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ABSTRACT
Introduction

Group A rotavirus (RVA) persists as the infectious etiological agent for acute gastroenteritis (AGE)
in children under the age of five years globally, despite the introduction of RVA vaccines. A major
concern during the post-RVA vaccination period is the potential for vaccine-induced strain
changes, which may lead to putative vaccine-escape strains that may affect the efficacy of RVA
vaccines in the long-term. There is a paucity of longitudinal whole-genome studies to assess the

impact of RVA vaccine introduction on the circulating RVA strains in South Africa.
Aim
The study aimed to elucidate the impact of RVA vaccine introduction on the whole-genome of

G1P[8] and G2P[4] RVA strains that circulated in South Africa, seven years before and seven years

after RVA vaccine (Rotarix®) introduction.

Materials and Methods

Rotavirus positive stool samples genotyped conventionally as G1P[8] (n=103) and G2P[4] (n=98)
as part of the routine World Health Organization (WHO) RVA surveillance were retrieved from
the archival storage of Diarrhoea Pathogens Research Unit (DPRU) based in Pretoria and Center
of Enteric Diseases, National Institute for Communicable Diseases (NICD), Johannesburg, South
Africa. Rotavirus dsRNA was extracted from the stool samples. cDNA was synthesized from the
purified extracted RNA using the Maxima Kit. The DNA libraries were prepared using the Nextera
XT Kit and paired-end sequencing for 600 cycles (301 x 2) was performed on a MiSeq Illlumina®

platform.

Results and Discussion

Firstly, the study investigated the genotype variation and relative emergence of potential
vaccine-escape strains. Two atypical DS-1-like G1P[8] strains were identified. The two atypical
G1P[8] strains circulated prior to vaccine introduction in South Africa compared to reports in

recent studies that detected this strain during the post-vaccination period. Phylogenetic analysis
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showed that these atypical G1P[8] strains emerged through reassortment mechanism involving

locally circulating South African G1P[8] strains and the DS-1-like backbone of G2P[6] strains.

Secondly, the study investigated the evolutionary dynamics of South African pre-and post-G1P[8]
and G2P[4] strains. South African G1 strains clustered in G1 lineage-l and Il while majority (84.2%)
of P[8] strains grouped in P[8] lineage-lIll, highlighting prevalent co-circulation of the G1 and P[8]
strains in these lineages before and after vaccine introduction. All the South African G2 strains
segregated into the predominant G2-lineage IV, while 99.7% of the P[4] strains clustered in P[4]-

lineage IV, underscoring the continued prevalence of these lineages over time.

Thirdly, the study investigated the genetic changes between pre and post-vaccine strains,
whereby, for G1P[8] strains, we identified amino acid (aa) differences that potentially explained
the yearly clustering of post-vaccine strains into sub-lineages. However, we did not observe aa
differences that were consistently conserved throughout the post-vaccine period. For G2P[4]
strains, we identified aa residues that were consistently prevalent and appeared at a significantly
higher frequency in 60-80-% of post-vaccine strains at various sites in the gene segments

compared to their negligible proportions of 1-2% during the pre-vaccine period.

Fourthly, we investigated the aa profiles within the mapped antigenic regions of the
neutralization proteins. The aa profile in the antigenic profiles of pre- and post-vaccine G1 and
P[8] strains was nearly the same except for the N147D substitution observed in eight post-vaccine
G1 strains. Similarly, the overall aa profile in G2 and P[4] antigenic domains remained mostly

unchanged between pre and post-vaccine strains.

Conclusion

Rotarix® did not appear to impact the antigenic and non-antigenic profile of South African post-
vaccine G1P[8] and G2P[4] strains. Furthermore, the atypical DS-1-like strains identified in this
study appeared to have emerged through natural RVA evolutionary processes and not necessarily
vaccine-induced. Continued long-term whole-genome surveillance remains necessary to assess

the impact of RVA vaccination on circulating RVA strains.
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CHAPTER ONE: INTRODUCTION

1.1 Background information

Diarrhoeal diseases are among the leading causes of mortality, only after pneumonia, in children
below the age of five, globally (WHO, 2020). There are about 1.7 billion childhood diarrhoea cases
worldwide every year (WHO, 2020). Hospital and community-based studies before 2006, when
two rotavirus vaccines were licensed for use, indicated that RVA was the main cause of AGE,
accounting for an estimated half a million mortality cases annually (Parashar et al., 2006). During
the pre-vaccine era, estimates showed that by the age of five years, every child would be infected,
and one in five RVA positive cases would require an outpatient medical visit, one in 65 would be
hospitalized, and one in 293 would die, particularly children from low-income countries (Parashar
et al., 2006). Based on 2016 post-RVA vaccine estimates, there was a substantial reduction in
mortality to 128,500 deaths caused by RVA annually in the same age group and 82% of these

deaths were reported in sub-Saharan Africa (Troeger et al., 2018).

The burden of RVA-induced diarrhoeal disease can be managed and prevented by improved
sanitation, treatment with Oral Rehydration Therapy (ORT), and most importantly, by
immunization (Crawford et al., 2017). While ORT is deemed cost-effective, it is beset with
significant setbacks of specialized skills and conditions for its distribution and oral administration
instructions, especially in the developing world (Shillcutt et al., 2016). Therefore, RVA vaccines
are considered the best long-term strategy to prevent RVA diarrhoea (Burke et al., 2019). RVA is
regarded as a ‘democratic virus’ due to its ability to infect hosts across the social-economic divide
(WHO, 2013). This ability for the universal occurrence of RVA infections, even in settings with
high hygiene standards, underscores the high transmissibility of the virus globally (WHO, 2013).
RVA has a high shedding rate in faeces (in the order of up to 10! viral particles/gram), low
infectivity dose (as low as one infectious virus particle) and high resistance to frequently used

disinfectants like 70% ethanol (Kampf, 2018).
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The WHO recommends RVA epidemiological surveillance for countries intending to introduce and
those that have implemented the RVA vaccine(s) (WHO, 2013). This is due to the varying
geographical prevalence of circulating RVA strains, albeit all the WHO pre-qualified vaccines
offering partial heterotypic protection (D6r6 et al., 2014). As a result, RVA surveillance networks
were established in Africa (Mwenda et al., 2014) and other regions, globally (Iturriza-Gomara and
Gray, 2011; Agocs et al., 2014). Four RVA vaccines: Rotarix® (GlaxoSmithKline Biologicals,
Rixenstart, Belgium); RotaTeq™ (Merck and Co., West Point, PA. USA); ROTAVAC® (Bharat
Biotech, Hyderabad, India) and Rotasiil®(Serum Institute of India, India), have been pre-qualified
by WHO for global use after proving safe and highly efficacious in extensive safety and efficacy
trials (Ruiz-Palacios et al., 2006; Vesikari et al., 2006; Bhandari et al., 2014a, 2014b, Desai et al.,
2018). The vaccines’ efficacy is based on their ability to elicit serotype-specific and/or heterotypic

immunity against the predominant RVA serotypes and/or genotypes (Kirkwood et al., 2019).

However, there are concerns regarding RVA vaccines. One is that while high efficacy (82-90%)
has been demonstrated in developed countries, it compares dismally with a sub-optimal efficacy
(38.1-63%) reported in low-income countries (Cunliffe et al., 2012; Carvalho and Gill, 2019).
Further, several studies have looked to the possibility that RVA vaccination induces
emergence/re-emergence of new strains due to genetic changes as a result of vaccine pressure
(Magagula et al., 2015; Jere et al., 2018; Santos et al., 2019; Hoa-Tran et al., 2020; Mishra et al.,
2020; Mwangi et al., 2020; Rasebotsa et al., 2020). However, there is still uncertainty and thus
the capacity for the vaccine candidates to protect against newly emerging or unusual strains

remains unknown for now (Velasquez and Jiang, 2019).

Since vaccine-induced selective pressure on RVA strains is subtle to describe within one or two
years after vaccine introduction, it is suggested that it may take several years (at least seven
years) before vaccine-induced genetic changes are apparent (Patton, 2012). Therefore, whole-
genome longitudinal studies are required to comprehensively assess the impact of RVA vaccines
on the evolution of RVA. There is a vast diversity of RVA strains in Africa (Seheri et al., 2018) and
a suboptimal efficacy of RVA vaccines compared to developed countries (Steele et al., 2019).
Therefore, whole-genome surveillance studies to decipher the impact of RVA vaccines on the

diversity of RVA strains in Africa are imperative. In this regard, the African Enteric Viruses
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Genome Initiative (AEVGI) funded by Bill and Melinda Gates Foundation (BMGF) is spearheading
whole-genome characterisation of RVA strains in four African countries (Cameroon, Ghana,
Malawi and South Africa). South Africa was the leading African nation to introduce the Rotarix®
vaccine in 2009 (WHO, 2009) and presented an opportunity to evaluate the impact of Rotarix®
vaccine on circulating RVA strains. This research focused on the long-term evolutionary dynamics
of G1P[8] and G2P[4] (the most prevalent RVA strains circulating globally), seven years before

and seven years after the introduction of the Rotarix® vaccine in South Africa.

1.2 Problem statement and rationale of the study

Although RVA vaccines are expected to impart immune pressure against all RVA strains
(heterotypic immunity), there is the possibility of the emergence of novel or rare strains that may
circulate and spread rapidly across human populations globally, affecting vaccine efficacy
(Matthijnssens et al., 2009). Surveillance of the RVA molecular epidemiology has been a high
priority pre- and post-RVA introduction (Nyaga et al., 2014a,b, 2015, 2016; Seheri et al., 2018;
Simwaka et al., 2018; Lartey et al., 2018; Mwenda et al., 2019; Mwangi et al., 2020). Despite
some significant decreases in RVA gastroenteritis in the countries that have incorporated RVA
vaccines in their national immunization programs, rare/unusual RVA strains have been reported
in the post-licensure RVA vaccination period (Fujii et al., 2014; Zeller et al., 2016; Jere et al., 2018;
Guerra et al., 2019; Luchs et al., 2019; Mishra et al., 2020).

Based on available data regarding circulating RVA genotypes, it is highly probable to infer that
selection pressure by the RVA vaccines is driving the emergence of putative vaccine-escape
mutants. Yet, reports documenting comparable fluctuations during the pre-vaccine introduction
period imply that in addition to vaccines, natural evolution factors of wild-type RVA might also
be involved (Rivera et al., 2013, Moyo et al., 2014; Jere et al., 2018; Seheri et al., 2018). As of yet,
there is inconclusive evidence to ascertain that RVA vaccination selects the emergence of
vaccine-escape mutants. In addition, there is limited data in South Africa describing RVA
evolution of G1P[8] and G2P[4] strains pre- and post-RVA vaccination introduction at the whole-

genome level. Therefore, it is imperative to understand the potential effect of vaccine-induced



selective pressure on the emergence of mutant vaccine-escape strains and understand the

natural evolutionary mechanisms involved in the most circulating RVA genotypes.

In this regard, the proposed study aimed to elucidate molecular dynamics of the most prevalent
circulating RVA strains globally (G1P[8] and G2P[4]), collected from children in South Africa over
14 years period (seven years pre- and seven years post-RVA vaccination). Seven or more years of
strain surveillance at the whole-genome level are necessary to report on vaccine-escape mutants
conclusively (Patton, 2012). Availability of pre- and post-vaccination samples for this study hinged
on the RVA strain surveillance that has been ongoing before and after RVA vaccine introduction
in the South African national immunization program in 2009. The findings of this study contribute
to information that may be important in understanding the evolutionary dynamics that shape

the antigenic and epidemiological landscape of RVA strains, particularly in Africa.

1.3 Aims and objectives

1.3.1 Aim

To elucidate the impact of RVA vaccine introduction on the evolution of the whole-genome of
circulating RVA strains (seven years pre- and seven years post-rotavirus vaccine introduction) and
correlate potential vaccine-mutant strains through pairwise sequence analysis, phylogenetic

analysis and computational protein modelling.

1.3.2 Objectives

i. To investigate genotype variation and relative emergence of potential vaccine-escape
strains pre- and post-vaccination introduction in South Africa.

ii. To investigate evolutionary dynamics of human rotaviruses pre- and post-vaccination
introduction with emphasis on G1P[8] and G2P[4] strains in South Africa.

iii. To identify genetic changes that impact structural and/or non-structural proteins not
present prior to vaccine usage.

iv.  To investigate the relationship between amino acid (aa) changes within the defined

rotavirus antigenic regions.



1.4 Thesis organization

The thesis is structured into seven chapters. The introduction as based on the research proposal,
is chapter one. Chapter two is the detailed literature review, while chapter three is the general
materials and methods. Chapter’s four to six are structured around the study’s four objectives,
presented in research article format, each with a brief independent background, materials and

methods, results, and discussion.

In brief, chapter four mainly addresses the study’s first objective, which investigated genotype
variation and the emergence of vaccine escape strains pre-and post-vaccination introduction.
The second, third, and fourth objectives of the study were addressed overlapping between
chapters four and six. These chapters touch on the long-term phylodynamics of South African
G1P[8] strains before and after the introduction of the vaccine and the phylodynamics of South
African G2P[4] strains before and after implementation of the vaccine. Chapter seven provides a
general summary of the results as a discussion, with recommendations and limitations. Chapter

seven is then followed by the references and appendixes, respectively.



CHAPTER TWO: LITERATURE REVIEW

2.1 Rotavirus discovery and morphology

Ruth Bishop discovered RVA in 1973 in the cytoplasm of duodenal biopsies of children admitted
with gastroenteritis (Bishop et al., 1973). The virus closely resembled viruses previously observed
to cause diarrhoea in calves (Edwards and Sier, 1960). The virus derives its name from Latin word

rota, which means wheel due to its characteristic wheel-like structure (Flewett et al., 1974).

2.2 Rotavirus gastroenteritis and burden of disease

After the discovery of RVA, it was determined as the primary etiological agent of AGE in infants
resulting in 35-50% of all hospitalisations during the first two years of life (Estes and Kapikian
2007). RVA is primarily transmitted through the faecal-oral route, although transmission might
still occur via respiratory droplets (Schellack et al., 2017). The infection by RVA is associated with
symptoms such as: fever, mild short-lived watery diarrhoea to frequent profuse diarrhoea, and
vomiting, which can lead to shock dehydration, electrolyte imbalance and dehydrating
gastroenteritis (Crawford et al., 2017). Although the RVA disease incidence is similar in children
in low- and high-income countries, poor access to health care and comorbidities such as
malnutrition in low-income countries exacerbates these symptoms leading to higher mortality

rates (Markkula et al., 2017).

The global RVA mortality rate for children <5 years of age based on 2016 estimates was
20.3/100,000 population with that of sub-Saharan Africa significantly higher at 66.9/100,000
population (Troeger et al., 2018) (Figure 2.1). In South Africa, the hospitalization estimates of
RVA disease in children under the age of 2 years before the introduction of the RVA vaccine were
approximately 30,000 annually (Mapaseka et al., 2010). The RVA infections occurred all year
round peaking during cooler winter months and detection with at least one additional
enteropathogen was common (Steele et al., 2003; Mapaseka et al., 2010). The introduction of
RVA vaccination in South Africa had a substantial impact in reducing these RVA hospitalisations
by approximately 60%, as indicated by laboratory-confirmed results (Msimang et al., 2013).

However, despite the significant reduction in RVA mortality rate due to the impact of the RVA



vaccine(s), RVA-induced diarrhoea persists as the leading infectious etiological cause of

diarrhoeal mortality in under 5 year old children (Troeger et al., 2018).
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Figure 2.1: Geographical distribution of rotavirus mortality rates

The mortality rates are based on 2016 global estimates. The color codes indicate the severity of the RVA
disease burden. Red color indicate intensity of severity. The sub-Saharan Africa exhibited approximately
80% of the global RVA mortality rates with a rate of 66.9/100,000 population cases.

Adapted from Troeger et al., 2018 with permission granted from the publisher under the terms of the
Creative Commons non-commercial license for scholarly articles (Appendix 1).

2.3 Structure and taxonomy of rotavirus

The genus rotavirus is classified within the Reoviridae family and is a dsSRNA genome constituting
of 11 gene segments (Estes and Kapikian, 2007). Rotavirus genome is encapsulated in a triple-
layered non-enveloped protein capsid consisting of six structural proteins (viral proteins 1, 2, 3,
4, 6 and 7) (Estes and Greenberg, 2013) (Figure 2.2). The VP4 protein conspicuously protrudes
from the smooth outer surface in 60 protein spike-like projections (Estes and Greenberg, 2013)
(Figure 2.2). The non-structural proteins (NSP) include NSP1, NSP2, NSP3, NSP4 and NSP5/6 (Estes
and Greenberg, 2013). The virus is icosahedral (Pesavento et al., 2006) and image reconstruction
studies by Jayaram et al. (2004), suggest that the genome segments form conical cylinders

around replication complexes.
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Figure 2.2:Features of rotavirus structure and location of protein structures

The figure shows the structural proteins of rotavirus (VP1, VP2, VP3, VP4, VP6 and VP7). The protein
structures are showed in different colors. The VP1, VP2 and VP3 in complex together are indicated.
The VP2 dimer is shown in green. The VP4 spikes (with the VP5*and VP8* cleaved subunits) are
coloured in red. The VP6 structure is indicated in blue while the VP7 trimer is shown in yellow.

Image used with permission from BVV Prasad (Appendix 2).

2.4 Rotavirus classification

The VP6 determines rotavirus classification into nine groups (A-1) (Matthijnssens et al., 2011,
Marthaler et al., 2014; Mihalov-Kovacs et al., 2015). Groups A-C primarily infects humans with
RVA being of most medical importance, as it accounts for most of RVA human infections
(Matthijnssens et al., 2008). Group B (RVB) infects swine, cattle, sheep and rats and infects both
adults and children, causing outbreaks and sporadic infections (Marthaler et al., 2014). Group C
(RVC) infects swine and dogs and can cause epidemics in the human population while Groups D-
G mostly infect avian species (Matthijnssens et al., 2011). Group H (RVH) has been identified in
swine (Marthaler et al., 2014) while group | (RVI) has been described in dogs (Mihalov-Kovacs et
al., 2015).

The outer capsid proteins, VP4 (denoted P due to its protease-sensitive property) and VP7
(designated G for glycoprotein), elicit neutralizing antibodies during host infection and are

utilized in dual classification into P and G types, respectively (Estes and Kapikian, 2007). To fully



describe the rotavirus strains, the dual classification system was expanded to include the other
nine gene segments (Matthijnssens et al., 2008). In the whole-genome classification system,
each gene segment is designated a distinct genotype underpinned by established nucleotide
percent cut-off values (Matthijnssens et al., 2008). The RVA genome is described as follows: Gx-
P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx (where x represents the specific genotype), while the alphabets
describe the property of the 11 genes of RV strains (Matthijnssens et al., 2011). Most of the
human RVA strains exhibit the Wa-like genotype backbone constellation (I11-R1-C1-M1-A1-T1-E1-
HI) and the DS-1-like genotype backbone constellation (12-R2-C2-M2-A2-N2-T2-E2-H2). There is
also a relatively minor genotype constellation AU-1-like, (13-R3-C3-M3-A3-N3-T3-E3-H3)
(Matthijnssens and Van Ranst, 2012). GIP[8], G3P[8], G4P[8], GO9P[8] and G12P[8] RVA are usually
associated with the Wa-like genotype constellation, whereas G2P[4], G8P[4] or G8P[6] typically
have a DS-1-like backbone constellation (Matthijnssens and Van Ranst, 2012). The G3P[9]
genotype has the characteristic AU-1-like genotype constellation (Tsugawa et al., 2015).
Genotypes identified in human and non-human hosts to date are: 36 G,51 P, 26 |, 22 R, 20 C, 20
M, 31 A, 22 N, 22 T, 27 E and 22 H (https://rega.kuleuven.be/cev/viralmetagenomics/virus-

classification).

2.5 Rotavirus molecular epidemiology

The medical importance of six predomiant RVA strains: G1P[8], G2P[4], G3P[8], G4P[8], GIP[8]
and G12P[8] and particularly, the global prevalence of G1P[8] is well documented (Doro et al.,
2014). Certain strains have regional or local importance, for example, the genotype P[6] strains
are markedly reported in Africa underlying their sustained circulation (Nyaga et al., 2018). Other
strains like G2P[4] are associated with cyclic peaks (Linhares and Justino, 2014). In South Africa,
there have been outbreaks of G2P[4] infections every three to four years and significant
epidemics every ten years (Page and Steele, 2004). The epidemiological relevance of this
genotypical cycling is not well understood. The hypothesis among researchers is that cycling may
be a strategy for RVA to evade group immunity acquired from previous infections enabling the

RVA to prevail in circulation (Parra, 2009).



The segmented RVA genome facilitates genetic reassortment and the inherent error-prone RNA-
dependent polymerase (RdRp) leads to the occurrence of point mutations contributing to the
vast diversity of RVA strains (Estes and Greenberg, 2013). It is challenging to predict which RVA
strain may become epidemiologically important (Kirkwood, 2010). G9P[8] and G12P[8] are
examples of RVA strains that circulated globally between the periods of the 1990s and 2000s
(Doro et al., 2014). Therefore, RVA surveillance studies are crucial in monitoring RVA strains that
can become epidemiologically fit and spread in the human population. RVA surveillance studies
conducted for over three decades in South Africa indicate that at any given season, there is a vast
diversity of RVA strains in circulation (Steele et al., 1995; Potgieter et al., 2010; Page et al., 2016;
Page et al., 2018). Most of the RVA surveillance studies have focused on characterizing the outer
capsid proteins VP4 and VP7. However, since RVA evolutionary processes can occur in other gene
segments (Maringa et al., 2020; Mwangi et al., 2020), whole-genome based surveillance studies
capacitated by next-generation sequencing (NGS) technology provide the potential for the
comprehensive assessment of the RVA evolutionary dynamics (Nyaga et al., 2020). In particular,
providing information such as: the origin of strains, reassortment events, zoonosis and genetic
linkage of RVA gene segments as well as the potential to fully decipher the impact of RVA vaccines

on the genetic and antigenic landscape of circulating RVA (Ghosh and Kobayashi, 2011).

2.6 Rotavirus genome

The 11 gene segments of RVA vary in size from 667 base pairs (bps) (NSP5) to 3302bps (VP1),
with the total genome being approximately 18,522 bps (Estes and Greenberg, 2013). The plus-
sense strand of the genomic dsRNA has a capped 5’ sequence. Each RNA segment features a 5’
guanidine, the 5’ part of conserved noncoding sequences, an open reading frame (ORF), and a
set of conserved noncoding sequences of the 3’ part (Estes and Greenberg, 2013). Each of the
ten segments is monocistronic, coding for one of the six structural and five non-structural
proteins. Segment 11 encodes two proteins (bicistronic), namely NSP5 and NSP6 (Estes and

Greenberg, 2013).
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Table 2.1: Rotavirus genome segments sizes, proteins encoded and genotypes

Number of

Genome Protein Percent Numberof Genotype(acronym Size ORF (nucleotide
Size of protein encoded molecules
segment encoded identity® genotypes® underlined) (bp) number)
per virion

1 VP1 83 22R RdRp 3302 18-3282 1088 aa (125.0 kDa) 12

2 VP2 84 20C Core protein 2690 17-2659 881 aa (102.4 kDa) 120

3 VP3 81 20M Methyl transferase 2591 50-2554 835 aa (98.1 kDa) 12

4 VP4 80 51P Protease-sensitive 2362 10-2337 776 aa (86.7 kDa) 120
Interferon

5 NSP1 79 31A 1611 31-1515 495 aa (58.6 kDa) NA
Antagonist

6 VP6 85 26l Intermediate 1356 24-1214 397 aa (48.1 kDa) 780
Translation

7 NSP3 85 22T 1074 26-970 315 aa (34.6 kDa) NA
Enhancer

8 NSP2 85 22N NTPase 1059 47-997 317 aa(36.7 kDa) NA

9 VP7 80 36G Glycosylated 1062 49-1026 326 aa (37.3 kDa) 780

10 NSP4 85 27E Enterotoxin 751 41-569 175 aa (20.3 kDa) NA

198 aa (21.7 kDa)/ 92 aa
11 NSP5/6 91 22H PHosphoprotein 667/821 22-615/80-355 NA

(11.0 kDa)

The gene segments are numbered 1-11 based on their migration pattern on SDS-PAGE gel. ® Nucleotide percent identity cut-off value defining
genotypes. ° The number of currently available genotypes. Acronym in bold and underlined indicate the letter utilized to describe the functional
property of the genotype. NA refers to not applicable.

