013 for all genome segments. 

 Amino acid changes in antigenic epitopes of VP7 and VP4 genes of 

Bangladesh G2P[4] strains were similar to those of global strains 

circulating after 2000.  

 However, the Bangladesh G2P[4] strains that circulated in 2013 harbored 

novel amino acid mutations; T88A and Q114P in the VP4 antigenic 

epitopes relative to the contemporary G2P[4] global strains. 

(Agbemabiese 

et al., 2016) 

Ghana 2008-2013 6  All the study G2P[4] strains had a typical DS-1 genetic backbone and 

clustered with contemporary G2P[4] global strains that circulated from 

2005 to 2011. 

 However, the NSP4 segment of G2P[4] strains that circulated in Ghana in 
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2009 along with some strains that circulated in Africa clustered into 

African specific lineages IX and X. 

(Zeller et al., 

2016) 

Belgium 1999-2013 28  Two Belgian G2P[4] strains harbored an H3 (AU-1-like gene) NSP5 on the 

DS-1 genetic background, while 26 possessed a typical DS-1 genetic 

backbone. 

 A wide variation in genetic composition was observed across the 11 

genome segments of the Belgian G2P[4] strains; 12 strains both from pre- 

and post- Rotarix® vaccine periods clustered with human DS-1 strains; 10 

strains were interspersed with bovine RVA strains in at least one genome 

segment; while two strains were closely interspersed with bovine RVAs in 

six segments. 

(Thanh et al., 

2018) 

South 

Korea 

2010-2015 12  The study G2P[4] strains had a typical DS-1 genetic backbone. 

 Eight G2P[4] strains were reassortants with one or more gene segments 

(VP1, VP3 and/or NSP4) from animal infecting RVAs. 

 Four study strains clustered with contemporary human G2P[4] strains that 

circulated globally between 2005 and 2015 for all the 11 genome segments. 
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 Four conserved amino acid mutations (A87T, D96N, S213D, and S242N) 

were observed in the VP7 antigenic epitopes of the study strains relative to 

the G2 component of the RotaTeq® strain.  

(Donato et al., 

2021) 

Australia 2017 3  The three G2P[4] study strains possessed a typical DS-1 genotype and 

were interspersed with contemporary G2P[4] strains that circulated in 

Japan in 2016 and 2017 across the 11 genome segments. 

 The study strains harbored two conserved amino acid changes (D96N and S213D) 

in the VP7 antigenic epitopes relative to the G2 component of the RotaTeq® 

strain. 

(Mwangi et 

al., 2022) 

South 

Africa 

2003-2017 103  The G2P[4] strains circulating  in South Africa had a typical DS-1 genetic 

backbone and clustered separated by vaccination period. 

 Both pre- and post-vaccine strains had conserved amino acid changes (A87T, 

D96N, N125T, V129M, N213D, N242S) in the VP7 antigenic epitopes relative to 

ancestral DS-1 strain.  
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