Modified from: http://www.reoviridae.org/dsRNA virus proteins/Rotavirus.htm
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2.6.1 The rotavirus structural proteins

2.6.1.1 Viral protein 1 (VP1)

Viral protein 1 serves as an RNA dependent RNA polymerase (RdRp), designated ‘R’ in the whole
genome classification (Matthijnssens et al., 2008). The VP1 is a compact, globular protein, with
three distinct domains: (a) N-terminal domain (aal-332) (b) a polymerase domain consisting of
fingers, palm and thumb subdomains (aa333-778) and (c) a C-terminal “bracelet” domain (aa
779-1089) (Tao et al., 2002). The catalytic centre of the polymerase has a higher degree of
sequence conservation than the N-terminal and C-terminal domains and active asparate residues
D631 and D632 are implicated in catalysis of RNA synthesis (McDonald et al., 2009). Despite
having all the necessary structural features for catalysis, VP1 is inactive as an apoenzyme and is
dependent upon its interactions with VP2 and the VP2 contact site on VP1 occurs at high

conserved residues 267 to 270 (Steger et al., 2019).

2.6.1.2 Viral protein 2 (VP2)

Viral protein 2 is located in the inner core of the virion and is denoted as ‘C’ for core in the whole-
genome classification (Matthijnssens et al., 2008). The VP2 has 120 molecules with 60 dimers
arranged in a T=1 symmetry (McClain et al., 2010). The VP2 has a replicase role that is involved
in the formation of replication intermediates (Mansell et a/., 1990). According to Buttafuoco et
al. (2020), mutations occurring in residues L124, V865, and 1878 are implicated in non-structural

protein viroplasm formation and are conserved among RVA to H species.

2.6.1.3 Viral protein 3 (VP3)

Viral protein 3 is designated ‘M’ due to its methyltransferase property in the whole-genome
classification (Matthijnssens et al., 2008). In addition to its capping activities, RVA VP3 has been
shown to cleave 2’,5’-oligoadenylates signalling molecules produced by the cytoplasmic dsRNA
sensor oligoadenylate synthetase (OAS) which activate the latent ribonuclease (RNasel) to cleave
single-stranded viral and cellular RNAs (Silverman and Weiss, 2014). The VP3 is predicted to
contain five structurally distinct domains: N-terminal domain (NTD) of unknown function, a
guanine-N7-methyltransferase with an inserted 2’-O-methyltransferase, a combined RNA 5’-

triphosphatase and a C-terminal 2’5’-phosophodiesterase (Ogden et al., 2014). The VP3 mediates
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the suppression of Interferon-gamma (IFN-A) production through phosphorylation of a
mitochondria antiviral signalling (MAVS) proline-rich region (Ding et al., 2018). In addition, VP3
exhibits helicase activity by unwinding the RNA duplex formed transiently during endogenous

transcription (Kumar et al., 2020).

2.6.1.4 Viral protein 4 (VP4)

Viral protein 4 is designated ‘P’ due to its protease sensitivity property (Matthijnssens et al.,
2008). The VP4 is the key cell attachment and viral entry agent and contains 60 surface
projections that are 10-12nm long and enables the attachment of the virion onto the host cell
(Ludert et al., 1996). In infected cells, VP4 is expressed in different forms: classically as spike on
the outer layer of virus particles and as free soluble protein in the cytosol (Condemine et al.,
2019). Trypsin cleavage of VP4 alters its conformation such that the VP4 spikes project with two-
fold symmetry exhibiting a trimeric base (Pesavento et al., 2006). The excision occurs on residue
aa232-247 and cleavage rearrangement results in two fragments: VP5* and VP8*(Estes and
Greenberg, 2013). The cleavage facilitates virus entry into the host cell (Kaljot et al., 1988).
Attachment of RVA on the host cell is regarded as either dependent on or independent of sialic
acid presence, such as, N-acetylneuraminic acid in cell surface glyconjugates (Isa et al., 2006).
This relationship has offered the platform to classify RVA into sialidase-sensitive and sialidase-

insensitive strains (Graham et al., 2003).

The VP8* domain, a lectin-like globular protein, is situated at the spike (Ciaret and Estes, 2002)
and is important in binding sialic acid (Fiore et al., 1991). Based on the VP8* sequences, the
diverse P genotypes have been grouped into five genogroups PI-PV (Huang et al., 2012). The P[4],
P[6], P[8], and P[19] genogroups are grouped into PIl genogroup, among which P[8] RVs are the
most widely circulating human RVA (Sun et al., 2018). The VP5* domain characterizes the other
parts of the spike and is suggested to be the membrane active component (Dormitzer et al.,
2004). The VP8* and VP5* regions contain epitopes that have been mapped as neutralization
escape mutation sites (Dormitzer et al., 2002; Dormitzer et al., 2004; Monnier et al., 2006). Three
potential VP4 sites (385, 393 and 471) have been reported to play a role in RVA attenuation and

can be targeted by site-specific mutagenesis to develop attenuated vaccines (Guo et al., 2020).
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2.6.1.5 Viral protein 6 (VP6)

Viral protein 6 constitutes the intermediate capsid protein, thus designated ‘I’ in the whole-
genome classification (Matthijnssens et al., 2008). The VP6 is a trimer stabilized by non-covalent
bonds (Prasad et al., 1988) and exhibits T=13 icosahedral symmetry with 260 trimeric
arrangement (Mathieu et al., 2001). It is the most immunogenic and abundant RVA structural
protein (Estes and Greenberg, 2013). The aa region 376-384 has been identified as a cytotoxic T
lymphocyte (CTL) epitope (Franco et al., 1994). Additionally, a 14 aa region 289-302 of a VP6
peptide fragment containing a putative CD4+ T cell epitope was reported to confer nearly
complete protection against RVA in an adult mouse model (Choi et al., 2000). Antibodies
targeting VP6 have been reported to interfere with RVA replication cycle, making VP6 a
potentially viable vaccine candidate (Corthesy et al., 2006). The VP6-specific antibodies, notably

Immunoglobulin A (IgA), serve as markers to indicate protection after RVA infection or

vaccination (Franco et al., 2006).

2.6.1.6 Viral protein 7 (VP7)

The VP7 possesses an endoplasmic reticulum (ER)-synthesized glycoprotein hence denoted ‘G’
due to this property (Matthijnssens et al., 2008). It is a trimer stabilized by Ca?* (Dormitzer et al.,
2000). The VP7 crystal structure of rhesus rotavirus, serotype G3 reveals that the core of the
trimer contains subunits that fold into two compact domains of disordered N and C terminal arms
and that calcium ions ( Ca%*) are bound at each subunit interface of the trimer (Aoki et al., 2009).
The virion entry into the host cell relies on calcium-dependent uncoating of VP7 (Dormitzer et
al., 2000). Uncoating of the VP7 from the virion is facilitated by the loss of free Ca?* enabling its
dissociation into monomers therefore inducing conformational changes to the VP4 protein (Chen

et al., 2009).

The VP7 is a neutralization antigen targeted by neutralization antibodies (Ciarlet and Estes, 2002).
The immunogenic and structural properties of VP7 together with VP4 have greatly dominated
focus in vaccine development (Hoshino and Kapikian, 1994). Structurally, the VP7 gene contains
two epitope regions identified as 7-1 and 7-2 (Aoki et al., 2009). Four regions (aa87-101, aal45-

152, 2a208-221 and aa235-242) have also been described as cross-reactive and serotype-specific
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neutralization epitopes (Taniguchi et al., 1988; Coulson and Kirkwood, 1991). There are also two

CTL epitopes at aa positions 16-28 and 40-52 (Morozova et al., 2015).

2.6.2 The rotavirus non-structural proteins

2.6.2.1 Non-structural protein 1 (NSP1)

Non-structural protein 1 is denoted ‘A’ in the whole-genome classification due to its interferon
antagonist property (Matthijnssens et al., 2008). The N terminal sequence of NSP1 has cysteine
residues which are highly conserved (Hua et al., 1994). A conserved zinc-binding domain that
spans residues 42-72 is well-defined (Morelli et al., 2015). The NSP1 suppresses innate immune
response by inhibiting expression of type 1 interferon (Barro and Patton, 2005; Arnold et al.,
2013). The NSP1 has also been reported to degrade other host proteins such as retinoic acid-
inducible gene-l (RIG-I), tumor necrosis factor receptor-associated factor 2 (TRAF2),
mitochondrial antiviral signalling protein (MAVS) and poly (A) specific RNase subunit (Pan 3)
(Morelli et al., 2015).

2.6.2.2 Non-structural protein 2 (NSP2)

Non-structural protein 2 is an octameric protein possessing Mg?* dependent NTPase activities
(Schuck et al., 2001) hence designated ‘N’ in the whole-genome classification due to this property
(Matthijnssens et al., 2008). The NSP2 monomer has two structural domains. The C terminal
domain exhibits antiparallel B-sheet flanked by a helices that display a HIT (histidine triad) like a
motif, which is proposed to be the binding site of nucleoside triphosphate (NTP). The N terminal
domain is a helical and within it, a 24 residue highly basic loop lines four prominent grooves, and
it is proposed that these grooves are binding sites for ssRNA (Jayaram et al., 2002). Helix
destabilising activity and capacity to recruit ssRNA templates for genomic dsRNA synthesis
through the NTPase activity has led NSP2 to be referred to as a molecular motor that facilitates
the packaging of template mRNAs into pre-capsid structures of replication intermediates
(Borodavka et al., 2017). Antibody interactions at antibody-binding epitope region (aa244-252)
are suggested to block several rotavirus functions including viroplasm formation and packaging

(Donker et al., 2011a).
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2.6.2.3 Non-structural protein 3 (NSP3)

Non-structural protein 3 serves as a translation enhancer and is designated ‘T’ in the whole-
genome classification (Matthijnssens et al., 2008). It is a homodimer with RNA binding properties
(Mattion et al., 1992) and with two distinct domains: The N terminal domain is bi-lobed,
asymmetric homodimer that binds 3’GACC sequence at the 3’ end of rotaviral mRNAs (Deo et al.,
2002). The C terminal domain competes with poly (A) binding protein (PABP) for the same
segment of eukaryotic translation initiation factor 4G (elF4G), a ribosome recruiting factor (Piron
et al., 1998). The PABP enhances translation initiation by stimulating mRNA circularization (Kuhn
and Wahle, 2004). Contreras-Trevifio et al. (2017) identified aa sites 170, 171,173 and 187 as

critical in stabilization of NSP3 dimers and influencing the yield of NSP3.

2.6.2.4 Non-structural protein 4 (NSP4)

Non-structural protein 4 serves as an enterotoxin (the first described virus-encoded enterotoxin)
and due to this property is designated ‘E’ in the whole-genome classification (Matthijnssens et
al., 2008). It is an ER-resident glycoprotein whose transmembrane domain (aa24-44) traverses
the ER bilayer in such a manner that the N terminal (24 aa residues) is retained in the ER lumen
and an extended cytoplasmic domain is formed by 45-175 aa residues (Bergmann et al., 1989).
The NSP4 disrupts Ca?* homeostasis either via depletion of ER stores or elevating the levels of
cytosolic Ca?* (Tian et al.,, 1995). The peptide residues 114-135 are implicated in diarrhoea
inducing activity (Hyser et al., 2008). In addition, four antigenic sites in NSP4 designated antigenic
site | (aal151-169), Il (aal36-150), Il (aal12-133) and IV (aal-24), have been described in
literature (Borgan et al., 2003; Ball et al., 2005).

2.6.2.5 Non-structural protein 5 (NSP5)

Non-structural protein 5 designated ‘H’ in the whole-genome classification due to its
phosphorylation property (Matthijnssens et al., 2008). The NSP5 is O-glycosylated (Gonzalez and
Burrone, 1991), acidic phosphoprotein with the lysine-rich region at the C terminus (Eichwald et
al., 2004). It recruits VP1, VP2 and, NSP2 inside the viroplasm to form the viral replication
complex (Berois et al., 2003). It is also rich in serine and threonine residues and self assembles to

form dimers (Torres-Vega et al., 2000). NSP5 also binds RNA non-specifically (Vende et al., 2003).

16



The NSP2 and NSP5 are known to interact with one another (Jiang et al., 2006) and the co-
expression of the two proteins leads to the upregulation of NSP5 hyper-phosphorylation resulting
in the formation of viroplasm like structures (VLS) (Arnoldi et al., 2007). The signals that induce
the formation of viroplasm like structures are embedded in the C and N terminal regions of NSP5

(Eichwald et al., 2004).

2.6.2.6 Non-structural protein 6 (NSP6)

Non-structural protein 6 is sometimes encoded by an alternative ORF of segment 11 of RVA and
interacts with NSP5 in a manner that changes the three dimensional structure of NSP5 to enhance
the activity of NSP5 (Torres-Vega et al., 2000). The NSP6 protein non-specifically binds to ssRNA
and dsRNA (Rainsford and McCrae, 2007) although it may not be required for RVA replication
since several RVA with defective NSP6 have been isolated (Ahmed et al., 2005). A study by
Holloway and colleagues (2014), found NSP6 to contain highly conserved N terminal sequences
that may be involved in directing it to mitochondria. The precise reasons for this localization have
not been elucidated but it is well known that many viral proteins localize to mitochondria
modulating mitochondria-related functions for the virus benefit (Castanier and Arnoult, 2011).
Such virus-targeted activities include the release of cytochrome complex (c) factors from
mitochondrial membrane space resulting in apoptotic cell death (Tait and Green, 2013). Since
RVA has been found to promote apoptosis in certain enterocytes in vivo, NSP6 might be involved

in modulating apoptosis (Halasz et al., 2010).
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2.7 Replication cycle of rotavirus

Figure 2.3: The rotavirus replication cycle

The rotavirus triple-layered particle (TLP) binds onto the host cellular receptors such as sialoglycans (A).
Receptor-mediated endocytosis allows the TLP to enter into the host cell (B). The low Ca? levels in the
endosome result in the loss of the outer capsid protein layer (C) releasing transcriptionally active double-
layered particle (DLP) (D). Transcription of mRNA is then followed by mRNA translation resulting in viral
proteins (E). Genome replication occurs after sufficient viral proteins are generated, and the synthesized
DLP are packaged in viroplasm structures (F-H). Viroplasm then binds to the NSP4, which is an ER
receptor. Transiently enveloped particles bud in the ER (I). As the transiently enveloped particles leave
the ER, they assemble the VP4 and VP7 outer capsid proteins to form mature TLP (J) which are released
from host cell via cell lysis (K).

From Lopez and Arias (2017) with permission granted from the publisher through the RightsLink®
Copyright Clearance Center services (Appendix 3).

Rotavirus replication process occurs as follows:
(i) Virus attachment onto the host occurs initially through VP8*, one of the cleavage
products of the protease-sensitive VP4, the other being VP5* (Settembre et al., 2011)
(Figure 2.3). The VP5* and VP7 are involved in post-attachment interactions
(Rodriguez and Luque, 2019). Several binding elements have been suggested such as
cation-dependent mannose-6-phosphate (Diaz-Salinas et al., 2018), heat shock

cognate protein 70 (Zarate et al., 2004), histo-blood group antigens (Arias et al., 2015),
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(ii)

(iii)

(iv)

(v)

(vi)

integrins (Gutierrez et al., 2010), sialoglycans (Dormitzer et al., 2002) and Toll-like
receptors (TLR) (Ge et al., 2013).

Virus entry into the host cell is mediated by clathrin-mediated endocytosis (Gutierrez
et al., 2010) (Figure 2.3), although direct cell fusion entry model has also been
suggested (Ludert et al., 1987). Studies have shown that there is a high level of
plasticity for RVA entry pathways and possible existence of yet undescribed highly
relevant entry factor (Arias et al., 2015).

Uncoating of the virion through the loss of the VP4 and VP7 is elicted by the low Ca®*
environment in the endosomes causing the transcriptionally active DLP to be released
to the cell cytoplasm (Yoder et al., 2009) (Figure 2.3).

Transcription and translation occurs in the cytoplasm whereby the VP1-VP3 complex
transcribes the capped positive (+) strand RNAs (+RNAs) of the 11 dsRNA segments
(Silvestri et al., 2004). The +RNA serves as template for RNA synthesis during genome
replication and can also be directly translated into viral proteins which occurs in
viroplasms that are formed by the hyperphosphorlyation of NSP5 by NSP2 (Viskovska
et al., 2014) (Figure 2.3). The cellular kinase CKla phosphorylates NSP2 triggering
NSP2 octamers to form a lattice structure required to build viroplasms (Criglar et al.,
2018). Interaction of cytoplasmic NSP2 with VP1, VP2 and tubulin forms complexes
(Criglar et al., 2014) whereby tubulin presence induces stabilization of the viroplasm
by acetylation (Eichwald et al., 2012).

Assembly of subviral particles takes place in viroplasms. The assembly of outer capsid
proteins is not well elucidated but it is suggested that NSP4 mediates the movement
of VP4 as well as of DLPs through its affinity for VP6 to the cytosolic end of ER (Taylor
et al., 1996). The resultant complex of DLP, NSP4 and VP4 then buds into ER. The
interaction with ER-bound VP7 results in the loss of transitory envelope and leads to
formation of TLP (Desselberger, 2014).

Virus release from the infected cell after maturation occurs through non-classical

vesicular transport or cell lysis (Gardet et al., 2006). The NSP4 is involved in the
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rotavirus particle maturation (Silvestri et al., 2005). Upon release, the VP4 is cleaved

by the proteases resulting in an infectious virion (Settembre et al., 2011).

2.8 Mechanisms of rotavirus evolution
Several mechanisms of genetic diversity like point mutations, gene reassortment, gene

rearrangements and gene recombination contribute towards RVA evolution (Kirkwood, 2010).

2.8.1 Point mutations

The low-fidelity of viral RdRp results in high mutation rates (in the order of 104) and is crucial to
the evolution strategy of RNA viruses (Campagnola et al., 2015). Base substitutions are the most
prevalent of the point mutations (Turnpenny and Ellard, 2016). Several in vitro studies have
enabled estimation of base substitution rates (Kitamoto et al., 1993; Blackhall et al., 1996),
although the apparent mutation frequency is relatively higher in vivo due to the various selection
pressure for viruses (e.g. neutralizing antibody) (Kobayashi et al., 2003). Accumulation of point
mutations contributes to the emergence of new genetic lineages/sub-lineages (lturriza-Gomara
et al., 2000). The occurrence of aa substitution in the neutralization epitopes of VP4 and VP7 may
result in the generation of neutralizing antibody escape mutants (Rasebotsa et al., 2020). Amino
acid substitutions in VP1 have been found to lead to changes in secondary structure that may
alter functions such as viral replication/transcription (Abid et al., 2020). Mutations at positions

385 and 393 in VP4 are involved in RVA attenuation and cell culture adaptation (Guo et al., 2020).

2.8.2 Gene reassortment

Gene reassortment in RVA occurs when RNA segments between two or more different strains
recombine during co-infection in cells (Kobayashi et al., 2003). Genetic reassortment contributes
significantly to the overall diversity of RVA strains (Jere et al., 2018; Strydom et al., 2019; Maringa
etal., 2020; Mwangi et al., 2020). Different RVA strains of the different genogroup may co-infect
cells resulting in the progeny bearing a genome constellation that contains genome segments of
parent strains (Nyaga et al., 2015). Although gene reassortment is not a rare event in RVA, there
is inconclusive evidence that naturally co-circulating strains can generate predominant variants
with a competitive advantage against existing strains in infecting host populations (Gentsch et

al., 2005). Therefore, the infrequency of novel significant reassortants establishment in nature
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may imply a degree of genetic fitness in the genome constellation of each virus that is not easily

conferred to the reassortants from two different strains (Patton et al., 2006).

2.8.3 Gene rearrangements

Gene rearrangements take part in the evolution of RVA and contribute to their diversity
(Tanigushi and Urasawa, 1995). It is suggested that during plus-strand synthesis the viral RdRp
together with the associated synthesized RNA disengage from the RNA template and then
rebinds to another upstream or downstream region along the same template where synthesis of
nascent RNA is reinitiated, rearranging the sequence (Desselberger, 2014). Gene rearrangements
in RVA frequently occur in gene segment 11 and less often involves segments five to ten. It is
unclear whether there is some selective advantage for rearrangement in segment 11 (Estes and
Greenberg, 2013). Rearranged RVA genome rarely occurs in nature and therefore, the

evolutionary significance of rearrangement is not evident (Kobayashi et al., 2003).

2.8.4 Genetic recombination

Genetic recombination is assumed to be rare in RVA (Desselberger, 1996) due to the segmented
nature of dsRNA genomes and the mechanism for transcription and replication (McDonald et al.,
2016). Unlike the +ssRNA and DNA viruses, dsRNA viruses are replicated within nucleocapsids
(Patton et al., 2006), reducing chances for template switching (Hoxie and Dennehy, 2020).
Despite this limitation, numerous studies show recombination plays a significant role in
contributing to RVA diversity (Martinez-Laso et al., 2009; Donker et al., 2011b; Jere et al., 2011;
Esona et al., 2017; Jing et al., 2018). Recombination analysis of approximately 24,000 whole RVA
genomes by Hoxie and Dennehy (2020) identified 109 occurrences of homologous recombination

in all the gene segments except gene segment 7 and 11.

2.9 Rotavirus pathogenesis and pathophysiology

RVA infection stimulates the production of glycans, which acts as receptors aiding in RVA
virulence (Engevik et al., 2020). To counter this glycan induction, in vitro microbiome studies
demonstrate that mucin-degrading microbes such as Bacteroides and Akkermanisa bacterial
members are stimulated to degrade the glycans and to reduce the binding capacity of RVA

(Engevik et al., 2020). Viral-centric mechanisms are initiated to counter the early innate immune
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response, with NSP1 as a key mediator (Arnoldi et al., 2013). The NSP1 suppresses interferon
immune response by mediating degradation of IRF 3, 5 and 7 (Barro and Patton, 2007). Further,
NSP1 downregulates RIG-I-like receptors, which are part of the pattern recognition receptors
(PRRs) (Qin et al., 2011). The NSP3 accentuates viral translation by modifying the location of host
PABp, minimizing its interaction with elF4GI thus repressing host translation process (Lopez and
Arias, 2012). The RVA-induced diarrhoea is primarily linked to the viral enterotoxin NSP4, which
is a key viral protein of RVA pathogenesis (Ball et al., 1996). The NSP4 peptide region aal14-135
has been identified as critical for this enterotoxin activity (Tian et al., 1995) and mediates the
activation of the secretory component of RVA diarrhoea (Estes and Greenberg, 2013). It infects
enterchromaffine gut cells releasing 5-hydroxytryptamin, a neurotransmitter that regulates
gastrointestinal motility and triggers vagal afferent nerves leading to the stimulation of brain
stem structures that control nausea and vomiting (Hagbom et al., 2012). These events mediated
by interaction of the NSP4 with phospholipase C receptor elicit a cascade of reactions due to
activation of cellular channels (such as store-operated calcium entry channel Oraill) (Chang-
Graham et al., 2019) that results in the exit of chloride ions as well as water molecules across
the plasma membrane (Sastri et al., 2016). During RVA infection, transport proteins usually
present on brush-border intestinal membranes get intracellularly located, decreasing their
activity (Zachos et al., 2019). Rotavirus infection is a systemic disease with clinical and
pathophysiological implications beyond the gut, such as the liver and pancreas. However, the

mechanisms involved are not well defined (Gomez-Rial et al., 2019).

2.10 Immune response and clearance

Upon infection of the host cell, RVA is recognized by PRR or immune system cells such as dendritic
cells, macrophages or adaptive B and T cells (Crawford et al., 2017). One of the best elucidated
PRR is the RIG-I (Broquet et al., 2011). Other PRRs such as Toll-like receptor 3 (TLR3) and leucine
rich repeats (LRR) are associated with age-dependent resistance to RVA as they are detected in
elevated levels in adult animals (Zhu et al., 2017). Recognition of RVA by these PRRs results in
induction of type | and Il interferon response (Lin et al., 2016). Although Innate cytokines,

interleukin 8 (IL-8) and interleukin 22 (IL-22), mediate RVA clearance as demonstrated in mice
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studies (Zhang et al., 2014), the suppression of IFN by NSP1 underlies the weak response of the

innate immunity (Holloway et al., 2014).

Therefore, RVA clearance is mainly mediated by the adaptive immune system cells such as CD8+
cytotoxic T cells (Mesa et al., 2010). Infants in the recuperative state have also been found to
exhibit circulating RV specific T-helper (Th) cells in their blood samples (Parra et al., 2014).
However, these T-helper cells express low efficiency in presenting antigens in infants and young
children than in adults (Jaimes et al., 2002) and regulatory T cells do not appear to mediate or
modulate RVA immunity during primary infection (Kim et al., 2008). Circulating RVA-specific CD8+
T cells do not mount a substantial immune response and it is suggested that B cells and antibodies

are primarily essential in RVA clearance (Franco and Greenberg, 1995).

While the precise RVA immunity mechanisms are yet to be fully resolved, immunological factors
are essential in susceptibility to RVA infection and systemic spread (Gomez-Rial et al., 2019).
Genetic polymorphisms in genes encoding immunological factors, such as IFN-A, have been
shown to influence host immune response to RVA infection (Egli et al., 2014; Syedbasha and Egli,
2017). Serum IgA is the commonly used seroconversion measure (Paul et al., 2016). However,
there is a need to consider VP6-specific immunoglobulin G (IgG) as a crucial correlate of
protection as recent studies show that it is highly involved in intracellular antibody-mediated

protection (Caddy et al., 2020).

2.11 Management of rotavirus gastroenteritis

Rotavirus gastroenteritis can be managed through oral rehydration therapy, diet and use of
probiotics (Crawford et al., 2017). Oral rehydration salts (ORS) is a cornerstone therapy
administered to treat RVA-induced dehydration (Centers for Disease Control and Prevention,
2004). Alternative homemade solutions of salt, sugar and water can be prepared in cases where
ORS is not available (Churgay and Aftab, 2012). Management of diet is essential in caring for
children with acute diarrhoea (Gaffey et al., 2013). Withdrawal of food for up to 6 hours after
administering rehydration therapy is advised (Guarino et al., 2014). Adequate protein calorie
intake (Gaffey et al., 2013) and zinc supplementation, especially in malnourished children, are

regarded as essential measures to minimise symptoms of acute diarrhoea (Bzik et al., 2012).
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Acute diarrhoea can be further managed by the use of probiotics (O’Ryan et al., 2010). Although
probiotics are not commonly used to treat RVA-induced diarrhoea, they exhibit

immunomodulatory effects and decrease repeat episodes of RVA diarrhoea (Vlasova et al., 2016).

2.12 Prevention of rotavirus gastroenteritis using rotavirus vaccines

2.12.1 Prequalified rotavirus vaccines for global use

2.12.1.1 Rotarix®

Rotarix” is a monovalent, live attenuated oral vaccine developed by tissue culture passaging of
wild type G1P[8] human RVA strain and licensed to GlaxoSmithKline Biologicals (Bernstein et al.,
1999). Phase I trials in adults, children and infants demonstrated safety of the vaccine, albeit with
mild fever incidences (De Vos et al., 2004). Evaluation of intussusception involving 63,000
enrolled infants from 11 South American countries and Finland found Rotarix” to be relatively
free of intussusception risks (Ruiz-Palacios et al., 2006). Vaccine efficacy of Rotarix® involving
20,000 infants from this large clinical trial exhibited appreciable protection of 85% against severe
RVA gastroenteritis. Vaccine efficacy against G1 serotype was 92% and 88% against serotypes G3,
G4 or G9 (Ruiz-Palacios et al., 2006). Meta-analysis efficacy trials have demonstrated significant
cross-protection by Rotarix® against non-G1P[8] strains whereby vaccine efficacy of 81% has

been documented against G2P[4] strains (Vesikari et al., 2006).

2.12.1.1.1 Rotarix® vaccine trials and introduction in South Africa

Rotarix® was evaluated for interference with the Expanded Programme on Immunization (EPI)
vaccines administered in South Africa by conducting trials comparing a 6-10 week schedule with
a 10-14 week schedule (Steele et al., 2010a). Co-administration of Rotarix® with Oral Polio
Vaccine (OPV) did not interfere with OPV seroprotection rates, although RVA IgA antibodies were
significantly higher in the 10-14 weeks’ schedule. The higher rate in the 10-14 weeks highlighted
the potential role of maternal antibodies in diminishing the efficacy of RVA vaccines in low-

income settings (Steele et al., 2010).

Safety, reactogenicity and immunogenicity of three Rotarix® doses at 6, 10 and 14 weeks was
administered alongside routine EPI vaccines and was assessed in 100 HIV positive South African

infants (Steele and Glass, 2011). The seroconversion rates in the Rotarix® group was 57.1% while
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in the placebo groups it was at 18.2% and was not significantly different with the earlier
immunogenicity studies (Steele and Glass, 2011). There was no adverse effects of the Rotarix®
vaccine on the HIV positive infants (Steele and Glass, 2011). In this second phase of phase Il trials,
HIV status of the mothers was determined before enrolment of the infants. The necessity to know
the HIV status was driven by the findings in the first phase of the phase Il trials whereby seven
deaths were reported in 271 subjects, which were linked to the HIV infection and disease (Steele
et al., 2009). The immune response of the two dose regimen did not differ significantly (Steele et

al., 2010).

Phase Il clinical safety and efficacy trial was conducted in Malawi and South Africa (Madhi et al.,
2010). From the 4417 enrolled infants, the vaccine efficacy in South Africa was 76.9% while that
in Malawi was lower at 49.4% (Madhi et al., 2010). A total of 3168 infants aged between 5-10
weeks were enrolled at the South African trial site and randomized to receive the vaccine or
placebo (Madhi et al., 2010). The national launch of the vaccine in South Africa occurred in
September 2009 (Steele and Glass, 2011). Rotarix® is administered as two doses to infants
beginning at 4 weeks and completion, preferably by age 16 weeks and no later than 24 weeks

(Poelaert et al., 2018).

2.12.1.2 Human-bovine rotavirus reassortant vaccine, RotaTeq®

RotaTeq™ is a pentavalent live, oral attenuated vaccine comprising five human-bovine
reassortant RVA developed by Merck Research Company (Ciarlet and Schodel, 2009). Four
reassortant viruses consist of human-derived VP7 proteins (G1, G2, G3 and G4) associated with
bovine-derived VP4 protein (P7[5]). The fifth reassortant virus comprises a human-derived VP4
protein (P1A[8]) and bovine-derived VP7 protein (G6) (Ciarlet and Schodel, 2009). RotaTeq™
evaluation in Ghana, Kenya and Mali demonstrated vaccine efficacy of 64% against severe RVA
diarrhoea during the first year of life (Armah et al., 2010). When co-administered with other
routine childhood vaccines, RotaTeq™ immunogenicity is unaffected (Tanaka et al., 2017).
RotaTeq™ administration is recommended in three oral doses at two, four and six months of age

(beginning at 6 weeks of age with completion not later than 32 weeks) (Parashar et al., 2006).
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2.12.1.3 Rotavac™

Rotavac™ is a monovalent, G9P[11] naturally attenuated oral vaccine derived from an Indian
asymptomatic child and developed by Bharat Biotech (Das et al., 1994). Rotavac™ is significantly
efficacious against RVA-induced diarrhoea (53.6% vaccine efficacy in the first year of life and
48.9% in the second year) (Bhandari et al., 2014a, 2014b). There is a non-interference of the
immune response of other childhood vaccines when co-administered with Rotavac™(Chandola
et al.,, 2017). Rotavac™ was pre-qualified by WHO in January 2018 for global use in other
developing country populations through GAVI-funded support (Kirkwood et al., 2019). Rotavac™

is administered alongside EPI vaccines at 6, 10, and 14 weeks (Ella et al., 2018).

2.12.1.4 Rotasiil®

Rotasiil® is a pentavalent bovine-human reassortant live attenuated oral vaccine produced by
Serum Institute of India (Zade et al., 2014). It is a distinctive vaccine owing to its thermostability
of up to 18 months at 40°C in its lyophilized form (Naik et al., 2017). The vaccine efficacy against
severe RVA- induced gastroenteritis in a clinical trial in Niger was 67% and the data of adverse
effects between the placebo and vaccine group was not statistically significant although the
association of the vaccine with intussusception risk was not powered for evaluation (Coldiron et
al., 2018). The vaccine efficacy against severe RVA-induced gastroenteritis in another clinical trial
in India was 33% in the first year of life. The adverse effects reported between the placebo and
vaccination group were similar although the study was not powered to evaluate association with
intussusception risk (Kulkarni et al., 2017). Rotasiil® was found not to interfere with routinely

administered childhood vaccines (Desai et al., 2018).

2.12.2 Rotavirus vaccines licensed for national use

2.12.2.1 Lanzhou lamb rotavirus (LLR) vaccine

Lanzhou lamb rotavirus vaccine is a monovalent live attenuated oral vaccine, developed by
isolation of G10P[12] lamb strain by Lanzhou Institute of Biological Products (Ling-Qiao, 2001). A
44% vaccine effectiveness of LLR vaccine was reported against laboratory-confirmed RVA
gastroenteritis in children 9-11 months of age and a vaccine effectiveness of 77% against RVA

related hospitalizations (Fu, 2010; Fu et al., 2012). The LLR vaccine is recommended in China and
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is administered from 2 months to 3 years of age annually as a single dose and between 3 and 5

years of age as a booster dose (Fu et al., 2012).

2.12.2.2 Rotavin-M1-currently licensed in Vietham

Rotavin-M1 is a monovalent, oral live attenuated human rotavirus vaccine, based on a multi
tissue-culture passaged G1P[8] strain as identified at the Centre for Research and Production of
Vaccines (POLYVAC) through the support of Ministry of Health, Vietham (Le et al., 2009).
Immunogenicity assessment of Rotavin™ indicated a 4-fold increase in serum IgA responses with
a range of 51% to 63% comparable to 58% seroconversion of Rotarix® (Anh et al., 2012). Based
on the appreciable immune responses, Rotavin-M1 was licensed in Vietnam in 2014 (Kirkwood

et al., 2019).

2.13 Rotavirus vaccine efficacy in low-income countries

Sub-optimal vaccine efficacy has been reported in low-income countries. In Malawi and South
Africa, trials on Rotarix” demonstrated approximate vaccine efficacy of 40% and 64%, respectively
(Groome et al., 2014; Madhi et al., 2016). RotaTeq® trials in Ghana, Kenya, and Mali documented
an average of 64% vaccine efficacy (Armah et al., 2010), 51% in Vietnam and Bangladesh (Zaman
et al., 2010). The precise reasons for the suboptimal vaccine efficacy, especially in low-income
countries have not been fully resolved but several factors listed, herein, have been suggested:
(i) Higher RVA genetic diversity and relative emergence of novel/unusual RVA strains (Todd et
al., 2010). While both Rotarix® and RotaTeq® have demonstrated effective heterotypic cross-
protection against RVA strains (Correia et al., 2010; Steele et al., 2012), there has been
considerable concern of potential strain replacement due to evolutionary selective pressure
exerted by widespread use of RVA vaccines. Probable hints of strain replacements have been
reported in Australia, Belgium, Latin America and the USA after Rotarix® and RotaTeq® vaccine
introduction (Leshem et al., 2014). For instance, G2P[4] has been found to emerge with
prolonged circulation in the post-vaccine era which is converse to earlier findings that G2P[4]
occurs cyclically every 2-3 years (Linhares and Justino, 2014). In comparison to its comparatively
infrequent occurrence during pre-vaccine period, G3P[8] strains emerged as the most common

genotype during post-vaccine period in some regions like Australia and USA (Hull et al., 2011;
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Kirkwood et al., 2011). Additionally, unusual genotypes such as G3P[14] (Cowley et al., 2016;
Matthijnssens et al., 2009) have been identified in post-vaccine era. Such strains might contribute
to the suboptimal efficacy of RVA vaccine. Identification of unique sub-clusters during post-RVA
vaccination period in a detailed whole-genome analysis of Belgian and Australian G1P[8] strains
is an indication of potential vaccine-induced evolutionary pressure (Zeller et al., 2017). It’s still
unresolved whether the shift in circulating RVA strains is primarily due to the natural annual RVA
fluctuations as documented in literature (Banyai et al., 2012) or vaccine-induced selective
pressure is impacting the distinctive RVA genotype distribution patterns being reported during

post-RVA vaccine era and this warrants whole-genome characterization studies.

(i) Variations in gut microbiota likely due to environmental enteropathy (Korpe and Petri,
2012). In a Bangladesh study, environmental enteric dysfunction (EED) was linked to the
suboptimal response to OPV or Rotarix® vaccine, even though parenteral immune response was
not impaired (Naylor et al., 2015). The response of the microbiome to orally administered RVA
vaccine was investigated by Harris and colleagues (2017). The first phase of the clinical study in
Ghana matched vaccine responders with non-responders (Armah et al., 2016). Streptococcus
bovis bacteria was substantially linked to vaccine immune responses and it was suggested that
this bacterial family may have triggered immune response by acting as an adjuvant (Harris et al.,
2017). These results indicate microbiota may give answers to the suboptimal RVA vaccine efficacy
reported in developing countries and thus microbiome, including virome studies, are areas worth

exploring (Steele et al., 2019).

(iii) Nutritional deficiency, especially insufficient nutritional factors such as zinc and vitamins A
may dffect vaccine uptake (Babji and Kang, 2012). Zinc deficiency is linked with EED and
consequent suboptimal effect of oral RVA vaccine (Naylor et al., 2015). Clinical trials on an oral
inactivated cholera vaccine showed that daily 20mg supplementation of elemental zinc resulted
in a substantial (four-fold rise) in vibriocidal antibody titre in children from Bangladesh (Ahmed

et al., 2009).

(iv) Possible neutralizing effect by the pre-existent maternal antibodies (Appaiahgari et al.,

2014). The immunogenicity of Rotarix® and RotaTeq® is inhibited by high levels of pre-existent
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infant serum I1gG as well as transplacentally-acquired 1gG (Becker-Drepps et al., 2015). There is a
substantially higher IgA and IgG titer in women from low-income settings supposedly due to
constant exposure to wild type RVA strains consequently suppressing vaccine replication (Chan
et al., 2011; Moon et al., 2016). However, research evaluating the impact of withholding
breastfeeding prior to and after vaccine administration indicated no adverse effect on the
“uptake” of RVA vaccine (Groome et al., 2014) and one study reported a marginally improved

IgA immune responses in infants during concomitant breastfeeding (Ali et al., 2015).

(v) Interference with co-administered OPV (Steele et al., 2010). Five studies showed a substantial
decrease of RVA-IgA seroconversion during co-administration OPV with RVA vaccines (Steele et
al., 2010; Tregnaghi et al., 2011; Emperador et al., 2016, Li et al., 2016; Ramani et al., 2016).
There is still a need to resolve the interference mechanism involved (Emperador et al., 2016).
There was no decrease in the efficacy of Rotarix® during co-administration in one efficacy study

in middle income Latin American countries (Ruiz-Palacios et al., 2006; Tregnaghi et al., 2011).

(vi) Histo-blood group antigen types (Nordgren et al., 2013). RVA strains bind differentially to
human histo-blood group antigens (HBGAs) (Nordgren et al., 2013). The P[8] genotypes are
specifically associated with infection to Lewis-positive and secretor-positive phenotypes
(Nordgren et al., 2014). In contrast, the P[6] RVA strains mainly infect Lewis-negative individuals
and these findings to a great extent answer the question of the suboptimal efficacy reported in
African population (Atherly et al., 2012) whose majority of the individuals are Lewis-negative and
the fact that P[6] genotypes have been reported to circulate at substantially higher levels in Africa
(Banyai et al., 2012). However, a study by Lee et al. (2018) presented evidence that RVA vaccine
susceptibility is unaffected by secretor status and that HBGA-mediated resistance to oral RVA
vaccines is thus an unlikely mechanism of vaccine underperformance. To date, the cause of sub-
optimal efficacy of oral RVA vaccines in low-income settings is not definitively resolved (Glass et
al., 2018). Studies on withdrawal of breast-milk during immunization period (Groome et al.,
2014), increasing a booster dose (Zaman et al., 2016), alteration of microbiome using probiotics
or different vaccine schedule strategies have demonstrated only insignificant outcomes

(Velasquez et al., 2018).
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2.14 Rotavirus strains in the pre and post-vaccine era from a global perspective

Over time, RVA surveillance has shown the ever-changing dynamics of RVA strains in circulation
(lturriza-Gomara et al., 2001; Doro et al., 2014; Mwenda et al., 2014; Nyaga et al., 2018; Seheri
et al., 2018). During the pre-vaccine era, different strains have been shown to circulate annually
as well as reports of unusual strains occurring in low frequency attributed to the natural RVA
evolutionary mechanisms. However, there is a keen interest in understanding the influence of
RVA vaccine(s) for such dynamics observed during post-RVA vaccination era. Herein, an

exploration of RVA strains during pre and post-vaccination era from a global perspective.

2.14.1 Americas

Following the introduction of RotaTeq® in USA in 2006, the subsequent year saw G3P[8] strains
predominate over G1P[8] strains (Hull et al., 2011). RotaTeq® has the lowest (between 21% -
71%) serotype-specific immune response to G3P[8] strains (Vesikari et al., 2013) and this
hypothetically explains the high identification of G3 strains in RotaTeq® jurisdictions. In Brazil,
the first two years after the Rotarix® introduction, G2P[4] was the predominant strain (Gurgel et
al., 2007). In subsequent years, other non-G1P[8] strains such as G12P[8] in 2014-2015 and
G3P[8] in 2017, have predominated. Atypical DS-1-like G1P[8] strains in settings of Sao Paulo and
Goias in Brazil have been reported with phylogenetic analysis reports indicating their importation
from Asia (Luchs et al., 2019). Longitudinal 27-year full-genome surveillance on Brazilian G1P[8]
strains did not find any evidence of vaccine-induced selective pressure with unchanged aa
epitope profiles observed during pre- and post-vaccination periods (da Silva et al., 2015).
However, there has been an evident incident of Rotarix®-reassortment with a community strain
in Brazil (Rose et al., 2013). Equine-like G3P[8] RVA strains have also been reported in the
Northern region of Brazil with a phylogenetic profile related to equine-like G3P[8] RVA reported

in Asia, Europe and Oceania (Guerra et al., 2016).

2.14.2 Asia
After the introduction of Rotarix® and RotaTeq® vaccines in Japan, the detection rate of some
pre-vaccine era strains such as G1P[8] and G3P[8] decreased while strains that were found to be

sporadic before vaccine introduction such as G2P[4], G2P[8], G9P[8] and G8P[8] emerged/re-
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emerged (Hoque et al., 2020). Atypical G9P[8] with 11-R1-C1-M1-A1-N1-T1-E2-H1 constellation
has emerged recently in Japan (involving reassortment with local Japanese G9P[8] and G2P[4])
with detections in several locations in Tokyo (Fujii et al., 2019). DS-1-like G3P[8] RVA strains have
also been sporadically detected in Japan (Komoto et al., 2018). Post-RVA surveillance in Japan,
reported two rare strains: G8P[14] with an 12-R2-C2-M2-A3-N2-T9-E2-H3 constellation and
G3P[3] with an 13-R3-C3-M3-A9-N2-T3-E3-H6 constellation that circulated sporadically in 2014
and that emerged from interspecies transmission events (Okistu et al., 2018). Vietnam has also
reported feline-like G3P[8] strains exhibiting a DS-1-like backbone that potentially emerged
through reassortment events involving the DS-1-like backbone of G8P[8] strains acquiring feline
like VP7 gene (Hoa-Tran et al., 2016). DS-1-like G8P[8] strains with bovine-like G8 genotype have
emerged in Thailand, Vietnam and Japan (Guntapong et al., 2017, Hoa-Tran et al., 2016,

Tacharoenmuang et al., 2016, Kondo et al., 2017,Yodmeeklinen et al.,2018).

2.14.3 Europe

After introduction of Rotarix® vaccine in Belgium, G2P[4] immediately emerged as a predominant
strain (Zeller et al. 2010). According to post-licensure epidemiological studies, Rotarix® exhibits
the lowest (85%) serotype-specificimmune response against G2P[4] strains (Matthijnssens et al.,
2014). Thus, explaining the potential hints of strain shifts inclining towards emergence of G2P[4]
in most Rotarix® jurisdictions. Identification of unique sub-clusters during post-RVA vaccination
period in a detailed whole-genome analysis of Belgian and Australian G1P[8] strains is an
indication of potential vaccine-induced evolutionary pressure (Zeller et al., 2017). A pre and post-
RVA surveillance in Slovenia identified decrease in G1P[8] genotype from 74.1% to 8.7% from
2007 to 2008 immediately after Rotarix® introduction in 2006, with non-G1P[8] strains such as
G4P[8] and G2P[4] prevailing in circulation in subsequent years (Steyer et al., 2014). The aa
difference profile in the VP7 and VP8* antigenic epitopes was also observed in relation to the
Rotarix® vaccine (Steyer et al., 2014). Recent study in Russia identified GOP[8] and G4P[8] as the
most common genotypes circulating in Russia during the 2018/2019 post-RVA season

(Ilvashechekin et al., 2020).
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2.14.4 Oceania

Australia is among the countries that introduced both RotaTeq® and Rotarix® in the EPI which
presented opportunity to study the impact of introduction of both vaccines in different states in
Australia (Donato, 2012). After the two vaccines introduction, G2P[4] strain which circulated in
low frequency (2-17%) during pre-vaccination years emerged as a dominant strain (occurring at
50%) during post-vaccine period (2008-2009 and 2010-2011) throughout Australia (Donato,
2012). The type of the vaccine used and the dominance of the strain observed was found not to
correlate during the first two years of vaccine introduction (Donato, 2012). Further surveillance
studies showed that these strain shifts were transient as G1P[8] which is covered by both

vaccines was found to predominate in some seasons (Donato, 2012).

2.14.5 Africa

Post-vaccine Rotarix® introduction in Botswana saw a notable decline in G1P[8] and G9P[8] that
had predominated during the pre-vaccine era (2011-2012), with G2P[4] emerging as a dominant
strain post-vaccine (2013-2017) with peak levels during the 2013 season and with G3P[8]
predominating in the 2018 season (Mokomane et al., 2019). Post-Rotarix® surveillance studies in
Malawi reported atypical DS-1-like G1P[8] strains in a local setting in Blantyre which had emerged
through reassortment events involving local Malawian strains (Jere et al., 2018). From a regional
standpoint, based on a six year (2010-2015) surveillance of RVA diversity in 15 Eastern and
Southern African countries, insignificant differences between pre and post circulating RVA

genotypes, with yearly fluctuations demonstrated over time were reported (Seheri et al., 2018).

2.14.5.1 South Africa

South Africa phased in Rotarix® vaccine in its EPl in 2009 (WHO, 2009). After introduction of
Rotarix®, non-G1P[8] strains which are not incorporated in the monovalent G1P[8] vaccine,
increased dramatically (Page et al., 2018). Notably, at a key surveillance site (Dr George Mukhari
Academic Hospital) no G1P[8] strains were reported in 2012 and 2013 seasons. The G2P[4] strains
peaked and predominated in all surveillance sites in South Africain 2013 (Page et al., 2018). While
atypical G1P[8] rotavirus strains have been reported in several countries during post-vaccination

period, a recent study by Mwangi et al. (2020) uncovered atypical G1P[8] strains that circulated
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during pre-RVA vaccination period highlighting that some of the observed atypical strains
reported during post-vaccination era are not necessarily due to vaccine pressure. There is a
complex diversity of RVA strains in Africa and while most strain surveillance studies have been
conducted by focusing on the outer capsid proteins VP4 and VP7, there is need for whole-genome

characterization to fully decipher potential vaccine-induced strain changes (Nyaga et al., 2020).

2.15 Whole genome characterization using next generation sequencing (NGS) technology

Next generation sequencing (NGS) refers to different techniques such as sequencing by synthesis,
sequencing by ligation and semi-conductor sequencing (Mardis, 2013). NGS generates billions of
reads as compared to Sangers’ single DNA sequence (Kulski et al., 2016). As Illumina® sequencing
platforms dominates more than 90% of the NGS market share (Bronner and Quail, 2019), herein

an exploration of its basic workflow.

The Illumina sequencing workflow entails the fragmentation of DNA fragments primarily by use
of enzymes such as the transposase enzyme (Figure 2.4A), or mechanically using Covaris Focused-
ultrasonicators. Adapters are ligated at both ends of the fragmented DNA, which are then PCR
amplified to generate DNA libraries (Alvarez-Cubero et al., 2017). Adapter sequences have the
following essential functions in Illumina® sequencing: barcoding/indexing sequences,
forward/reverse primers for paired-end sequences and binding sequences for immobilizing the

fragments to the flow cells (Mardis, 2013).

AMPureXP magnetic beads are utilized to size select DNA by removing low-quality fragments.
Quantitative assessment of the DNA libraries is determined using Qubit or gPCR while the
gualitative assessment of the DNA libraries is then performed using Agilent Bioanalyzer or Tape
Station. The DNA library is then further normalized to appropriate Pico Molar concentrations,
followed by chemical denaturation using sodium hydroxide (NaOH) and subsequent heat-
denaturation at 96°C before eventual pooling of the library for loading onto an Illumina® flow
cell. Upon loading, the DNA libraries are covalently attached to the complementary oligos that
are pre-affixed onto the flow cell. The free opposite end of a DNA library fragment hybridizes in
a “bridge” like manner with a complementary oligo on the flow cell. DNA polymerase and the

dNTP’s then initiate bridge amplification (Caporaso et al., 2012) (Figure 2.4B).
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The newly synthesized complementary strand and template strand are denatured and another
amplification cycle is initiated. In the flow cell, millions of DNA clusters are generated and the
generated clones of template DNA are then sequenced (Shedure and Ji, 2008) (Figure 2.4C).
Sequencing entails a chain-terminating principle involving the use of reversible terminator (RT)
nucleotide that is fluorescently tagged (Berglund et al., 2011). The DNA polymerase adds
nucleotides onto the strand being synthesized. Each nucleotide incorporation is imaged with
subsequent removal of terminating bases and fluorophores to allow another nucleotide
incorporation cycle. The generated NGS reads are then de-multiplexed based on the index run
results. The paired-end reads are then reference mapped or de novo assembled using
bioinformatics tools (Figure 2.4D). The MiSeg™ and HiSeq™ platforms can provide the output of

sequencing data at a relatively low cost in one to three days (Liu et al., 2012).
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Figure 2.4:lllumina® next-generation sequencing chemistry overview

a) NGS library preparation. b) Cluster amplification of library c) Sequencing process d) Analysis of reads
using bioinformatics

Image Courtesy of Illumina, Inc and adapted from https://emea.illumina.com/content/dam/illumina-
marketing/documents/products/illumina sequencing introduction.pdf (Appendix 4)

2.16 Bioinformatics tools for analysis of rotavirus whole-genome data

2.16.1 Rotavirus genome assembly and generation of whole-genotype constellations

Rotavirus whole genome data generated from the Illlumina platforms in FASTQ raw format can
be de novo assembled or assembled using reference alignment to generate a consensus
sequence. The genome assembly can be performed in multiple softwares, including the Geneious
Prime software (Kearse et al, 2012) and/or CLC Genomics Workbench

(https://www.giagenbioinfomatics.com/). Alternative assembly tools can be developed from

customized python scripts. The contigs generated after reference mapping or de novo assembly
can be genotyped using the rVAgenotyper available at

(https://www.viprbrc.org/brc/rvaGenotyper.spg?decorator=reo&method=RetrieveResults&tick

etNumber=RG 594431877987). Multiple alignments can be performed in Molecular

Evolutionary Genetics Analysis (MEGA) (Tamura et al., 2013) and/or Geneious Prime software

packages (Kearse et al., 2012).

2.16.2 Tools to perform phylogenetic analysis

Phylogenetic analysis in RVA research is essential to enrich on the knowledge of evolution of RVA
genes/ strains. Phylogenetic analysis resources abound and one of the most commonly used
phylogenetic analysis tools is the MEGA and the MEGA Tree Explorer for its relative ease in
editing the trees, selecting of sub-trees and tree image exports in different formats such as
newick, phylip and nexus (Tamura et al., 2013). Other phylogenetic analysis tools include

Dendroscope (Huson and Scornavacca, 2012) and ggtree (Yu et al., 2018).

2.16.3 Tools for analysis of selective pressure
Natural selection is a key evolution mechanism for any organism and DataMonkey, a webserver

for the HyPhy package available at https://www.datamonkey.org/, is a valuable resource.

DataMonkey is a collection of bioinformatics tools used to detect selection across branches,
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individual sites or an entire genome. The tools include: Fixed Effects Likelihood (FEL), Fast
Unconstrained Bayesian Approximation (FUBAR), Mixed Effects Model of Evolution (MEME) and
Single-likelihood Ancestor Counting (SLAC). FEL is based on the principle that each aa site in the
phylogeny is under constant selective pressure. It is based on a maximum-likelihood approach
for inferring non-synonymous (dN) and synonymous (dS) substitution rates on a per-site basis for
a given coding alignment and corresponding phylogeny (Kosakovsky et al., 2005). FUBAR is based
on a Bayesian approach for the analysis of the non-synonymous (dN) and synonymous (dS)
substitution rates on a per-site basis for a given coding alignment and corresponding phylogeny.
The method is based on the assumption that selection pressure is constant for each site along
the entire phylogeny (Murrell et al., 2013). MEME employs a mixed-effects maximum likelihood
approach to test the hypothesis that individual sites have been subject to diversifying selection
(Murrell et al., 2012). Single-Likelihood Ancestor Counting (SLAC) combines counting and
maximume-likelihood approaches to infer non-synonymous (dN) and synonymous (dS)
substitution rates on a per-site basis for a given coding alignment and corresponding phylogeny

(Kosakovsky et al., 2005).

2.16.4 Tools to perform reassortment and recombination analysis

Genetic reassortment and recombination are some of the evolution mechanisms of RVA (Estes
and Greenberg, 2013) and they can be assessed using several tools. One of the tools is the
mVISTA, a suite of tools for comparative genomics enabling visualization of DNA alignments with
annotation information (Frazer et al., 2004). It is implemented in an on-line webserver that
provides access to global pairwise and multiple alignment tools. The mVISTA produces a clean
output which can be used to visualize reassortment occurring in rotavirus DNA alignments at
different resolution levels. Other tools that can be utilized for reassortment and recombination
analysis include: Genetic Algorithm for Recombination Detection (GARD) (Kosakovsky et al.,
2006), Recombination Detection Progragram (Martin and Rybicki, 2000) and Recombination

Identification Program (RIP) (Siepel et al., 1995).
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2.16.5 Tools to perform protein modelling and analysis

The understanding of RVA evolution can be enriched by assessing changes occurring at structural
level through analysis of protein structures. One of the protein modelling resources is the SWISS-
MODEL (available at https://swissmodel.expasy.org/), an ExPAsy webserver for protein structure
homology-modelling (Waterhouse et al., 2018). The SWISS-MODEL webserver employs an
intuitive user-interface that is easy to use. The aa target sequence file in FASTA format is
uploaded or pasted. SWISS-MODEL algorithm then searches for the templates from the SWISS-
MODEL Template Library (SMTL) that best fits the queried sequence. Upon display of the
available templates, the user selects the optimal template based on preferences such as the
resolution values and the method that was used to resolve the protein structure. The user then
proceeds to build the protein model. Model results are generated and the quality of the protein
structure can be assessed using the provided Structure Assessment feature. Other
complementary protein modelling tools include YASARA (Krieger and Vriend, 2014), Modeller
(Webb and Sali, 2016) and PyMOL (Delano, 2009).

The effect of mutation(s) on the stability of the protein structure is essential to predict whether
particular mutation(s) can be favoured in the longterm. FoldX is a structural protein model
software used to predict energy differences in protein-structures with values that come close to
experimental values (Van Durme et al., 2011). Other tools that can be utilized include: ELASPIC

(Strokach et al., 2019) and PROVEAN (Choi and Chan, 2015).
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CHAPTER THREE: MATERIALS AND METHODS

3.1 Study location
The study was performed at the University of the Free State-Next Generation Sequencing (UFS-

NGS) Unit, Division of Virology, Faculty of Health Sciences, Bloemfontein, South Africa.

3.2 Study design

The project was an experimental retrospective study to investigate the potential effect of vaccine
pressure on the most prevalent circulating RVA genotypes (G1P[8] and G2P[4]) globally, over a
14 year period (seven years pre- and seven years post-vaccination introduction) and the
evolution dynamics involved, therein. The study formed a subset of a broader ongoing project
initiative entitled “Genomic investigation of Enteric Viruses from Human Diarrheal Samples
Collected in Africa”. Ethical approval for this extensive study is under ethics number:
HSREC130/2016(UFS-HSD2016/1082). The Health Sciences Research Ethics Committee (HSREC)
of the University of the Free State approved the study under ethics number: UFS-
HSD2018/0510/3107 (Appendix 5).

3.3 Sampling method

The study involved archived RVA positive fecal samples from children under five years of age
during pre- and post RVA vaccination introduction in South Africa. The samples were retrieved
from the archival storage of the WHO regional rotavirus reference laboratory at the Diarrhoeal
Pathogens Research Unit (DPRU) based at Sefako Makgatho Health Science University (SMU),
Pretoria and also from Centre for Enteric Diseases, National Institute for Communicable Diseases
(NICD), Johannesburg. The samples had been screened previously for rotavirus dsRNA by utilizing
the Prospect™ Rotavirus Microplate Assay kit (Oxoid, Basingstoke, UK) and genotyped
conventionally for genes encoding the VP4 and VP7, commonly used for binary classification of
RVA into P- and G-types, respectively, as part of the WHO surveillance work for Africa. For this
study, archived fecal samples collected from South Africa and previously genotyped as G1P[8]
and G2P[4] were selected. Ideally, the study targeted a maximum of 420 faecal samples (15 of
each genotype (G1P[8] and G2P[4]) per year for 14 years - seven years pre- and post- RVA

vaccination) although collection was dependent on availability from archival storage.

38



3.4  Extraction of rotavirus dsRNA

A fecal suspension was prepared by adding a pea size (~ 100mg) stool sample into 200ul
phosphate buffered saline (PBS) solution, 0.01M, pH 7.2 (Sigma-Aldrich®, St Louis, MO, USA) as
RNA is more stable in PBS (Perchetti et al., 2020). The fecal suspension was vortexed (Chiltern
Scientific, UK) briefly for 10 seconds and let to stand at room temperature for 10 minutes to allow
the supernatant to form above the debris. A volume of 300ul supernatant was added to 900yl
TRI-Reagent®-LS (Molecular Research Center, Cincinnati, OH, USA) in an RNase-free 2.0ml
Eppendorf® tube (Eppendorf AG, Hamburg, Germany). The solution was vortexed briefly for 10
seconds and let to stand for 10 minutes at room temperature to ensure homogenization/lysis of
the stool sample. A volume of 300ul chloroform (Sigma-Aldrich®, St Louis, MO, USA) was added
to the solution containing Tri-Reagent®-LS (Molecular Research Center, Cincinnati, OH, USA) and
fecal supernatant. The solution was vortexed briefly for 10 seconds and let to stand 5 minutes at
room temperature. Then centrifugation was performed for 18000 x g for 20 minutes at 4°Cin a
temperature-controlled micro-centrifuge (Eppendorf micro-centrifuge 5472R, Hamburg,
Germany). The 4°C temperature was ideal for phase separation as phenol is more soluble in the
aqueous phase at room temperature. Three phases were produced, an upper aqueous phase
containing the nucleic material and salts, interphase comprising of the proteins and a lower
organic phase consisting of tissue debris and hydrophobic lipids (Chomczynski and Sacchi, 2006).
After centrifugation, the aqueous supernatant was removed and added to 1.5ml Eppendorf®
tubes (Eppendorf AG, Hamburg, Germany) containing 700ul of ice-cold isopropanol (Sigma-
Aldrich®, St Louis, MO, USA). The ice-cold low temperature ensured minimal activity of RNA
degrading enzymes. The solution was gently mixed by tilting the tubes up and down and then
incubated at room temperature for 20 minutes to allow precipitation by isopropanol. Further,
centrifugation was performed at 18000 x g for 30 minutes at room temperature in a
microcentrifuge (Eppendorf micro-centrifuge 5472R, Hamburg, Germany). Electrophoresis was
performed on 5ul aliquot of dsRNA in 1% 0.5 X TBE agarose (Bioline, UK) gel stained with
Pronasafe (Condalab, UK) for 1 hour at 95 volts. The dsRNA bands were then visualized on a UV

transilluminator (Syngene, Cambridge, UK) (Figure 3.1).
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Figure 3.1:Verification of extracted RNA on agarose gel

A schematic representation of 1% 0.5X TBE agarose gel stained with Pronasafe (Condalab, UK)
showing the bands/segments of the extracted RNA. In lane 1 and 9 the 100 bp ladder (Bioline, UK)
is shown. Lane 2 indicates negative control, lane 3 indicates positive control, lane 4-8 indicate
extracted RNA of study samples.

3.4.1 Enrichment of rotavirus dsRNA

An 8M LiCl; (Sigma-Aldrich®, St Louis, MO, USA) solution was prepared by dissolving 1.69g LiCl,
in a 15ml Falcon conical tube (SPL Life Sciences, Korea) containing 5ml nuclease-free water
(Sigma-Aldrich®, St Louis, MO, USA). A volume of 30ul LiCl; solution, while still hot (immediately
after dissolving in water solvent), was then added to the tubes containing the extracted RNA
isolate to enrich for dsRNA. The solution was further precipitated for 16 hours at 4°C in an even

temperature water-bath incubation process (Potgieter et al., 2009).

3.5  Purification of rotavirus dsRNA

A volume of 330ul of PB buffer (Qiagen, Hilden, Germany), a solution containing guanidine
hydrochloride and isopropanol, was added to the tubes containing dsRNA and lithium chloride.
The solution was mixed gently by pipetting up and down three times. All the reaction mixture
(450ul) was then transferred to labeled spin columns (Qiagen, Hilden, Germany) and centrifuged

at 7000 x g at 4°C for 1 minute. Nucleic acids adsorbed to the spin column’s silica membrane in
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the high salt conditions provided by the PB buffer. The flow-through, containing the
contaminants, was discarded. A 750ul volume of PE Wash buffer (Qiagen, Hilden, Germany),
which is a 20% ethanol containing solution, was added to the spin columns and let to stand for 2
minutes. Centrifugation was then performed at 11,000 x g at 4°C for 1 minute. The flow-through
was discarded and centrifugation at 18,000 x g for 1 min at 4°C was performed to get rid of the
residual ethanol. The spin columns were then replaced with newly labeled sterile 1.5ml
Eppendorf® tubes. A volume of 30ul EB elution resuspension buffer (Qiagen, Hilden, Germany)
was added and let to stand for 1 minute and centrifuged at 7000 x g at 4°C for 1 minute. The
dsRNA was eluted in a much smaller volume (30ul) for RNA that is more concentrated. The
column was then discarded and 2l of purified RNA was run on 1% 0.5 X TBE agarose gel prepared

at 100 volts for 90 minutes.

3.6  Quantification of dsRNA

The RNA concentration was measured on BioDrop™uLITE spectrophotometer (BioDrop,
Cambridge, UK). Firstly, the BioDrop™uLITE was switched on to allow it to start up calibration.
Then the ‘Life Sciences’ option was selected, followed by ‘Nucleic Acids’ and then the ‘RNA’
option. A volume of 2ul nuclease-free water (Sigma-Aldrich®, St Louis, MO, USA) was then used
to clean the BioDrop ulite sample port. Then 2ul of EB buffer (Qiagen, Hilden, Germany) was
loaded as a reference for calibration. The sample port was then wiped with a clean paper towel
and 1yl of sample was loaded onto the port to measure the concentration. The RNA
concentrations that fell within the A260/A280 absorbance ratio of 1.8-2.2 were considered to be

of ideal purity range for further processing.

3.7 Complementary DNA (cDNA) synthesis

cDNA was synthesized from the extracted viral RNA using the Maxima H Minus Double Stranded
Synthesis Protocol (Thermo Fischer Scientific, Waltham, MA), albeit with some modifications
captured in the UFS-NGS Unit SOP. The modified Maxima H Minus Double Stranded Synthesis

Protocol entailed two synthesis steps, first strand and second strand cDNA synthesis.
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3.7.1 First strand cDNA synthesis

Firstly, a 13ul volume of RNA was denatured at 95°C for 5 minutes in a Multigene Optimax
thermocyler (Labnet, Edison, NJ, USA) with the lid pre-heated at 105°C. The pre-heated lid
allowed the samples to initiate action at the exact recommended temperature. The denaturing
step allowed the dsRNA to unwind and separate into single strands. The tubes containing the
denatured dsRNA were briefly spun down for 10 seconds to collect the condensation and
consolidate the tube’s contents and then they were again chilled on ice. The immediate chilling
on ice minimized the renaturing of the strands. A volume of 1ul of 100uM random hexamer
primer (Thermo Fischer Scientific, Waltham, MA) was then added into the tubes containing the
denatured dsRNA on ice. The tubes were then centrifuged briefly for 10 seconds and incubated
in the thermocyler (Labnet, Edison, NJ, USA) at 65°C for 5 minutes to allow the random hexamer
primer to anneal to the RNA template. After the annealing step, the tubes were immediately
chilled on ice, briefly centrifuged for 10 seconds and then placed on ice. A volume of 5ul of the
4X first-strand reaction mix (Thermo Fischer Scientific, Waltham, MA) which is a blend of reverse
transcriptase and RNase inhibitor was then added. The reverse transcriptase used is a proprietary
enzyme that lacks RNase activity while the RNase inhibitor protected DNA degradation by RNases
A, B and C at a temperature of up to 55°C. The reaction was incubated in a thermocyler for 10
minutes at 25°C followed by 2 hours at 50°C, the optimal temperature for reverse transcription
reaction. The strands were denatured at 85°C for 5 minutes and hold at 4°C in the thermocyler
(Labnet, Edison, NJ, USA). The tubes were then placed on ice and then immediately proceeded

with the second strand synthesis step.

3.7.2 Second strand cDNA synthesis

A volume of 55ul of nuclease-free water (Thermo Fischer Scientific, Waltham, MA) was added to
the reaction mixture from the first strand reaction step. Then it was followed by addition of 20ul
of 5X second strand reaction mix (Thermo Fischer Scientific, Waltham, MA) and 5ul of second
strand enzyme mix (Thermo Fischer Scientific, Waltham, MA). The reaction mixture was briefly
centrifuged for 10 seconds and incubated in the thermocyler (Labnet, Edison, NJ, USA) at 16°C
for 60 minutes. A 6ul volume of Ethylenediaminetetraacetic acid (EDTA), pH 8.0, (Thermo Fischer

Scientific, Waltham, MA), a chelating agent that binds divalent metal ions such as Mg?* that are
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required for enzyme activity, was added to stop the reaction. Then a volume of 10ul of RNase |
(Thermo Fischer Scientific, Waltham, MA) was added to the reaction mixture to remove residual

RNA. The reaction mixture was then stored at -20°C in readiness for cDNA purification.

3.8 Complementary DNA (cDNA) purification

The synthesized cDNA was purified using MSB® Spin PCRapace Kit (Stratec Molecular, Berlin
Germany). A 50ul volume of cDNA sample was transferred to labelled DNase-free 1.5ml
Eppendorf’s® tubes (Eppendorf AG, Hamburg, Germany). A volume of 250ul of the binding buffer
(Stratec Molecular, Berlin, Germany) was added to the 1.5ml Eppendorf® tubes (Eppendorf AG,
Hamburg, Germany) containing 50ul of cDNA sample. The reaction mixture was transferred onto
spin filter (Stratec Molecular, Berlin Germany) pre-placed in 2.0ml receiver tubes (Stratec
Molecular, Berlin Germany). The reaction mixture was centrifuged for 4 minutes at 18,000 x g in
aZ 216 Hermle MK microcentrifuge (Hermle Labortechnik, Wehingen, Germany). The spin filters
were then placed onto labelled 1.5ml receiver tubes (Stratec Molecular, Berlin Germany). A 12ul
volume of elution buffer (Stratec Molecular, Berlin Germany) was added directly onto the center
of the spin filter. The reaction mixture was then centrifuged for 1 minute at 13,000 x g. The spin

filter was then discarded. The purified cDNA was stored at -20°C until the quantification step.

3.9 Purified complementary DNA (cDNA) quantification

The purified cDNA was quantified using a Qubit™ 3.0 (Invitrogen, Carlsbad, CA, USA), a
fluorometric-based assay instrument. Qubit™ Working Solution was prepared by making a 1:200
dilution of the Qubit™ ds DNA HS reagent and Qubit™ ds DNA HS buffer from the Invitrogen™
Qubit™ ds DNA HS Assay Kit (ThermoFisher, Oregon, USA). Assay standards were prepared by
adding 10ul of HS DNA Standards 1 and 2 (ThermoFisher, Oregon, USA) in separate Qubit™ assay
tubes (Invitrogen, ThermoFisher, Oregon, USA). The HS DNA standard 1 and 2 were used to
calibrate the Qubit™ instrument. A 2ul volume of the rotavirus cDNA sample was added to a
Qubit™ assay tube containing 198ul of the Qubit™ working solution. The tubes were pulse-
vortexed for 3 seconds and let to stand for 2 minutes at room temperature to allow the
fluorescent dye in the Qubit™ working solution to bind the DNA. The tubes were then inserted in

the reading port of the Qubit™ 3.0 instrument and the DNA concentration readings recorded in
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ng/ul. The concentration range of 0.2ng/ul — 0.3ng/ul was considered ideal to proceed with DNA

library preparations.

3.10 DNA library preparation
The DNA libraries were prepared using the Nextera® XT DNA Library Preparation Kit (lllumina,
San Diego, CA, USA). The DNA library preparation entailed: (a) genomic DNA tagmentation (b)

tagmented DNA amplification and (c) post-tagmented DNA clean up.

3.10.1 Genomic DNA tagmentation

This step involved fragmentation of genomic DNA by using the Nextera® transposome, a
proprietary enzyme that also subsequently tags the fragmented DNA with adapter sequences.
The following reagents were utilized during the tagmentation of genomic DNA: Tagment DNA
(TD) buffer, Ampilicon Tagment Mix (ATM) and Neutralize Tagment (NT) buffer from the Nextera
XT Library Preparation Kit. A 5ul volume of purified cDNA within the 0.2-0.3ng/ul concentration
range was pipetted to each well of UltraFlux® 96-well PCR plate (Scientific Specialties Inc, Lodi,
CA, USA). Tagment DNA buffer (10ul), was added to each well of the PCR plate followed by 5ul of
ATM. The reaction mixture was mixed up and down with a pipette and the PCR plate was
centrifuged at 280 x g at room temperature for 1 minute. The PCR plate was placed in a
thermocyler programmed with pre-heated lid option at 55°C for 5 minutes with a 10°C hold
temperature. A 5ul volume of NT buffer was added to neutralize the activity of the transposome
enzyme. The PCR plate was sealed and centrifuged in Z306 Hermle microcentrifuge (Hermle
Labortechnik, Wehingen, Germany) at 280 x g at room temperature for 1 minute followed by 5
minutes incubation at room temperature and then proceeded immediately with the

amplification step.

3.10.2 Tagmented DNA amplification

The tagmented DNA was amplified using a limited-cycle PCR program. This PCR step also added
indices, index 1 (i7) and index 2 (i5) required for cluster generation and sequencing. The reagents
utilized were Nextera PCR Mastermix (NPM) from Nextera®XT DNA Library Preparation Kit and
index 1 and 2 primers from the Nextera® XT Index Kit. Firstly, an index sample sheet was

generated using the Illumina® Experimental Manager (IEM) software v.1.18.1 (lllumina
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Experimental Manager (IEM) Software Downloads, 2020). The index sample sheet enabled to
associate each sample with its unique dual index combinations. A volume of 5ul of each index 1
primers was added to each of the sample wells followed by an addition of 5ul of index 2 into the
sample wells based on the unique combinations allotted on the sample sheet. A 15ul volume of
Nextera PCR Mastermix was added to each well and then the plate was covered with Microseal®A
film (Bio-Rad, Hercules, CA, USA) and centrifuged at 280 x g at 20°C for 1 minute. The PCR
program was performed on a thermocyler programmed with pre-heated lid option, 72°C for 3
minutes and 12 cycles of 95°C for 10 seconds, 55°C for 30 seconds and 72°C for 30 seconds then
72°C for 5 minutes and hold at 10°C. The amplified tagmented DNA library was stored at 2°C-8°C

for a day before proceeding with library clean-up step.

3.10.3 Post-tagmented and amplified DNA clean up

The post-tagmented and amplified DNA was purified to remove unwanted PCR contaminants.
AMPure XP beads (Beckman Coulter, Pasadena, CA, USA) were let to acclimatize to room
temperature for 30 minutes after getting removed from 4°C storage. The indexed libraries in the
PCR plate were centrifuged at 280 x g for 1 minute at room temperature. The AMPure XP beads
were vortexed for 30 seconds using a VX-200 Vortex Mixer (Labnet, USA) for even distribution of
the beads in the solution. A sufficient volume of beads was added to a trough (SPL Life Sciences,

Korea) from which 30ul of beads was aspirated and added to each sample well of the PCR plate.

The plate was sealed using Microseal ‘A’ film (Bio-Rad, USA) and shook for 2 minutes at 1800 rpm
using a Micro Multiple Genie Plate Shaker (Scientific Industries, Bohemia, New York, USA). The
plate was then incubated for 5 minutes without shaking. This step enabled the genomic material
to bind to the magnetic beads through their negatively charged DNA molecules. The plate was
placed on a magnetic stand until the supernatant was clear. A 200ul volume of freshly prepared
80% ethanol (Sigma-Aldrich®, St Louis, MO, USA) was used to wash off any impurities bound to
the beads and the step was repeated twice. The beads, while on the magnetic stand, were air-
dried for 10 minutes followed by removal of the plate from the stand. Resuspension Buffer (RSB)
(52.5ul) was collected from a trough and added to each sample well. The plate was sealed by

Microseal ‘A’ film (Bio-Rad, Hercules, CA, USA) and shook at 400 x g for 2 minutes and then
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incubated for 2 minutes at room temperature. The PCR plate was then placed on a magnetic
stand and when the supernatant was clear, 50ul of supernatant was removed from each of the
sample and transferred to a newly-labelled 96 well PCR plate, sealed and stored at -20°C awaiting

next step.

3.11 Quantitative assessment of DNA libraries
The indexed and cleaned DNA libraries were quantified on the Qubit™ 3.0 Fluorometer

(Invitrogen, Carlsbad, CA, USA), following the procedures as earlier described in section 3.9.

3.12 Qualitative assessment of DNA libraries

The fragment size distribution and quality of the DNA libraries was assessed on an Agilent 2100
BioAnalyzer® (Agilent Technologies, Waldbronn, Germany). Briefly, the gel-dye mix was prepared
by letting the DNA dye concentrate and DNA gel matrix to normalize for 30 minutes at room
temperature. The DNA dye concentrate was vortexed for 10 second followed by pipetting 15 ul
the DNA dye concentrate into the DNA gel matrix and stored at 4°C in the dark. The tube was
then capped, vortexed for 10 seconds and the gel and dye were visually inspected. The complete
gel-dye mix was transferred onto a spin filter. The spin filter was spun for 10 minutes at room
temperature for 4000 x g. The filter was then discarded. A volume of 9.0l of the gel-dye mix was
inserted to the bottom of well indicated by capital ‘G’ (in the high sensitivity DNA chip). The
plunger of the DNA chip priming station was positioned at 1ml. After locking the chip priming
station in place, the syringe was immediately pushed down and held by the clip. The plunger was
released after 60 seconds and visually inspected to ensure it was was past the 0.3ml mark before
pulling it slowly back to the 1ml position. After opening the chip priming station, a 9.0 ul volume
of the gel-dye mixture was added to the wells indicated by letter ‘G’. A 5ul volume of the DNA
marker was added to the well indicated by the ladder symbol and then also added to all the 11
sample wells. A volume of 1ul of the DNA ladder was added into the well indicated by the ladder
symbol. Then 1l of the sample was pipetted into the 11 sample wells. The chip was the vortexed
on a IKA® vortex mixer (IKA®-Werke, Staufen, Germany) for 60 seconds at 700 x g and then placed

into the Agilent 2100 Bionalyzer (Agilent Technologies, Waldbronn, Germany) to perform a run.
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A full report was generated for each run showing the electrophoregram with fragment size

distribution (Figure 3.2).
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Figure 3.2: BioAnalyzer® electrophoregram report

A: An electrophoregram report showing fragment size distribution in base pairs (bp) and library
concentration in arbitrary fluorescence units (FU) for 11 randomly selected representative DNA
libraries. Sample IDS 1971 and 1973 are featured in manuscript 1 (chapter 4), sample IDs 849, 1012,
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1030, 1145 and 1148 are representative samples processed for manuscript 2 (chapter 5) while sample
IDs 3354,3442, 3466 and 3518 are a representation of samples processed for manuscript 3 (Chapter
6).B:An electrophoregram ladder report showing peaks that were utilized to validate the assay. The
arrows indicate the lower marker (in green) and upper marker (in purple).

3.13 Normalization of DNA libraries
The DNA libraries concentrations in ng/ul was converted into nM using the formula below:

Concentration inng/ul 6 S
X 10° = Concentration in nM

(660g/mol x Average library size)

After determining the library concentrations in nM units, all the libraries were normalized to 4
nM as recommended in the Nextera XT protocol ((lllumina, San Diego, CA, USA). This was done

by diluting the library with Elution Buffer (Qiagen, Hilden, Germany) using the formula below:
ClxV1=C2xV2

Whereby

Ci=Concentration of the DNA library
Vi=Volume of the DNA library
C,=Concentration of the DNA library targeted
V,=Total volume

3.14 Pooling of the DNA libraries
All the DNA libraries (at 4nM concentration) were pooled together into a single 1.5ml Eppendorf®

tube (Eppendorf AG, Hamburg, Germany) by combining 5 uL of each DNA library.

3.14.1 Library denaturation and dilution

A fresh solution of 0.2N NaOH (Sigma-Aldrich®, St Louis, MO, USA) was prepared from a stock
solution of 50% w/v by pipetting 11l of stock solution to 250ul molecular-grade water (Sigma-
Aldrich®, St Louis, MO, USA) with a final volume of 1ml. The mixture was vortexed for 10 seconds
and then incubated at room temperature for 5 minutes to allow denaturation of DNA libraries
into single strands. The 4nM DNA library was diluted to 20pM by addition of 990 pl of
hybridization buffer.The reaction mixture was further diluted to 8pM by addition of 240ul of the

20pM DNA library to 360ul pre-chilled HT1 and mixed by gently inverting five times.
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3.14.2 PhiX library denaturation and dilution

PhiX (lllumina, San Diego, CA, USA), was used as a positive control during Illlumina® sequencing.
The 10nM Phix control was diluted to 20pM concentration.Briefly, 2 ul of the PhiX was added to
3 ul of Elution Buffer (Qiagen, Hilden, Germany). The resultant mixture was chemically denatured
by addition of 5ul of freshly prepared 0.2N NaOH. The mixture was incubated for 5 minutes at
room temperature and 990ul of hybridization buffer was then added to dilute the PhiX to 20pM.

3.14.3 Combining DNA library and PhiX V3 Library
The DNA library (480ul at 8pM) was combined with 20% of the PhiX (120ul at 20pM) in
preparation for loading onto the Illumina MiSeq V3 reagent cartridge (lllumina, San Diego, CA,

USA).

3.15 Preparation of the MiSeq v3 reagent cartridge

The MiSeq V3 cartridge, already thawed in de-ionized water for approximately 90 minutes was
removed and dried completely by gently tapping it on a paper towel. The reagent cartridge was
gently titled up and down ten times to ensure the thawed reagents inside the cartridge were

thoroughly mixed and free of precipitates.

3.16 Performing a run on the lllumina MiSeq®

3.16.1 Cleaning the flow cell
The flow cell was removed from its storage container and lightly rinsed with molecular-grade
water (Sigma-Aldrich®, St Louis, MO, USA) to get rid of the excess salts. The flow cell was then

wiped using a paper towel. The area of the gasket and adjacent glass was gently pat dry.

3.16.2 Loading sample libraries

The combined DNA library and PhiX control library was incubated at 96°C for two minutes on an
Accublock™ Digital Dry Bath (Labnet, NJ,USA). After incubation, the tube was gently tilted up and
down two times and then placed in the ice-water bath. The foil seal covering the reservoir labeled
‘Load Samples’ on the MiSeq cartridge was cleaned with a low-lint laboratory tissue. The foil seal
was pierced using a clean 1000ul pipette tip. A volume of 600ul of the prepared libraries (DNA

library and PhiX v3 control library) was used at a percentage value of 90% for the DNA library
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versus 10% of the PhiX control. Then proceeded immediately to run the setup steps using the
MiSeq® Control Software (MCS) interface and the run performed for 600 cycles (301 x 2 paired
end) on a MiSeq® benchtop sequencer (lllumina, San Diego, CA, USA) at the UFS-NGS Unit.

3.17 Data analysis

3.17.1 Genome assembly

The FASTQ raw data from the Illlumina MiSeq® was subjected to both de novo and reference-
based rotavirus genome assembly by using Geneious Prime® 2020.1.1 (Kearse et al., 2012). The
reference mapping and de novo tools integrated into the Geneious Prime were utilized for
subsequent assembly process. An in-house data assembly pipeline and CLC Genomics Workbench

(https://www.giagenbioinfomatics.com/), were utilized as complementary genome assembly

resources.

3.17.2 Generation of whole-genome constellations
The generated assembled contigs were genotyped using rvaGenotyper, an annotation pipeline
for genotyping RVA. rvaGenotyper is an optimized reimplementation of RotaC?? (Maes et al.,

2009).

3.17.3 Phylogenetic analysis
Full-length sequences for each gene segment were aligned using MAFFT package in Geneious
Prime. Duplicated sequences were identified using ElimDupes, a duplicate sequence removal tool

(https://www.hiv.lanl.gov/content/sequence/elimdupesv2/elimdupes.html). Upon alignment,

the optimum evolutionary model befitting each dataset was calculated using Model Test program
in MEGA 6 (Tamura et al., 2013). The models were applied to construct phylogenetic trees
(Maximum-likelihood) using MEGA 6 supported by a 1000 bootstrap replicates to estimate
branch support. The number of duplicate sequences were indicated alongside the sequences in
the phylogenetic tree. Identity genetic matrices were performed using the p-distance algorithm

in MEGA 6 (Tamura et al., 2013).
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3.17.4 Selection pressure and recombination analysis

Analysis of natural selection in RVA gene segments was done using the suite from the
DataMonkey Webserver (Weaver et al., 2018): Fixed-effects Likelihood (FEL) (Kosakovsky et al.,
2005), Fast Unconstrained Bayesian Approximation for Inferring Selection (FUBAR) (Murrell et
al., 2013), Mixed-effects model of episodic selection (MEME)(Murrell et al., 2012) and Single-
Likelihood Ancestor Counting (SLAC) (Kosakovsky et al., 2005). Due to possible variations in the
results from the methods, sites under positive selection that were identified by at least three of
the aforementioned methods were considered. Genetic Algorithm for Recombination Detection

(GARD) was used to perform analysis of genetic recombination (Kosakovsky et al., 2005).

3.17.5 Reassortment analysis

Reassortment analysys was assessed using the mVISTA web platform (Frazer et al., 2004). Briefly,
concatenated sequences were uploaded in fasta format into the mVISTA web interface and the
‘Submit’ button was clicked. Three viewing options were generated: (a) the Text Browser, which
provided all the detailed information such as sequences, alignments and conserved sequence
statistics (b) VISTA Broswer, which is a dynamic visualization tool that provided options to adjust
VISTA curve and conserved sequence parameters and (c)PDF file, which provided a static VISTA

plot of alignment.

3.17.6 Protein-modelling

The rotavirus protein structures were modeled using SWISS-MODEL (Waterhouse et al., 2018).
First, the aa fasta sequence was programed to perform a template search. The template was
selected from the SWISS-MODEL Template Library (SMTL). The protein structure templates and
respective resolution values for the gene segments VP7 and VP4 were (3fmg.1, 3.40A) and
(2dwr.1, 2.50A), respectively. Upon selection of the template, the modelling was then performed.
The evaluation of stereo chemical quality parameters of the generated structures was performed
using the structure assessment feature in the SWISS-MODEL server (Waterhouse et al., 2018)

(Figure 3.3).
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Figure 3.3: Swiss-Model Structural Assessment Report

A Swiss-Model Structural Assessment Report for a representative protein structure of VP7 study strain
4357 analysed in manuscript 2 (chapter 5) Indicating Global Model Quality Estimate (GMQE). GMQE is
expressed as a number between 0 and 1, reflecting the accuracy of a model built with that alignment
and template and the coverage of the target.

The 3D quality of the structure was further assessed using VERIFY 3D which generates a pass or
fail result based on the quality of the structure (Figure 3.4). In this study, protein structures that
did not pass the quality check were discarded. Visualization and production of images were
performed in PyMol software (Delano, 2009). In order to assess structural conformation,
superposition of two protein structures was performed in PyMol and the alignment value
generated in Root Mean Square Deviation (RMSD), whereby a value of 0 indicates absolute

structural homology (Maiorov and Crippen, 1994).
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Figure 3.4: VERIFY 3D protein structure quality assessment

A VERIFY 3D quality assessment result for a representative VP7 study strain 4357 in manuscript 2 (chapter
5) Indicating a Pass result for the analysed structure. VERIFY 3D generates a pass or fail result based on
the quality of the structure.

3.17.7 In-silico analysis of effect of mutation(s) on protein stability

The FoldX plugin (Van Durme et al., 2011) integrated in the YASARA platform (Krieger et al., 2002)
was used to predict the stability effect of mutation(s) in a 3D structure. First, the pdb (protein
data bank) file was loaded into YASARA. The FoldX RepairPDB command was utilized to minimize
the energy of the protein structure by rearranging the aa side chains in order to get a better free
energy of the protein. This was necessary in order to get accurate results when subsequently
calculating the stability effects. The mutate residue command was then applied to mutate one
or multiple aa residues to one or more new aa residues. The FoldX Stability command was used
to calculate the free energy of unfolding. FoldX uses an empirical method to estimate the stability
effect of a mutation whereby the stability (AG) of a protein was defined by the free energy, which
was expressed in kcal/mol. Herein, G is the difference of free energy between the Rotarix®
(vaccine) strain and mutant strain. The energy with positive value was regarded to destabilize the
structure, while a mutation with a negative value was regarded to stabilize the structure. Folding
energy change of 0.5 kcal/mol was regarded to be statistically significant for
stabilizing/destabilizing effect (van Durme et al., 2011).
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Figure 3.5: FoldX YASARA free energy change analysis

A generated visual report of the free energy change analysis of a mutated residue in kcalmol of a
representative VP7 study protein of strain 1544 analysed in manuscript 2 (chapter 5) performed in YASARA
using the FoldX plug in. The arrow indicates the generated result. FoldX calculates the free energy of the
wild type and the mutant and generates the difference.
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CHAPTER FOUR

INVESTIGATION OF GENOTYPE VARIATION AND THE EMERGENCE OF POTENTIAL VACCINE
ESCAPE STRAINS PRE-AND POST-VACCINATION INTRODUCTION.

Chapter four is based on the publication “Uncovering the first atypical DS-1-like G1P[8]
rotavirus strains that circulated during pre-rotavirus vaccine introduction era in South Africa”

Mwangi, P.N., Mogotsi, M.T., Rasebotsa, S.P., Seheri, M.L., Mphahlele, M.J., Ndze, V.N., Dennis,
F.E., Jere, K.C. and Nyaga, M.M., 2020. Uncovering the First Atypical DS-1-like G1P [8] Rotavirus
Strains That Circulated during Pre-Rotavirus Vaccine Introduction Era in South
Africa. Pathogens, 9(5), p.391. Impact Factor 3.405

https://pubmed.nchi.nlm.nih.gov/32443835/

4.1 Introduction

Diarrhea persists as a leading infectious mortality cause in children under the age of five
worldwide (WHO, 2020). Group A rotavirus (RVA) is the primary viral etiologic agent for AGE in
children under five years of age (Estes and Greenberg, 2013), resulting in annual mortality cases
ranging from 122,322 to 215,757 with an estimated 81% reported in sub-Saharan Africa and
Southeast Asia (Tate et al., 2016; Troeger et al., 2018). To combat RVA diarrhea especially in
countries with high RVA disease burden, the WHO recommends incorporation of RVA vaccines
into the national immunization programs alongside other childhood vaccines (WHO, 2009). The
WHO has prequalified four vaccines (Rotarix®, GlaxoSmithKline, Rixenstart, Belgium; RotaTeq®,
Merck & Co, USA; Rotavac®, Bharat Biotech, Hyderabad, India and Rotasiil®, Serum Institute of
India, Pune, India) for global use (WHO, 2020). Two vaccines (Rotavin-M1®, POLYVAC, Hanoi,
Vietnam and Lanzhou lamb rotavirus, Lanzhou Institute of Biological Products, Lanzhou, China)
have been approved for national use in Vietnam and China, respectively (Fu et al., 2010; Anh et
al., 2012). Human neonatal RVA vaccine (RV3-BB) and bovine human reassortant RVA vaccine
candidates, as well as neonatal and non-replicating injectable vaccines, are in the pipeline
(Kirkwood and Steele, 2018). South Africa was the first African country to adopt the monovalent
RVA vaccine (Rotarix®) in September 2009, into its Expanded Program on Immunization (EPI)
(WHO, 2009) which culminated in a 77% reduction in RVA disease during the first year that the
vaccine was introduced (Madhi et al., 2010; Madhi et al., 2012).
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Rotaviruses belong to the Reoviridae family. The rotavirus genome is composed of 11 segments
of double-stranded RNA (dsRNA) encapsulated in a three-layered protein capsid. Six structural
proteins (VP1 to VP4, VP6 and VP7) and five or sometimes six, non-structural proteins (NSP1 to
NSP5/NSP6) that encode the rotavirus genome (Estes and Greenberg, 2013). The outer capsid
proteins, VP7 and VP4, which act as neutralizing agents, are universally applied in the binary
classification of rotavirus strains into G and P types, respectively (Estes and Greenberg, 2013).
The contemporary classification of RVA strains is based on whole-genome composition
underpinned by the nucleotide homology cutoff values that have been determined for the open
reading frame (ORF) of each gene segment (Maes et al., 2009; Matthijnssens et al., 2011). The
number of currently described genotypes are 36 G (VP7), 51 P (VP4), 26 | (VP6), 22 R (VP1), 20 C
(VP2), 20 M (VP3), 31 A (NSP1), 22 N (NSP2), 22T (NSP3), 27 E (NSP4), and 22 H (NSP5)

(http://rega.kuleuven.be/ cev/viralmetagenomics/virus-classification).

The globally predominant RVA genotypes are G1P[8], G2P[4], G3P[8], G4P[8], G9P[8] and G12P[8]
(Doro et al., 2014). However, RVA strains variability by region is well documented (Banyai et al.,
2011). In Africa, RVA genotypes such as G1P[6], G8P[4], G8P[6], G8P[8] and G9P[6] are
substantially prevalent but uncommon elsewhere (Banyai et al., 2011, Doro et al., 2014; Mwenda
et al., 2010; Seheri et al., 2018). Additionally, the G3P[8] and G4P[8] genotypes have been on the
decline in Africa and have not been detected in many African countries for almost a decade, albeit
an impromptu emergence of equine-like G3P[6] and G3P[8] in Botswana, Eswatini and Malawi
(Seheri et al., 2019). RVA are classified further into three genogroups: Wa-like which bears a
genotype 1 constellation (11-R1-C1-M1-A1-N1-T1-E1-H1), DS-1-like which bears genotype 2
constellation (12-R2-C2-M2-A2-N2-T2-E2-H2) and a relatively minor AU-1-like characterized by
genotype 3 constellation (I3-R3-C3-M3-A3-N3-T3-E3-H3) (Matthijnssens and Van Ranst, 2012).
Typically, G1P[8], G3P[8], G4P[8], G9P[8] and G12P[8] RVA have a Wa-like genotype constellation,
whereas G2P[4], G8P[4] and G8P[6] strains usually have a DS-1-like genotype constellation
(Matthijnssens and Van Ranst, 2012). G1P[8] is the world’s most prevalent genotype accountable

for an estimated 50% of RVA infections (Do et al., 2016). The vast antigenic and genetic
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heterogeneity of G1P[8] strains contributes to the persistent recurrence of the VP4 and VP7
protein variants and the epidemiological fitness of some of these variants might be accountable

for their global prevalence (Santos et al., 2019).

The segmented RNA genome of RVs facilitates reassortment and recombination events and the
error-prone RNA-dependent RNA polymerase promotes high mutation rates (Estes and
Greenberg, 2013). These evolutionary mechanisms lead to the emergence of novel strains and
distinct lineages (Kirkwood, 2010). Intergenogroup reassortment of G1P[8] gene segments has
been reported in Africa, Asia and the Americas (Fujii et al., 2014; Kuzuya et al., 2014; Yamamoto
etal., 2014; Jere et al., 2018; Luchs et al., 2019). These atypical G1P[8] strains were first reported
in Okayama Prefecture, Japan during 2012-2013 post-RVA vaccine surveillance of acute
gastroenteritis ,and then in other prefectures, including Aichi, Akita, Kyoto and Osaka (Fujii et al.,
2014; Kuzuya et al., 2014; Yamamoto et al., 2014). Subsequent incidences were then reported
during 2013 post-RVA vaccine surveillance in Phetchabun and Sukhothai provinces in Thailand
(Komoto et al., 2015; Komoto et al., 2016) and in 2012-2013 during the pre-RVA vaccine period
in Hanoi, Vietham (Nakagomi et al., 2017). Although unpublished, sequence data of G1P[8] DS-
1-like sequence strains isolated during pre-vaccine period between August-November 2012 in
Palawan, Southwestern region of Philippines, have been deposited in the GenBank database.
Recently, for the first time in the Americas, G1P[8] DS-1-like strains were reported in 2013 during
post-RVA vaccination period from the states of Sao Paulo and Goias in Brazil (Luchs et al., 2019).
In Africa, Jere and colleagues reported the emergence of atypical G1P[8] strains during the post-
RVA vaccination period in Blantyre, Malawi (Jere et al., 2018). It is not definitively resolved
whether these atypical G1P[8] strains are widespread. In addition, there is a paucity of
information on whole-genome sequences of G1P[8] strains post-vaccine era with only a few
countries performing full-genome characterization of the strain (Rahman et al., 2010; Arora and
Chitamber, 2011; Banyai et al., 2011; Shintani et al., 2012; Magagula et al., 2015; Zeller et al.,
2017; Santos et al., 2019). The AEVGI is conducting whole-genome characterization of country-
specific pre- and post-vaccine RVA strains in Africa and has identified, for the first time in South

Africa, atypical G1P[8] strains that were circulating before vaccine introduction. This study aimed
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to determine the genetic relationship and evolutionary origin of these pre-vaccine atypical

G1P[8] RVA strains.

4.2 Materials and Methods

4.2.1 Ethics approval

The study was approved under ethics number, UFS-HSD2018/0510/3107, by the Health Sciences
Research Ethics Committee (HSREC) of the UFS, Bloemfontein, South Africa. The patient identities
and demographics were de-linked from their unique laboratory identifiers to ensure

confidentiality.

4.2.2 Sample collection

Rotavirus positive stool samples from children under five years of age treated for gastroenteritis
at Dr George Mukhari Hospital, Pretoria North, South Africa and conventionally genotyped as
G1P[8] were sourced from archival storage (2002 to 2017) of DPRU, a WHO-RRL in Pretoria, South
Africa. The two stool samples that were later genotyped as DS-1-like G1P[8] strains had been
collected from a 6-month old female and a 12-month old male on 15" and 16" May 2008,

respectively, from Soshanguve, Pretoria.

4.2.3 Extraction and purification of double-stranded RNA

The extraction of RVA ds-RNA was conducted by utilizing a previously described method albeit
with modifications (Potgieter et al., 2009). Briefly, a pea size (~100mg) sample of stool was added
to 200 ul of Phosphate-Buffered Saline (PBS) solution, pH 7.2 (Sigma-Aldrich®, St Louis, Missouri,
US). The solution was mixed by pulse- vortexing for five seconds. A 1 ml volume of TRI-Reagent®-
LS (Molecular Research Center, Inc, Cincinnati, OH, USA) was added and let to stand for five
minutes. Phase separation was achieved by addition of 270ul of chloroform (Sigma-Aldrich®, St
Louis, Missouri, US). Afterward, centrifugation for 18,000 x g was performed for 20 minutes at
4°C in a temperature-controlled microcentrifuge (Eppendorf microcentrifuge 5427R, Hamburg,
Germany). A volume of 1ml isopropanol (Sigma-Aldrich®, St Louis, Missouri, US) was added to
the supernatant and centrifugation was performed at 18,000 x g for 30 minutes at room

temperature. The supernatant was poured off and the tubes were let to dry for 10 minutes after
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which 95ul of Elution Buffer (EB) from the MinElute Gel extraction kit (Qiagen, Hilden, Germany)
was added. A 30ul volume of 8M LiCl, (Sigma, St. Louis, MO) was added and the solution was
precipitated for 16 hours at 4°C in a water bath in a Tupperware box. The MinElute gel extraction
kit (Qiagen, Hilden, Germany) was used to purify the extracted RNA according to manufacturer’s
instructions and 1% 0.5 X TBE agarose gel stained with Pronasafe (Condalab, UK) electrophoresis
was used to verify the integrity and enrichment of dsRNA which was visualized on a G:Box

Syngene UV transilluminator (Syngene, Cambridge, UK).

4.2.4 Synthesis and purification of complementary DNA(cDNA)

The Maxima H Minus Double-Stranded cDNA Synthesis Kit (Thermo Fischer Scientific, Waltham,
MA) was utilized to synthesize cDNA from the extracted viral RNA. Briefly, denaturation at 95°C
for 5 minutes of the extracted RNA was performed followed by addition of 1ul of 100uM Random
Hexamer primer. Incubation was performed in a thermocyler at 65°C for five minutes. The First-
Strand Reaction mix (5ul) and First Strand Enzyme Mix (1ul) was added and the solution was
incubated at 25°C for 10 minutes followed by 2 hours at 50°C and then the reaction was
terminated by heating at 85°C for 5 minutes. A volume of 55ul of nuclease-free water, 20ul of 5X
Second Strand Reaction Mix, 5ul of Second Strand Reaction Mix was then added. The solution
was then incubated at 16°C for 60 minutes after which the reaction was stopped by adding 6l
0.5M EDTA. A volume of 10ul RNAse | was then added and the synthesized cDNA was incubated
for five minutes at room temperature. Subsequently, the MSB® Spin PCRapace (Stratec)

Purification Kit was used to purify the synthesized cDNA.

4.2.5 DNA library preparation and whole-genome sequencing

The Nextera® XT DNA Library Preparation Kit (lllumina, San Diego, California, US) was utilized to
prepare DNA libraries by following manufacturer’s instructions. Briefly, the genomic DNA was
tagmented by using the Nextera® transposome enzyme and the tagmented DNA was
subsequently amplified using a limited-cycle PCR program. The DNA libraries were cleaned-up
using AMPure XP magnetic beads (Beckman Coulter, Pasadena, CA, USA) and 80% freshly
prepared ethanol. The quantity of the DNA was determined using Qubit 2.0 fluorometer

(Invitrogen, Carlsbad, CA, USA) and the quality of the libraries and fragment sizes was assessed
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using Agilent 2100 BioAnalyzer® (Agilent Technologies, Waldbronn, Germany) by following the
manufacturer’s specified protocol. The lllumina MiSeq® sequencer (Illumina, San Diego, CA, USA)
was utilized to perform paired-end nucleotide sequencing (301 x2) for 600 cycles by using a
MiSeq Reagent Kit v3 at the University of the Free State-Next Generation Sequencing (UFS-NGS)

Unit, Bloemfontein, South Africa.

4.2.6 Genome assembly

Geneious Prime® software, version 2019.1.1 (Biomatters, https:www.geneious.com/; Kearse et
al., 2012) was used for genome assembly. Briefly, for use with the reference mapping tools
integrated in Geneious Prime version 2019.1.1, the default medium sensitivity parameter was
selected to generate contigs from the FASTQ files data generated by the lllumina MiSeq®
instrument. Complementary RVA genome assembly was also performed using an in-house
genome assembly pipeline and CLC Genomics Workbench 12

(https://www.giagenbioinformatics.com/).

4.2.7 Determination of rotavirus whole-genotype constellations
The genotype of each gene segment was determined using Rota C, v 2.0 (Maes et al., 2009), an
online server for genotyping RVA strains. This was used to generate the full genotype

constellations for each RVA strain.

4.2.8 Phylogenetic analyses

Complete sequences for each gene segment were aligned and sequence comparisons performed
as described previously (Ward et al., 2016; Esona et al., 2017; Esona et al., 2018). Multiple
sequence alignments were implemented utilizing the MUSCLE package in Molecular Evolutionary

Genetics Analysis (MEGA) 6 software (Tamura et al., 2013; http://www.megasoftware.net/).

Upon alignment, the DNA Model Test program in MEGA 6 was used to determine the
evolutionary model that best fits each gene sequence datasets. The models identified as best
fitting with the sequence data for the indicated genes using the Corrected Akaike Information
Criterion (AlCc) were as follows: GTR+G+| (VP7, VP4, VP6,VP1,VP2,VP3,NSP1,NSP2,NSP3) and
HKY+G+l (NSP4 and NSP5). These models were utilized in Maximum-likelihood trees’

construction using MEGA 6 with 1000 bootstrap replicates to estimate branch support. Genetic
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distance matrices were prepared using the p-distance algorithm of MEGA 6 software (Tamura et
al., 2013). In addition to the two whole-genome sequences of the strains in this study, other

cognate sequences were acquired from GenBank (http://www.ncbi.nlm.gov/genbank). Further

phylogenetic analysis by geographical regions Africa (Eastern Africa, Southern Africa and West
Africa), Asia, Americas, Europe and Oceania was also performed. mVISTA software was used to
visualize the comparative sequence similarities of concatenated whole-genome of genetically

related strains (Frazer et al., 2004).

4.3 Results

4.3.1 Nucleotide sequencing

lllumina® MiSeq sequencing yielded 14.7 x10° reads (379 bp fragment size) and 11.3 x10° reads
(364 bp fragment size) for strains RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1971/2008/G1P[8]
and RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1973/G1P[8], respectively. All the sequences had

a phred score of Q230 (99.9% base calling accuracy).

4.3.2 Full-genome constellation analysis

Whole-gene sequences of the 11 genes of strains, RVA/Human-wt/ZAF/UFS-NGS-MRC-
DPRU1971/G1P[8] and RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1973/G1P[8], were
determined and their genotype constellations were revealed as G1-P[8]-12-R2-C2-M2-A2-N2-T2-
E2-H2 (Table 4.1). The sizes of full-length segments 1 to 11 and their respective open reading
frames (ORFs) for the two study strains were determined (Table 4.1). The ORF sequences for all
the 11 genes of these two South African atypical G1P[8] strains were deposited in GenBank under

accession numbers MT163245-MT163266.
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Table 4.1. Whole genotype constellations of the South African DS-1-like G1P[8] RVA
strains.

Gene segment VP7 VP4 VP6 VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5

Base pair size for full length sequences 1062 2359 1355 3302 2684 2591 1566 1059 1066 751 810

Base pair size for the complete study strain ORF 978 2325 1191 3264 2637 2505 1458 951 939 525 600

RVA/Human-wt/ZAF/UFS-NGS-MRC-
DPRU1971/2008/G1P[8]

RVA/Human-wt/ZAF/UFS-NGS-MRC-
DPRU1973/2008/G1P[8]

Color codes indicate genogroup attribution. Green color represents the genotype associated with the Wa-
like genogroup while red color represents the genotype belonging to the DS-1-like genogroup. The
nomenclature of the rotavirus strains indicates the rotavirus group, species where the strain was isolated,
name of the country where the strain was originally isolated, the common name, year of isolation and the
genotypes for genome segment 4 and 9 as proposed by the Rotavirus Classification Working Group (RCWG)
(Matthijnssens et al., 2011)

4.3.3 Sequence and phylogenetic analysis

4.3.3.1 Phylogenetic analysis of VP7

Phylogenetically, the diversity of the VP7 G1 genes has been established through seven known
lineages (I-VII) (Arista et al., 2006) (Figure 4.1). The VP7 genes of the atypical G1P[8] study strains,
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1971/2008/G1P[8] and RVA/Human-wt/ZAF/UFS-
NGS-MRC-DPRU1973/2008/G1P[8] clustered in genetic lineage |, which consisted of a global
collection of G1 strains that circulated from 2002 to 2015 (Figure 4.1). In this lineage |, the two
G1 study strains clustered closely together and shared almost absolute gene identities amongst
themselves; nt (aa) 99.9% (100%) (Figure 4.1; Supplementary data available at

https://www.mdpi.com/2076-0817/9/5/391/s1). Analysis of the G1 study strains with locally

circulating South African strains retrieved from the GenBank identified the highest sequence
identities of 99.8-99.9% (100%) with strain RVA/Human-wt/ZAF/MRC-DPRU1039/2008/G1P[8]
and clustered closely with this strain which was isolated the same year, 2008, as the two study
strains (Figure 4.1). However, within the same lineage, the VP7 genes of the two G1 study strains
from South Africa clustered distinctly away from the atypical G1P[8] strains reported in Brazil,

Japan, Malawi, Philippines, Thailand and Vietnam (Fujii et al., 2014; Kuzuya et al., 2014;
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Yamamoto et al.,, 2014; Jere et al., 2018; Luchs et al., 2019) and displayed overall nt (aa)
similarities that ranged from 87.0-98.5% (87.1-98.8%). Specifically, the nt (aa) similarities ranged
from 96.9-97.0% (98.5%), 96.9-97.1% (98.5-98.8%), 87.0-98.5% (87.1-98.8%), 96.5-96.8% (98.2-
98.5%), 96.9-97.0% (98.8%) and 97.0-97.1% (96.9%) to the post-vaccination G1 atypical strains

reported in Brazil, Japan, Philippines, Malawi, Thailand and Vietnam, respectively.

When the two South African G1 study strains were compared to the typical G1 strains selected
globally, they displayed the highest nt (aa) similarities of 99.7-99.8% (100%) with a European
strain, RVA/Human-wt/BEL/BELO0017/2006/G1P[8]. The nt (aa) similarities comparison to
representative strains from Africa (Eastern Africa, Southern Africa and West Africa), America,
Asia, Europe and Oceania ranged from 93.9-97.6% (94.2-98.2%), 97.1-99.5% (98.2-100%), 97.1-
97.9% (96.9-98.2%), 93.1.5-97.6% (94.8%-98.5%), 96.4-99.6% (97.8-99.7%), 99.7-99.8% (100%)
and 93.7-98.4% (94.5-98.8%), respectively. In addition, comparison of the VP7 genes of the two
study strains to cognate gene sequence of the Rotarix® and RotaTeq® vaccine strains, displayed

nt (aa) identities that ranged from 94.2-94.3% (95.7%) and 91.0-91.1% (93.2%), respectively.
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Figures 4.1: VP7 phylogenetic tree based on the full-length nucleotide sequences.

Strains RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1971/2008/G1P[8] and RVA/Human-wt/ZAF/UFS-NGS-MRC-
DPRU1973/2008/G1P[8] are identified by the black filled circular dots (®). Unusual G1P[8] strains from Malawi,
Japan, Thailand, Vietnam, Brazil and Philippine are indicated. Bootstrap values 270% are shown adjacent to each
branch node. Each scale bar indicates the number of nucleotide substitutions per site.
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4.3.3.1.1 Analysis of the VP7 neutralization epitopes

The VP7 genes contain three established neutralization epitopes: 7-1a, 7-1b and 7-2. Twenty-
nine amino acids (14 residues in 7-1a, 6 residues in 7-1b and 9 residues in 7-2) define the three
VP7 antigenic epitopes (Aoki et al., 2009). The VP7 neutralization epitope sites of the two South
African study strains were aligned and mapped against cognate neutralization sites of the two
RVA vaccines, Rotarix® and RotaTeq®. Four aa differences (N94S, S123N, K291R and M217T) in
the VP7 genes of the two South African study strains were identified relative to Rotarix® VP7
neutralization sites while five aa acid differences (D97E, S123N, K291R, S147N and M217T) were
identified with comparison to RotaTeq® G1 antigenic sites (Figure 4.2). Antigenically, similar aa
residues in the VP7 epitopes of the study strains were observed in the corresponding VP7
epitopes of the multiple atypical G1P[8] strains (Figure 4.2). The VP7 epitopes of the two South
African G1 strains were compared with those of globally selected lineage | G1 strains. The analysis
showed ten aa differences (T91N, S94N, D100N, D100E, N123S, R291K, T242A, N147D, L148F and
T217M) (Figure 4.2).
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Figure 4.2: Alignment of antigenic residues in VP7 between vaccine strains and wild
type strains.

Antigenic residues are divided in three epitopes (7-1a, 7-1b, and 7-2). Amino acids that differ
between Rotarix® and RotaTeq® are indicated in boldface. Sky blue colored residues are residues
that are different from both Rotarix® and RotaTeq®, green colored residues are different from
Rotarix® and brown colored residues are different from RotaTeq®. Amino acid changes that have
been shown to escape neutralization with monoclonal antibodies are indicated with a black dot.
Atypical G1P[8] and countries of detection are indicated on the left side of the figure. South Africa
atypical G1P[8] strains are in boldface characters.
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4.3.3.2 Phylogenetic analysis of VP4

The VP4 genes of the two atypical G1P[8] study strains were phylogenetically compared to the
four established lineages (I-1V) of the P[8] genotypes (Le et al., 2010) (Figure 4.3). The P[8] genes
of the South African strains, RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1971/2008/G1P[8] and
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1973/2008/G1P[8], clustered in lineage Il which
consisted of a global collection of P[8] strains that circulated from 2002 to 2014 (Figure 4.3).
Within the P[8]-lineage-lll, the two atypical G1P[8] study strains clustered closely together and
shared nt (aa) identities of 99.9% (99.7%) amongst themselves (Figure 4.3). Homology analysis of
the P[8] sequences of the two South African strains with sequences of South African strains
retrieved from the GenBank demonstrated the highest nt (aa) sequence identities of 99.6%
(99.1-99.4%) with strain RVA/Human-wt/ZAF/MRC-DPRU1039/2008/G1P[8] (Figure 4.3).
However, within the same lineage, the VP4 genes of the two atypical strains from South Africa
segregated distinctly away from the atypical strains that have been detected in Brazil, Japan,
Malawi, Philippines, Thailand and Vietnam. They exhibited overall nt (aa) similarities that ranged
from 95.2-98.0% (95.1-98.6%). Specifically, the nt (aa) similarities ranged from 97.6-97.8% (98.1-
98.6), 98.2-98.5% (98.5%), 95.2-98.0% (95.1-98.2%), 97.7-97.8% (98.1-98.5%), 97.8-98.0% (97.7-
98.2%) and 98.1-98.2% (97.9-98.3%) to the post-vaccination atypical strains reported in Brazil,
Japan, Malawi, Philippines, Thailand and Vietnam, respectively. A comparison of the South
African P[8] study strains characterized in this study with a global collection of P[8] strains
showed their closeness and the study strains shared the highest nt (aa) similarity of 99.5% (99.1-
99.4%) to a Belgian strain, RVA/Human-wt/BEL/BEL00017/2006/G1P[8]. Overall, the nt (aa)
similarities in comparison to representative strains from Africa (Eastern Africa, Southern Africa,
Western Africa), America, Asia, Europe and Oceania ranged from 97.4-97.8% (97.8-98.2%), 86.7-
99.1% (91.1-99.2%), 86.7-99.1% (91.1-99.2%), 86.6-99.4% (91.0-99.2%), 86.5.-98.9% (91.1-
98.7%), 86.8-99.5% (91.2-99.5%) and 86.5-98.5% (91.0%-98.6%), respectively. In addition, the
comparison of the atypical VP4 genes to the P[8] genes of the Rotarix® and RotaTeq® vaccine
strains, displayed nt (aa) identities that ranged from 90.3-90.4% (93.9-94.2%) and 92.3% (95.2%),

respectively.
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Figures. 4.3: VP4 phylogenetic tree based on the full-length nucleotide sequences.

Strains RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1971/2008/G1P[8] and RVA/Human-wt/ZAF/UFS-
NGS-MRC-DPRU1973/2008/G1P[8] are identified by the black filled circular dots (e). Unusual G1P[8]
strains from Malawi, Japan, Thailand, Vietnam, Brazil and Philippine are indicated. Bootstrap values
>70% are shown adjacent to each branch node. Each scale bar indicates the number of nucleotide

substitutions per site.
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4.3.3.2.1 Analysis of the VP4 neutralization epitopes

The VP4 spike protein is cleaved by trypsin into two distinct structural proteins, VP5* and VP8*
(Estes and Greenberg, 2013). Analysis of the two South African study strains’ VP4 sequences
showed a conserved trypsin cleavage site (arginine) at positions; 230, 240 and 581 (Ciarlet et al.,
2002). Furthermore, the neutralization epitopes in the VP8* and VP5* regions were analyzed.
The VP8* region has four (8-1 to 8-4) neutralization epitopes while VP5* has five (5-1 to 5-5)
(Figure 4.4) (Zeller et al., 2012). Comparison of the two South African P[8] strains relative to the
Rotarix® and RotaTeq® P[8] sequences displayed 32 and 35 identical amino acid residues,
respectively, spanning the VP4 antigenic epitopes (Figure 4.4). Amino acid differences between
the two P[8] study strains and P[8] component of vaccine strains were only identified in 8-1, 8-2
and 8-3 VP8* epitopes. Five aa differences (E150D, N195G, S125N, S131R and N135D) were
identified in the study strains in relation to Rotarix® P[8] strain while two aa differences (E150D
and D195G ) were identified relative to P[8] strain of RotaTeq® (Figure 4.4). Analysis with VP4
epitopes of other atypical G1P[8] strains identified similar aa residues with the exception of
position 113 in the 8-3 epitope whereby asparagine was observed in the study strains while other
atypical strains had either an aspartate or serine at this position (Figure 4.4). Further analysis of
the study strain’s VP4 neutralization epitopes with corresponding VP4 neutralization epitopes of
globally selected P[8]-lineage-lll strains identified two aa differences (5146G and N113D) (Figure
4.4).

69



Epitopes
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Strain
e |RVAWVaccine/USA/Rotarix-A41CB052A/1988/G1P[8] PBI D S Q E S T N L I T A NP NTN YF Il WPGRT PELR
swans | GU565044-RVANVaccine/USA/RotaTeq-W179-4/1992/G6P[8] P8I D S Q E S T N L I T A NP N TN YFLWPGRT PELR
[Soun atica RVA/HUMan-wt/ZAF/UFS-NGS-MRC-DPRU1971/2008/G1P[8] P[8[-Il D S Q S T N L I T A NP NTN YF Il WPGRT PELR
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1973/2008/G1P[8] P[8]-l D S Q S TN L I T A NP N TN YF I WPGRT PELR
eam  LCOB6148-RVA/HUman-wi/VNM/SP026/2012/G1P[8] Pl D S Q S T N L T A P NTN YF Il WPGRT PELR
LC066159-RVA/Human-wtVNM/SP071/2012/G1P[g] P8Il D S Q S T N L I T A P N TN YF I WPGRT PELR
MG181648 A 2BB/2013/G1P[8] P D S Q S T N L T A P NTN YF Il WPGRT PELR
MG181615-RVAHuman-wtMWI/BID1PU/2013/G1P[8] P D S Q S T N L T A P NTN YF I WPGRT PELR
MG181681-RVAHuman-wt/MWI/BID2F T/2013/G1P[8] P D S Q S TN L 1T A P NTN YF Il WPGRT PELR
MG181626 N 5225/2013/G1P[8] Pl D S Q S T N L 1T A P NTN YF Il WPGRT PELR
MG181714-RVAHuman-wt/MWI/BID263/2014/G1P[8] P8Il D S Q S TN L 1T A P NTN YF Il WPGRT PELR
MG181692-RVAHuman-wtMWI/BID1ZF/2014/G1P[8] Pl D S Q S T N L 1T A P NTN YF Il WPGRT PELR
MG181604-RVA/Human wt/MWI/BID1LW/2013/G1P[8] Pl D S Q S TN L T A P NTN YF Il WPGRT PELR
e MG181582-RVAHuUman-wMWI/BID1KY/2013/G1P[8] Pl D S Q S TN L 1T A P NTN YF Il WPGRT PELR
MG181571-RVAHuman-wtMWI/BID1KS/2013/G1P(8] Pl D S Q S T N L T A P NTN YF I WPGRT PELR
MG181747-RVAHuman-wt/MWI/BID2Q6/2014/G1P8 P D S Q S TN L 1T A P NTN YF Il WPGRT PELR
_ MG1816 N )2DE/2013/G1P8 P D S Q S T N L I T A P NTN YF I WPGRT PELR
2 MG181758-RVAHuman-wtMWI/BID2QJ/2014/G1P8 P8I D S Q S TN L 1T A P NTN YF Il WPGRT PELR
k) MG181725-RVAHuman-wt/MWI/BID2MT/2014/G1P8 PBID S S E S TN L 1T A P NTN YF I WPGRT PELR
H MG181637-RVAHuman-wt/MWI/BID2AW/2013/G1P8 P8I D S S S TN L T A Q NTN YF Il WPGRT PELR
13 MG181659-RVAHuman-wiMWI/BID2BS/2013/G1P8 P D S Q S T N L I T A PV NTN YF I WPGRT PELR
& 'AB796437-RVA/human-wi/JPN/OH3385/2012/G1P[8] P D S Q S T N L T A PV N TN - - - - - - - - - - -R
bwan  AB796438-RVAhuman-wi/JPN/OH3493/2012/G1P[8] P D S Q S TN L 1T A PV N TN |- - - - - - - - - -R
AB796439-RVAhuman-wi/JPN/OH3506/2012/G1P[8] P D S Q S T N L T A PV NTN - - - - - - - - - . -R
AB796442-RVAhuman-wi/JPN/OH3625/2012/G1P[8) P8I D S Q S TN L I T A PV NITIN e - - R
LC066653-RVA/HUman-wiTHA/SKT-109/2013/G1P[8] Pl D S Q S T N L T A PV NTN YF Il WPGRT PELR
maiana LC0B6664-RVA/HUMan-wi/THA/SSKT-41/2013/G1P[8] P D S Q S TN L 1T A PV NTN YF Il WPGRT PELR
LCO66642-RVA/HUMan-wiTHAIPCB-180/2013/G1P[g] P8Il D S Q S T N L I T A PV NTN YF I WPGRT PELR
enipne KP007202-RVA/Human-wi/PHITGO12-045/2012/G1P[8] Pl D S Q S T N L T A PV NTN YF Il WPGRT PELR
KP007191-RVAMHuman-wi/PHITGO12-016/2012/G1P8 Pl D S Q S T N L I T A PV NTN YF 1 WPGRT PELR
MG599529-RVA/Human-wiBRAIAL-R3165/2013/G1P[8] P D S Q S T N L T A PV N TN YF I WPGRT PELR
ot MG599530-RVAHuUman-wi/BRA/IAL-R3172/2013/G1P[8] P D S Q S TN L 1T A PV NTN YF Il WPGRT PELR
MG599528-RVA/HuMman-wi/BRA/IAL-R3123/2013/G1P[8] P D S Q S T N L 1T A PV NTN YF I WPGRT PELR
MG599527-RVA/Human-wi/BRA/IAL-R3122/2013/G1P[8 Pl D S Q S T N L I T A PV N TN YF 1 WPGRT PELR
KJ752276-RVAIHuman-wi/ZAF/MRC-DPRU1052/2008/G1P[8] P[8]-l D S Q S T N L I T A NPV NTN YF I WPGRT PELR
HQ392119-RVA/Human-wt/BEL/BE00017/2006/G1P(8] Pl D S Q S TN L I T A NPV NTN YF Il WPGRT PELR
JQUB9666-RVAHUMaN-W/CAN/RT124-07/2008/G1P[8] P D S Q S T N L I T A NPV NTN YF Il WPGRT PELR
IN849147-RVAHuman wi/BEL/BE1286/2009/G1P(8] Pl D S Q S T N L I T A NPV NTN YF Il WPGRT PELR
KJ753121-RVAIHuman-wi/ZAF/MRC-DPRU2489/2008/G1P[8] P[8]-l D S Q S T N L I T A NPV NTN YF Il WPGRT PELR
KJ752698-RVA/Human-wt/ZAF/MRC-DPRU1381/2007/G1P[8] P[8]-l D S Q S T N L I T A NPV NTN YF I WPGRT PELR
KJ751974-RVAIHuman-wi/ZAF/MRC-DPRU822/2005/G1P[8]  P[8]-ll D S Q S TN L I T A NPV NTN YF Il WPGRT PELR
KP753215-RVAHuman-wTGO/MRC-DPRU5153/2010/G1P[g] P[8l-il D I8l Q S T N L I T A NPV N TN YF I WPGRT PELR
KJ752241-RVAIHuman-wt/ZMB/MRC-DPRU1648/2000/G1P[8] P[8]-l D S Q S TN L 1T A PV NTN YF Il WPGRT PELR
KJ752588-RVAIHuman-wi/ZAF/MRC-DPRU121/2011/G1P[8]  P[8]-l D S Q S T N L 1T A PV NTN YF I WPGRT PELR
JQU6965 -WCAN/RTO98 18] Pl D S Q S T N L 1T A PV NTN YF Il WPGRT PELR
JF490365-RVAI i 1P[8] P D S Q S T N L 1T A PV NTN YF Il WPGRT PELR
KP752985: -WYZAF/IMRC-DPRU! 1P8] P8I D S Q S T N L T A PV NTN YF I WPGRT PELR
KX632345-RVAHUman-w/UGAMUL-13-157/2013/G1P[8]  P[8]-ll D S Q S TN L 1T A PV N TN F I WPGRT PELR
KJ752806-RVAIHuman-wt/ZAF/MRC-DPRU2218/2003/G1P[8] P[8]-l D S Q S T N L I T A NPV N T N F I WPGRT PELR
KJ753585-RVAIHuman-wi/ZAF/MRC-DPRU1299/2004/G1P[8] P[8]-ll D S Q S TN L I T A Blr v NTN YF Il WPGRT PELR
RVAHuman-c/USAIWa/1974/G1P[8] P8 D S Q E S T N L I T A NPV NTN YF I WPGRT PELR
U30716-RVA/Human-wi/JPN/F45/1987/GOP[8] P8I D S Q E S T N L I T A NPV NTN YF Il WPGRT PELR
KP753159-RVAMHuman-wi/ZAF/MRC-DPRU76/2012/G12P[8]  P8l-l D s QB S T N L I T A NPV NTN YF I WPGRT PELR
KP902534-RVA/HuUman-wiMWI/OP354/1998/G4P(8] PgvD s Q E s THBNL I T A Blr v NTN YFLWPGRT PBILR

Figure 4.4: Alignment of antigenic residues in VP4 between vaccine and and wild type strains.
Antigenic residues are divided in four antigenic epitopes in VP8* (8-1, 8-2, 8-3, and 8-4) and five
antigenic epitopes in VP5* (5-1, 5-2, 5-3, 5-4, and 5-5). Amino acid changes that have been shown to
escape neutralization with monoclonal antibodies are indicated with a black dot. Amino acids that differ
between Rotarix® and RotaTeq® are indicated in boldface. Green colored residues are residues that are
different from Rotarix®, Brown colored residues are different from RotaTeq® and residues colored in sky
blue are different from both Rotarix® and RotaTeq®. Dashes (-) indicates no amino acid sequence.

4.3.3.3 Phylogenetic analysis of VP1-VP3 and VP6

The evolutionary relationship of the VP1-VP3 and VP6 genes of the two South African study
strains with a selection of global RVA strains was performed. The VP1-VP3 and VP6 genes of the
two South African study strains clustered closely and displayed nearly absolute gene identities (>
99.9%) amongst each other (Figures 4.5-4.8). The VP1-VP3 and VP6 genes of the two South
African study strains clustered closely in sub-lineage comprising mainly of locally circulating South
African DS-1-like strains and were all found to cluster closely with cognate genes of strain
RVA/Human-wt/ZAF/MRC-DPRU2344/2008/G2P[6] which was co-circulating in the population in
the same year, 2008, as the study strains (Figures 4.5-4.8). The VP1-VP3 and VP6 genes of the

two study strains were closely related to cognate genes of strain RVA/Human-wt/ZAF/MRC-
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DPRU2344/2008/G2P[6] with nt (aa) identities ranging from > 99.8-99.9% (>99.9-100%) for VP1-
VP3 and VP6 genes. Phylogenetic relationship of the VP1-VP3 and VP6 genes of the atypical study
strains with the cognate genes of the atypical G1P[8] strains reported in Brazil, Japan, Philippines,
Thailand, Vietnam and Malawi exhibited distinct clustering albeit belonging within the same
lineage and displayed overall nt (aa) identities that ranged from > 94.4-98.0% ( = 97.1-100%)
(Figures 4.5-4.8). When VP1-VP3 and VP6 genes of the study strains were compared with selected
global strains, highest genetic similarities ranging from > 99.4-100% were identified with cognate
genes of G3P[6] strains; RVA/Human-RVA/Human-wt/CMR/ES293/2011/G3P[6], RVA/Human-
wt/TGO/MRC-DPRU2206/2009/G3G9P[6], RVA/Human-wt/BEL/F01498/2009/G3P[6], and
RVA/Human-wt/UGA/MUL-13-166/2013/G3P[6] for VP1-VP3 and VP6, respectively.
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Figure 4.5: VP1 phylogenetic tree based on the full-length nucleotide sequences.
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1971/2008/G1P[8] and
wt/ZAF/UFS-NGS-MRC-DPRU1973/2008/G1P[8] are identified by the black filled circular dots
(®). Unusual G1P[8] strains from Malawi, Thailand, Vietnam, Brazil and Philippine are indicated.
Bootstrap values 270% are shown adjacent to each branch node. Each scale bar indicates the
number of nucleotide substitutions per site.
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Figure 4.6: VP2 phylogenetic tree based on the full-length nucleotide sequences.
Strains RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1971/2008/G1P[8]
wt/ZAF/UFS-NGS-MRC-DPRU1973/2008/G1P[8] are identified by the black filled circular dots (e).
Unusual G1P[8] strains from Malawi, Thailand, Vietnam, Brazil and Philippine are indicated.
Bootstrap values 270% are shown adjacent to each branch node. Each scale bar indicates the

number of nucleotide substitutions per site.

and

RVA/Human-

73



LC066663-RVA/Human-w t/THA/SSKT-41/2013/G1P{8]

96| LC066652: W UTHA/SKT- 1P(8]
LC066641-RVA/Human-w U THA/PCB-180/2013/G1P8]

KP0O7206-RV A/Human-w UPHITGO12-045/2012/G1P{8]

KPOO7195-RVA/Human-w UPHITGO12-016/2012/G1P8] | Atyical GLP[8] strains - Brazil, Phillipines and Thailand
MG599525-RVA/Human-w t/BRA/IAL-R3165/2013/G1P(8]

MG599523-RVA/Human-w YBRA/IAL-R3122/2013/G1P(8]

| MGs99526-RV A/Human-w UBRA/IAL-R3172/2013/G178]

MG599524-RVA/Human-w YBRA/IAL-R3123/2013/G1F(8]

| KCa42872- -WHUSA/20077198 4]
1bb 1 LC0B6152-RVA/Human-w YV NW/SP026/2012/G1P{8]
{ Atypical GIP[8] strains - Vietnam
LC066163-RVA/Human-w YV NWSPO71/2012/G1P{8]
KC442905-RV A/Human-w YUSA/2007769964/2007/G2P{4]

KC443213-RVA/Human-w VAUS/CK20040/2010/G2P{4]

i7[' KC443380-RVA/Human-w /AUS/CK20060/2010/G2P4]
KJ752407-RVA/Human-w tIZAF/MRC-DPRUB1/2007/G2P[4]

°l Kp752781-RVA HuMman W YZMB/MRC-DPRU1673/2009/G2P(4]
KJ753607-RVA/Human-w t/ZAF/MRC-DPRU1362/2007/G2P{4]

. KJ751803-RVA/Human-w t/ZAF/MRC-DPRU1280-05/2005/G2P[8]
KF636324-RVA/Human-w t/ZAF/MRC-DPRU1061/2009/G2P{4]
KJ752207-RVA/Human-w tIZAF/MRC-DPRUS2/2012/G2P[4]
MG181658-RVA/Human-w YMWVBID2BS/2013/G1P{8]

* | MG181603-RVA HUMBN W YMWIBIDILW/2013/G1P{8]

7| MG181757-RVA/Human-w YMWIBID2Q/2014/G1P[8]
Atypical G1P[8] strains - Malawi
| MG181680-RVA/Human-w UMAVBID2FT/2013/G1P(8)
MG181581-RVA/Human-w t/MWIBID1KY/2013/G1P{8]
MG181669-RVA/Human-w t/MWI/BID2DE/2013/G1P{8]
|- KC443611-RVA/Human-w t/AUS/CK20002/2000/G2P[4]
— KC443512-RVA/Human-w Y/AUS/CK20023/2006/G2P(4]
KC443009-RV A/Human-w USA/V U05-06-54/2005/G2P{4]
{ KCA442883-RVA/Human-w t/USA/2007719869/2007/G2P[4]

KC442: -W /USA/VU08-09- 4]
MG181570-RVA/Human-w YMWVBID1KS/2013/G1P{8]

MG181625-RVA/Human-w YMWIBID225/2013/G1P[8]
) || MG181636-RVA/Human-w YMWIBID2AW/2013/G1P(8]

MG181746-RVA/Human-w YMWIBID2Q6/2014/G1P(8]

9| MG181724-RV A/Human-w UMWIBID2MT/2014/G1P(8]

Atypical GLP[8] strains - Malawi
MG181735-RVA/Human-w YMWIBID2Q3/2014/G1P(8]
MG181614-RVA/Human-w t/MWIBID1PU/2013/G1P(8]
MG181647-RVA/Human-w MWVBID2BB/2013/G1P{8]

MG181713-RVA/Human-w YMWIBID263/2014/G1P(8]

MG181691-RVA/Human-w /MWIBID1ZF/2014/G1P{8]

 KX632278- -W /UGA/MUL-13- P{6]
KP752973-RVA/Human-w /GMB/MRC-DPRU3165/2008/G2P[6]
o |1 K3752141-RVA/Human-w t/ TGO/MRC-DPRU2201/XXXX/G2P[4]

0d | KP752562-RVA/Human-w tIZAF/MRC-DPRUS594/2011/G2P(4]

LC105560-RVA/Human-w Pl4]
[ JF460836-RVA/Human-w UBEL/F01498/2009/G3P{6]
KP7525 W UGMB/MRC-DPRL 0

JF460814-RVA/Human-w /USA/06-242/2006/G2P[6]
KJ753789-RVA/Human-w tZAF/MRC-DPRU1195/2009/G2P{6]P(8]

KJ753718-RVA/Human-w tZAF/MRC-DPRU2344/2008/G2P(6]
@ RVA/HUM an-w t/ZAFIUFS-NGS-MRC-DPRU1971/2008/G1P[8]

@ RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1973/2008/G1P(8]

KJ75335 -W t/ZAF/MRC-DPRL 14

L— HQE57173-RVA/Human-w UZAF/3203WC/2009/G2P{4]

KP007153-RVA/Human-w t/PHITGO12-003/2012/G2P(4]
100 ~» LC105593-RVA/Human-w /GHA/GHDC1581/2013/G2P{4]
KP007175-RVA/Human-w /PHITGO12-007/2012/G2P{4]

KC579916-RVA/Human-w YUSA/DC2181/1976/G1P{8] ] Outgroup

0.05

Figure 4.7: VP3 phylogenetic tree based on the full-length nucleotide sequences.
Strains RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1971/2008/G1P[8] and RVA/Human-
wt/ZAF/UFS-NGS-MRC-DPRU1973/2008/G1P[8] are identified by the black filled circular
dots (e). Unusual G1P[8] strains from Malawi, Thailand, Vietnam, Brazil and Philippine are
indicated. Bootstrap values 270% are shown adjacent to each branch node. Each scale bar
indicates the number of nucleotide substitutions per site.
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Figure 4.8: VP6 phylogenetic tree based on the full-length nucleotide sequences.

Strains RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1971/2008/G1P[8] and RVA/Human-wt/ZAF/UFS-
NGS-MRC-DPRU1973/2008/G1P[8] are identified by the black filled circular dots (e). Unusual G1P[8]
strains from Malawi, Japan, Thailand, Vietnam, Brazil and Philippine are indicated. Bootstrap values
>70% are shown adjacent to each branch node. Each scale bar indicates the number of nucleotide

substitutions per site.
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4.3.3.4 Phlylogenetic analysis of NSP1-NSP5

The NSP1-NSP5 genes of the two South African study strains were highly identical amongst each
other with nt (aa) identity value of > 99.8%, and clustered closely (Figures 4.9-4.13). Close
clustering with cognate genes of a locally circulating strain, RVA/Human-wt/ZAF/MRC-
DPRU2344/2008/G2P[6], was observed for the all the NSP1-NSP5 genes and they shared the
highest nt (aa) similarities that ranged from >99.5-100% (99.4-100%). In contrast, the NSP1-NSP5
genes of the atypical study strains grouped distinctly away from cognate genes of atypical strains
reported in Brazil, Japan, Philippines, Thailand, Vietnam and Malawi and shared an overall nt (aa)
similarities that ranged from > 89.0-99.8% ( = 94.3-100%) (Figures 4.9-4.13). Comparison of NSP1-
NSP5 genes of the two South African study strains with corresponding selected reference strains
collected globally demonstrated nt (aa) identities in the range of 98.6-100% (99.4-100%) with
cognate A2, N2, T2, E2 and H2 genes of strains; RVA/Human-wt/BEL/F01498/2009/G3P[6],
RVA/Human-wt/KEN/KDH1968/2014/G3P[6], RVA/Human-wt/GHA/GH018-08/2008/G8P[6],
RVA/Human-wt/ZMB/MRC-DPRU1673/2009/G2P[4] and RVA/Human-
wt/USA/2007769964/2007/G2P[4], respectively.
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Figure 4.9: NSP1 phylogenetic tree based on the full-length nucleotide sequences.

Strains RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1971/2008/G1P[8] and RVA/Human-wt/ZAF/UFS-
NGS-MRC-DPRU1973/2008/G1P[8] are identified by the black filled circular dots (). Unusual G1P[8]
strains from Malawi, Thailand, Vietnam, Brazil and Philippine are indicated. Bootstrap values 270% are
shown adjacent to each branch node. Each scale bar indicates the number of nucleotide substitutions

per site.
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Figure 4.10: NSP2 phylogenetic tree based on the full-length nucleotide sequences.
Strains  RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1971/2008/G1P[8] and RVA/Human-
wt/ZAF/UFS-NGS-MRC-DPRU1973/2008/G1P[8] are identified by the black filled circular dots
(®). Unusual G1P[8] strains from Malawi, Thailand, Vietnam, Brazil and Philippine are indicated.
Bootstrap values >70% are shown adjacent to each branch node. Each scale bar indicates the
number of nucleotide substitutions per site.
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Figure 4.11: NSP3 phylogenetic tree based on the full-length nucleotide sequences.

Strains

RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1971/2008/G1P[8]

and

RVA/Human-

wt/ZAF/UFS-NGS-MRC-DPRU1973/2008/G1P[8] are identified by the black filled circular dots
(®). Unusual G1P[8] strains from Malawi, Thailand, Vietnam, Brazil and Philippine are indicated.
Bootstrap values 270% are shown adjacent to each branch node. Each scale bar indicates the
number of nucleotide substitutions per site.
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Figure 4.12: NSP4 phylogenetic tree based on the full-length nucleotide sequences.
Strains  RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1971/2008/G1P[8] and  RVA/Human-
wt/ZAF/UFS-NGS-MRC-DPRU1973/2008/G1P[8] are identified by the black filled circular dots
(®). Unusual G1P[8] strains from Malawi, Japan, Thailand, Vietnam, Brazil and Philippine are
indicated. Bootstrap values 270% are shown adjacent to each branch node. Each scale bar
indicates the number of nucleotide substitutions per site.
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Figure 4.13: NSP5 phylogenetic tree based on the full-length nucleotide sequences.
Strains RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1491/2008/G1P[8] and RVA/Human-
wt/ZAF/UFS-NGS-MRC-DPRU1973/2008/G1P[8] are identified by the black filled circular
dots (e). Unusual G1P[8] strains from Malawi, Thailand, Vietnam, Brazil and Philippine are
indicated. Bootstrap values >70% are shown adjacent to each branch node. Each scale bar
indicates the number of nucleotide substitutions per site.

81



4.3.4 Reassortment analysis

The concatenated genomes of strains RVA/Human-wt/ZAF/UFS-NGS-MRC-
DPRU1971/2008/G1P[8] and RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1973/2008/G1P[8] were
compared with two South African strains RVA/Human-wt/ZAF/MRC-DPRU1039/2008/G1P[8]
and RVA/Human-wt/ZAF/MRC-DPRU2344/G2P[6] (Figure 4.14). The two atypical South African
study strains shared a highly conserved backbone with all genes exhibiting > 99.8% nucleotide
similarity. The VP7 and VP4 genes of the two atypical strains shared the highest genetic
similarities to RVA/Human-wt/ZAF/MRC-DPRU1039/2008/G1P[8]. However, the internal
backbone genes were extremely diverse. The internal backbone genes of the atypical strains
exhibited highest genetic similarity to RVA/Human-wt/ZAF/MRC-DPRU2344/G2P[6]. The results
of this analysis suggests that the atypical G1P[8] strains were likely derived via reassortment

events between contemporary, endemic, South African strains.

Base genome: RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1871/2008/G1P[8]

YEL VP2 . VP3 - VP4 VP& VP7 ’ NSP1 NSP2 NSP3 NSP% HSFE

ZAFIUF5-NGS-MRC-DPRU1973/2008/G1P{8]

ARG DPRU1033/2008/G195) P/MWW\WW w WW
=
ZAFIMRC-DPRUIZ344/2008/G2P[6] W\Efvj W

Figure 4.14. Reassortment analysis

Nucleotide sequence similarities of the concatenated genome of RVA//Human-wt/ZAF/UFS-NGS-
MRC-DPRU1971/2008/G1P[8] were compared with South African strains RVA//Human-wt/ZAF/UFS-
NGS-MRC-DPRU1973/2008/G1P[8],  RVA/Human-wt/ZAF/MRC-DPRU1039/2008/G1P[8]  and
RVA/Human-wt/ZAF/MRC-DPRU2344/G2P[6]. The left axis displays the strains, rotavirus genome
segment is included in the top scale. The bottom scale shows distance in kb.

4.4. Discussion

This study has described the first pre-vaccine era atypical reassortant G1P[8] strains, whose outer
gene segments (VP7 and VP4) expressed a Wa-like genotype, whereas the backbone genes
expressed a DS-1-like genotype constellation. Analysis of the whole-genome constellation
showed that genetic reassortment mechanism generated the DS-1-like G1P[8] strains. Rotavirus
reassortment events are mainly facilitated by the segmentation inherent in the rotavirus genome

(Estes and Greenberg, 2013) which can generate rare or novel rotavirus strains and hence
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contribute to the vast RVA diversity (Kirkwood, 2010). Wa-like and DS-1-like intergenogroup
reassortment events involving G1P[8] and DS-1-like genotype constellation have been described
recently in six countries: Brazil, Japan, Philippines, Thailand, Vietnam and Malawi (Fujii et
al.,2014; Kuzuya et al., 2014; Yamamoto et al., 2014; Komoto et al., 2015; Komoto et al., 2016;
Nakagomi et al., 2017; Jere et al., 2018; Luchs et al., 2019). According to literature, viable atypical
reassortant strains can occur under natural conditions involving Wa-like G1P[8] or G3P[8] outer
capsid genes expressing DS-1-like genetic background (Arana et al., 2016; Cowley et al., 2016;
Guerra et al., 2016; Guntapong et al., 2017). This study identified two DS-1-like G1P[8] strains in
the course of the ongoing AEVGI whole-genome characterization of South African RVA strains.
While reported in low frequencies and limited settings in Brazil (1.6% during 2013-2017 seasons)
(Luchs et al., 2019), Thailand (0.4% during 2012-2014 seasons) (Komoto et al., 2015) and Vietnam
(14% during 2012/2013 season) (Nakagomi et al., 2017), 31-62% of these DS-1-like G1P[8] strains
accounted for RVA positive strains circulating across selected regions in Japan (Kuzuya et al.,
2014) and 40% of randomly sampled post-vaccine samples were reported in Malawi (Jere et al.,
2018). Such atypical reassortant strains have the potential to predominate in circulation. G1P[4]
strains suggested to have emerged from intergenogroup reassortment events accounted for 41%
of RVA strains circulating in the peak months of the 2001 RVA season in Detroit, USA (Abdel-Haq
et al., 2003) whereas a surge in G3P[4] strains also presumed to have emerged from
intergenogroup reassortment events were detected in Brazil at 36% (Rosa et al., 2002) and in
Ghana at 64% (Asmah et al., 2001). The two South African study strains were identified during
the pre-RVA vaccination period in South Africa in contrast to the previously reported atypical
strains found during the post-RVA vaccination period. These implies that the reassortment events
that led to the emergence of the South African atypical G1P[8] strains may not necessarily be
driven by vaccine-induced selective pressure but by natural evolutionary processes of of RVA

genome.

In order to identify the ancestral origin of these G1P[8] strains, assessment of the whole-gene
sequences and phylogenetic analysis showed that the outer capsid genes, VP7 and VP4 of strains
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1971/2008/G1P[8] and RVA/Human-wt/ZAF/UFS-
NGS-MRC-DPRU1973/2008/G1P[8] were 99.6-99.9% (99.1-100%) identical with South African
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strain RVA/Human-wt/ZAF/MRC-DPRU1039/2008/G1P[8] and clustered together in the same
clade. For the internal genes, the highest nucleotide identities were identified with cognate genes
of another South African strain, RVA/Human-wt/ZAF/MRC-DPRU2344/2008/G2P[6], detected in
the 2008 RVA season. Put together, it is probable that a locally circulating G2P[6] strain such as
RVA/Human-wt/ZAF/MRC-DPRU2344/2008/G2P[6] with a DS-1-like backbone derived the VP7
and VP4 genes from a locally co-circulating G1P[8] strain such as RVA/Human-wt/ZAF/MRC-
DPRU1039/2008/G1P[8], generating the double-gene reassortants. Consequently, the results
obtained in this study indicate that the two atypical South African G1P[8] strains were generated
locally through genetic reassortment events. The generation of these reassortant double-gene
strains tend to be independent of the events in which the Brazilian, Japanese, Thai, Viethamese
and Malawian DS-1-like G1P[8] strains were generated. The nine internal genes of the South
African DS-1-like G1P[8] strains always clustered together with cognate genes of a locally
circulating G2P[6] strain distinctly away from the cluster comprising the Japanese, Thai,
Philippines and Malawi DS-1-like G1P[8] strains. Therefore, the South African DS-1-like G1P[8]
strains emerged clonally from independent events, a phenomenon observed for the Malawian
(Jere et al., 2018) and Vietnamese [30] DS-1-like G1P[8] strains. In contrast, the Brazilian,
Japanese and Thai G1P[8] DS-1-like strains were established to have been derived from a

common ancestor (Kuzuya et al., 2014; Nakagomi et al., 2017; Luchs et al., 2019).

Vaccine escape mutants can result due to mutations occurring in well-known VP7 neutralization
epitope regions (Coulson and Kirkwood, 1991). Host-antigen binding interactions involving
human G1 strains are significantly impacted by mutations occurring at positions 94, 97, 147 and
291 (Coulson and Kirkwood, 1991). The identified N94S substitution involving polar non-charged
amino acid residues (Betts and Russell, 2003), may not significantly alter the overall morphology
of the protein surface. However, since asparagine is usually N-glycosylated, there is a likely loss
of glycosylation site which could have a wide-ranging impact on the immunogenicity of the 7-1a
epitope (Caust et al., 1987). The D97E amino acid substitution involving polar negatively charged
residues, aspartate (D) and glutamate (E), is likely to be a silent nucleotide change (Betts and

Russell, 2003). Similarly, a K291R substitution involving lysine (K), an amphipathic polar amino
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acid and arginine (R), a positively charged amino acid, is unlikely to have a far-reaching structural
effect on the VP7 protein surfaces. However, M217T substitution was identified resulting in
substitution of methionine, a non-polar residue to threonine, a polar amino acid residue, that
could likely result in significant changes in biochemical properties of VP7 (Betts and Russell,
2003). This M217T substitution was also present in earlier strains as well as some post-vaccine
strains that were included for analysis and the role it plays in driving epidemiological fitness of
G1 strains is not fully resolved. In the host cell, trypsin-like proteases cleave the VP4 spike protein
into two structural domains (VP8* and VP5*) (Estes and Greenberg, 2013). Four antigenic
epitopes (8-1 to 8-4) have been described in the VP8* region while five antigenic epitopes (5-1
to 5-5) in the VP5* region have been documented (Zeller et al., 2012). The amino acid changes
E150D, N195G, S125N and N135D that were observed relative to the vaccine strains were
conservative. However, a S131R substitution that resulted in a change in polarity might play a

role in escape of host immunity (Betts and Russell, 2003).

4.5. Conclusion

Whole-genome analyses demonstrated that South African DS-1-like G1P[8] strains were
generated by genetic reassortment mechanism between comtemporary endemic, South African
strains (VP7 and VP4 outer capsid proteins from G1P[8] strains and DS-1-like backbone from
G2P[6] strains). Similar to their pre-vaccine era detection in Vietham and Philippines, the
identification of these atypical DS-1-like G1P[8] strains during the pre-vaccine period in South
Africa, as opposed to their detection during post-vaccination era in selected settings in Brazil (Sao
Paulo and Goias in 2013), Japan (Okayama, Aichi, Akita, Kyoto and Osaka Prefectures in 2012),
Thailand (Phetchabun and Sukhothai in 2013) and Malawi (Blantyre in 2013/2014), suggests that
they originated from natural evolutionary processes of RVA genome. Whole-genome surveillance
of RVA genotypes is imperative to understand the occurrence rate as well as mechanisms that
drive emergence of such atypical strains, their epidemiological fitness and also to assess the

effect of vaccine selective pressure in shaping the antigenic landscape of RVA strains.
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CHAPTER FIVE

INVESTIGATION OF WHOLE-GENOME AND PHYLODYNAMICS OF SOUTH AFRICAN G1P[8]
ROTAVIRUS STRAINS PRE- AND POST-VACCINATION INTRODUCTION

Chapter five is based on the publication “Whole genome in-silico analysis of South African
G1P[8] rotavirus strains before and after vaccine introduction over a period of 14 years”

Mwangi, P. N., Mogotsi, M. T., Seheri, M. L., Mphahlele, M. J., Peenze, |., Esona, M. D.,
Kumwenda, B., Steele, A. D., Kirkwood, C. D., Ndze, V. N., Dennis, F. E. and Nyaga M. M.
Whole genome in-silico analysis of South African G1P[8] rotavirus strains before and
after vaccine introduction over a period of 14 years. Vaccines, 8(4), p. 609. Impact
Factor 4.086

https://pubmed.nchi.nlm.nih.gov/33066615/

5.1 Introduction

RVA is the major causative agent of AGE in children under five years (Estes and Greenberg, 2013).
RVA-induced diarrhea is responsible for approximately 125,000 childhood mortality cases
worldwide (Troeger et al., 2018). RVA is classified in the Reoviridae family and comprises 11
dsRNA gene segments that encode six structural proteins (VP1-VP4, VP6, and VP7) and five/six
non-structural proteins (NSP1-NSP5/6) (Estes and Greenberg, 2013). A binary classification
scheme underpinned by the neutralizing proteins, VP7 and VP4, has been universally used for
classification of RVA strains (Estes and Kapikian, 2007). However, to fully describe rotavirus
strains, the binary classification system was expanded by incorporating the other nine genome

segments (Matthijnssens et al., 2011).

In the whole-genome classification scheme, nucleotide percentage similarity cut-off values of all
the eleven viral gene segments, as recommended by the Rotavirus Classification Working Group
(RCWG), are used to determine a genotypic scheme Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx
designating VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5/6, respectively

(Matthijnssens et al., 2008). The majority of RVA strains are assigned into three genogroups: Wa-
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like (11-R1-C1-M1-A1-N1-T1-E1-H1), DS-1-like (12-R2-C2-M2-A2-N2-T2-E2-H2) and a relatively
minor group, AU-1-like (13-R3-C3-M3-A3-N3-T3-E3-H3) (Matthijnssens and van Rast, 2012).

G1P[8] isamong the most predominant and medically important RVA strain, globally (Doro et al.,
2014). In Africa, G1P[8] accounts for approximately 29% of all the circulating RVA strains (Doro
et al.,, 2014). The G1 and P[8] gene segments sub-cluster into lineages whose emergence is
attributed to various mechanisms of genetic diversity common in RNA viruses such as genetic
mutation, recombination, and reassortment (Kirkwood, 2010). Distinct lineages for both
genotypes G1 and P[8] collected from different geographical regions have been described in the
literature (Arista et al., 2006; Banyai et al., 2009; Le et al., 2010; Bucardo et al., 2012; Cho et al.,
2013).

In order to alleaviate RVA disease burden, four vaccines: RotaTeqg® (Merck & Co., West Point, PA,
USA); Rotarix® (GlaxoSmithKline, Rixenstart, Belgium); ROTAVAC® (Bharat Biotech, Hyderabad,
India) and Rotasiil® (Serum Institute of India, Pune, India) have been pre-qualified by the World
Health Organization (WHO) for global use to alleviate RVA disease burden (WHO, 2020). Rotarix®
contains an attenuated human G1P[8] RVA strain (Bernstein et al., 1999) while RotaTeq® is
composed of five human-bovine reassortant strains (G1P[5], G2P[5], G3P[5], G4P[5] and G6P[8])
(Ciarlet and Schodel, 2009). ROTAVAC® contains a G9P[11] strain (Bhandari et al., 2014a), while
Rotasiil® is a pentavalent human-bovine reassortant vaccine comprising five reassortant strains

containing human VP7 proteins representing G1, G2, G3, G4 and G9 genotypes (Zade et al., 2014).

South Africa introduced the Rotarix® vaccine into its Expanded Programme on Immunization (EPI)
in September 2009 (WHO, 2009). In the first year, after the vaccine was introduced, RVA
infections indicated by laboratory confirmed results and hospitalizations were reduced
significantly by approximately 58% (Msimang et al., 2013). After the introduction of Rotarix® in
South Africa, non-G1P[8] strains (such as G2P[4], G2P[6], GIP[8], G12P[8] and G8P[4]) which are
not incorporated in the monovalent G1P[8] vaccine, increased significantly (Page et al., 2018).
Notably, at Dr. George Mukhari Academic Hospital, a key RVA surveillance site, no G1P[8] strains

were reported in 2012 (Page et al., 2018), whereas this was a predominant strain during the pre-
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vaccine period (Steele et al., 2003). The enormous genetic and antigenic diversity within RVA
(Kirkwood, 2010; Hoxie and Dennehy, 2020) and the recent emergence of novel strains (Esona et
al., 2018; Hoa-Tran et al., 2020; Maringa et al., 2020) emphasize the need to monitor the impact

of RVA vaccines on the genetic and antigenic landscape of RVA circulating in the population.

The impact of RVA vaccination in Sub-Saharan Africa has been substantial (Shah et al., 2017) and
itis essential to continuously assess the long-term impact of vaccination on circulating RVA srains.
Thus, there is a need for whole-genome longitudinal surveillance studies in South Africa to
decipher potential RVA vaccine-induced strain changes. In this study, we investigated the impact
of RVA vaccine introduction in South Africa on the most common human RVA strain, G1P[8]. This
study is the first large-scale genomic analysis of human RVA collected seven years before and

seven years after the introduction of the RVA vaccine in South Africa.

5.2 Materials and Methods

5.2.1 Ethics approval

The diarrheal stool samples were collected as a routine diagnostic clinical specimen when the
parents brought their child to a health facility for clinical management, requiring no written
informed consent. As part of the WHO-coordinated RVA surveillance network, the archived RVA-
positive specimens were anonymized and utilized for strain characterization under a Technical
Service Agreement and a Materials Transfer Agreement (MTA) to the WHO/AFRO Regional
Reference Laboratory (WHO-RRL) based at Sefako Makgatho Health Sciences University (SMU),
Pretoria, South Africa. The WHO Research Ethics Review Committee granted an exemption
activity, noting that the study procedures were part of routine hospital-based RVA surveillance.
The samples were transferred for whole-genome sequencing at the University of the Free State-
Next Generation Sequencing (UFS-NGS) Unit through a MTA (SMU-UFS.1). The Health Sciences
Research Ethics Committee (HSREC) of the UFS, Bloemfontein, South Africa, approved the study
under ethics number UFS-HSD2018/0510/3107.
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5.2.2 Strain description

Rotavirus positive stool samples (n = 103) previously characterized as G1P[8] were sourced from the
archival storage of the Diarrheal Pathogens Research Unit (DPRU), WHO-RRL in Pretoria, South Africa. The
samples were distributed as follows: 2002 (n = 14), 2003 (n = 7), 2004 (n = 14), 2005 (n = 6), 2006 (n = 22),
2007 (n=7), 2008 (n =9), 2009 (n = 13), 2010 (n = 1), 2013 (n = 1), 2014 (n = 5), 2015 (n = 3), and 2017 (n
= 1). In addition to the 103 samples, an additional 68 whole-genome sequences for G1P[8] strains

collected from South Africa were extracted from the GenBank database (Benson et al., 2015).

5.2.3 Extraction and purification of double-stranded RNA

A fecal suspension was prepared by adding ~ 100mg stool sample into 200ul Phosphate Buffered
saline (PBS) solution, 0.01M, pH 7.2 (Sigma-Aldrich®, St Louis, MO, USA) with subsequent
extraction of viral RNA as previously described (Potgieter et al., 2009) albeit, with some
modification. Briefly, the modifications included the volume (900 pL TRIzol™-LS: 300 pL stool
sample suspension), the incubation period of dsRNA enrichment (24 h), centrifugation speeds
(20000 x g), and the staining reagent (PronaSafe, Condalab, Camberley, UK), as captured in the
UFS-NGS unit extraction standard operating procedure (SOP).The extracted RNA was purified
using the MinElute PCR purification Kit by following the manufacturers’ instructions (Qiagen,

Hilden, Germany).

5.2.4 Complementary DNA(cDNA) synthesis

cDNA was synthesized from the extracted viral RNA using the Maxima H Minus Double-Stranded
Synthesis Kit and protocol (ThermoFisher, Waltham, MA) with some modifications (UFS-NGS Unit
SOP). Briefly, the purified extracted RNA was denatured at 95°C for 5 min in a thermocyler
(Labnet, Edison, NJ, USA). A volume of 1ul of Random Hexamer primer, 100uM, was then added
to the denatured DNA. The reaction mixture was incubated in a thermoycler at 65°C for 5
minutes. Afterward, 5ul volume of the 4X First-Strand Reaction Mix and 1ul of First Strand
Enzyme Mix was added and the reaction mixture incubated in a thermocyler pre-programmed as
follows (10 minutes at 25°C, 120 minutes at 50°C, 5 minutes at 85°C). For second-strand cDNA
synthesis step, a 55ul volume of Nuclease-Free water, 20ul of 5X Second Strand Reaction Mix and
5ul of Second Strand Enzyme Mix was added and incubated in the thermocyler at 16°C for 60

minutes. A 6ul volume of EDTA, pH 8.9 was added followed by 10ul of RNase I. The synthesized
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cDNA was purified using MSB® Spin PCRapace Kit by following manufacturer’s protocol (Stratec

Molecular, Berlin, Germany).

5.2.5 DNA Library preparation and whole-genome sequencing

The DNA libraries were prepared by utilizing the Nextera® XT DNA Library Preparation Kit
(Ilumina, San Diego, CA, USA). Quantitative and qualitative assessment of DNA was performed
using Qubit 3.0 fluorometer (Invitrogen, Carlsbad, CA, USA) and Agilent 2100 BioAnalyzer®
(Agilent Technologies, Waldbronn, Germany), respectively, by following the manufacturer’s
instructions. The DNA library and the PhiX Control v3 library (Illumina, San Diego, CA, USA) were
normalized to 8 pM and 20 pM concentrations, respectively. A volume of 600 pL pooled
denatured DNA library spiked with 20% PhiX Control v3 library was loaded into a MiSeq” Reagent
Kit V3 for paired-end nucleotide sequencing (301 x 2) on a MiSeq® sequencer (lllumina, San Diego,
CA, USA) at the University of the Free State-Next Generation Sequencing (UFS-NGS) Unit,

Bloemfontein, South Africa.

5.2.6 Genome assembly

The trimming of lllumina read ends and subsequent genome assembly was performed using a
suite of tools embedded in Geneious Prime® software, version 2020.1.1 (Kearse et al., 2012). An
inhouse data analysis pipeline and CLC Genomics Workbench 12

(https://www.giagenbioinformatics.com), were utilized as complementary resources.

5.2.7 Generation of whole-genome constellations
The whole-genome constellation were determined using the Virus Pathogen Database and

Analysis Resource (ViPR) (http://www.vipbrc.org)).

5.2.8 Phylogenetic analyses

Alignments and comparative analysis of the full length sequences for each gene segment was
performed as described previously (Esona et al., 2018). Duplicated sequences in the alignments
were identified utilizing ElimDupes. The best evolutionary models for each gene segment were

estimated using the DNA Model Test program in MEGA 6 to guide in the construction of
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Maximume-likelihood trees with 1000 bootstrap replicates. The number of duplicate sequences

were indicated alongside the sequences in the phylogenetic tree.

5.2.9 Selection pressure and recombination analysis

Analysis of natural selection in RVA genome segments was done using the suite from the
DataMonkey Webserver (Weaver et al., 2018): Fixed-effects Likelihood (FEL) (Kosakovsky et al.,
2005), Fast Unconstrained Bayesian Approximation for Inferring Selection (FUBAR) (Murrell et
al., 2013) and Mixed-effects model of episodic selection (MEME) (Murrell et al., 2012). Amino
acid sites that were identified by all the three abovementioned methods were considered for
positive selection. Analysis of genetic recombination was performed using Genetic Algorithm for

Recombination Detection (GARD) (Kosakovsky et al., 2005).

5.2.10 Protein modelling

The RVA protein structures were modeled using SWISS-MODEL with an initial template search
(Waterhouse et al., 2018). The templates were selected from the SWISS-MODEL Template Library
(SMTL) and their respective resolution values for the analyzed genes were as follows: VP7
(3fmg.1, 3.40A) and VP4 (2dwr.1, 2.50A). The evaluation of stereochemical quality parameters of
the generated structures was performed using the Structure Assessment feature in the Swiss-
MODEL server (Waterhouse et al., 2018) and VERIFY3D (Eisenberg et al., 1997). Image

visualization and analysis was performed in PyMol software (De Lano, 2009).

5.2.11 In silico analysis of effect of mutation(s) on protein stability

The FoldX plugin (Van Durme et al., 2011) integrated in the YASARA platform (Krieger et al., 2002)
was used to predict the stability effect of mutation(s) in a 3D structure. FoldX estimates stability
effect of a mutation empirically whereby the stability (AG) of a protein is defined by the free
energy, which is expressed in kcal/mol. In this study, G is the difference of free energy between
the Rotarix® (vaccine) strain and mutant strain. The energy with positive value is regarded to
destabilize the structure, while a mutation with a negative value is regarded to stabilize the
structure. Free energy change of +0.5 kcal/mol is regarded to be statistically significant for

stabilizing/destabilizing effect (Van Durme et al., 2011).

91



5.3 Results

5.3.1 Whole genome constellation determination

The genotype constellation for the 103 South African G1P[8] strains (92 pre- and 11 post-vaccine)
sequenced in this study and corresponding 68 strains (56 pre- and 12 post-vaccine) acquired from
GenBank database as reference strains) was typical G1-P[8]-11-R1-C1-M1-A1-N1-T1-E1-H1
(Appendix 6). The sizes of the full-length genome segments one to eleven and their respective
open reading frames (ORFs) were determined (Appendix 6). All whole-gene sequences of the 103
G1P[8] strains sequenced in this study were submitted in the NCBI GenBank database under
accession numbers MT854335-MT855467.

5.3.2 Phylogenetic analyses

5.3.2.1 Phylogenetic analyses of VP7 and VP4

Phylogenetic trees for each of the 11 gene segments were constructed. For VP7 and VP4, well-
known lineage designations were utilized (Arista et al., 2006; Le et al., 2010). The VP7
phylogenetic tree comprised the VP7 gene sequences of the South African strains together with
VP7 gene sequences of the reference strains from the seven established VP7 G1 genotype
lineages (Arista et al., 2006). The 171 G1 South African sequences utilized in this study segregated
into two main lineages: G1-lineage | and lineage Il (Figure 5.1). G1-lineage | comprised 76 pre-
vaccine G1 strains and 12 post-vaccine G1 strains, while G1-lineage Il comprised 72 pre-vaccine
G1 strains and 11 post-vaccine Glstrains (Figure 5.1). Strain RVA/Human-wt/ZAF/UFS-NGS-MRC-
DPRU2250/2013/G1P[8] had > 99.9% nucleotide identity with Rotarix’ in all its structural and
nonstructural genes and clustered alongside cognate Rotarix” genes in all the 11 phylogenetic
trees. South African pre- and post-vaccine G1 strains were highly identical to each other and

similarly distant from the Rotarix’ strain (Table 5.1).
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Figure 5.1: VP7 phylogenetic tree of G1 strains

Maximum likelihood phylogenetic tree based on the full-length nucleotide sequences of genome
segment 9 encoding the VP7 protein. The T92 + G evolutionary model was used for phylogenetic
inference. South African pre-vaccine G1 strains are highlighted in bold-face while post-vaccine strains
are highlighted in bold-red. Adjacent to some sequences is indicated a plus (+) sign followed by the
number of identical sequences. The number in brackets denotes the number of compressed strains.
Lineages are indicated in roman numerals. Only bootstrap values = 70% are shown adjacent to each
branch node. Scale bar indicates the number of nucleotide substitutions per site.
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Table 5.1: Nucleotide identitiy analyses between South African pre- and post-vaccine G1P[8]
strains, pre-vaccine G1P[8] strains with Rotarix® and post-vaccine G1P[8] strains with Rotarix®

strain.

Gene segments/Nucleotide identity

. VP7 VP4 VP6 VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5
values in percentage

Comparison between pre- and post- 92.1- 87.8- 89.0- 93.7- 92.9- 89.4- 83.5— 89.1- 94.2— 91.0- 92.2-
vaccine G1P[8] strains 100 99.5 99.4 99.0 99.6 99.1 99.5 99.7 100 100 99.8
Comparison between pre-vaccine G1P[8]  92.7— 89.6— 88.2— 94.5—- 93.1- 91.2—- 83.6— 88.3— 95.3— 91.4— 92.2—-
strains and Rotarix” strain 100 91.1 98.7 99.1 99.0 98.6 100 90.9 100 98.9 98.8
Comparison between post-vaccine 93.3—- 89.9- 889- 94.5- 93.0- 90.9- 84.0- 89.7- 97.1- 91.0- 92.9-
strains and Rotarix” strain 100 99.9 100 100 100 99.9 99.9 100 100 100 100

South African pre- and post-vaccine G1P[8] strains were compared with each other and also compared
with the Rotarix® strain. The nucleotide identity values were calculated using the p-distance algorithm in
MEGA 6 software.

The VP4 phylogenetic tree comprised nucleotide sequences of the South African RVA strains and
those of the reference strains from the four established VP4 P[8] genotype lineages (P[8]-lineage
| to IV) (Le et al., 2010) (Figure 5.2). The P[8] strains for South African RVA segregated into three
evolutionary lineages, P[8]-lineage |, lll and IV (Figure 5.2). Lineage Il comprised a mixture of 144
pre-vaccine and 21 post-vaccine P[8] strains, while lineage IV comprised only five pre-vaccine
strains (Figure 5.2). The P[8] strains identified pre- and post-vaccination were highly identical to

each other and similarly distant from the Rotarix strain (Table 5.1).
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Figure 5.2: VP4 phylogenetic tree of P[8] strains

Maximum likelihood phylogenetic tree based on the full-length nucleotide sequences of genome
segment 4 encoding VP4 protein. The GTR+G+| evolutionary model was used for phylogenetic
inference. African pre-vaccine P[8] strains are highlighted in bold-face while post-vaccine strains are
highlighted in bold-red. Adjacent to some sequences is indicated a plus (+) sign followed by the
number of identical sequences (S3). The number in brackets denotes the number of compressed
strains. Lineages are indicated in roman numerals. Only bootstrap values 270% are shown adjacent
to each branch node. Scale bar indicates the number of nucleotide substitutions per site.
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5.3.2.2 Phylogenetic analysis of VP1-VP3, VP6 and NSP1-NSP5

South African VP1-VP3 and VP6 genes clustered into two main lineages, one of the lineages
comprising of the Rotarix® genome segments (Figures 5.3-5.11). South African strains identified
pre- and post-vaccination were highly identical to each other as well as similarly distant from the

vaccine strain (Table 5.1).

96



{2009 R1 strains (8)

RVA/HUM an-w tIZAFIUFS-NGS-MRC-DPRUT53/2006/G1P(8]

-DPRUS 18

RVA/HuM an-w tIZAFIMRC-DPRUL370/2007/G1P(8]

RVA/H. IUFs 18] +1

RVAIH 1UFS 18] +2
RVAIHUM an-w LIZAFIMRC-DPRU2429/2008/G1P(8] + 1

-NGS-MRC-DPRU 18]

RVA/H JUFS-NGS-MRC{ 18)

-DPRU;

UF: 18]
RVA/HUM an-w t/ZAFIMRC-DPRU1350/2007/G1P(8]

RVAIHuM an-w UZAFIMRC-DPRU2294/2009/G1P(8]

RVAIH 18]

-NGS-MRC-DPRU 18]

RVA/H. UF: 8]
RVA/HuM an-w UZAFIMRC-DPRUL039/2008/G1P(8]

18] +1

RVA/HuM an-w t/ZAF/UFS-NGS-MRC-DPRUB58/2005/G1P(8]
RVA/HUM an-w UZAFIUFS-NGS-MRC-DPRULLL6/2004/G1P[8] + 1

o -DPRUL [

I ———

RVAIHUM an-w L/ZAF/UFS-NGS-MRC-DPRU74/2014/G1P(8]

RVA/HUM an-w1/ZAF/UFS-NGS-MRC-DPRULS0/2014/G1P(8]
RVA/HUM an-w/ZAF/UFS-NGS-MRC- DPRUSG/2014/G1P(8]

RVAIHUM an-w IZAFIUFS-N

MRC-DPRUL43/2014/GLP[8]

RVAHuman

AFIUFS-N C-DPRUGS/2014/G1P(8]

9 | RVA/Hum an FIUFS-NGS-MRC-DPRUA347/2015/G1P(8]

RVA/HUM an-w IZAF/UFS-NGS-MRC-DPRUA352/2015/GLP 8]

RVA/HUM an-w ZAF/UFS-NGS-MRC-DPRUA357/2015/G1P(8]

KI752015 WHZAFIMRC 1G1P(8] +3
RVA/HUM an-w L/ZAF/MRC-DPRU2114/2005/G1P(8]
RVA/HUM an-w IZAFIMRC-DPRU2801/2009/G1P(8]

2 N ————

o LWW UF: 18]
RVA/HuM an-w tIZAFIUFS-NGS-MRC-DPRU15948/2017/G1P(8]

L— RVA/Hum an-w t/IZAFMRC-DPRUB3/2011/G1P[8]

UFS-NGS-MRC: 18)

100 JUFS-NGS-MRC-DPF 18]

RVA/HUM an-w L/ZAFIMRC-DPRU2132/2005/G1P(8]

1o -NGS-MRC-DPRL 8] +1

RVA/HUM an-w LIZAF/MRC-DPRUB40/2006/G1P(8]

100] [ RVAJHIM an-w tZAFIMRC-DPRULISI2009/GLP8]
100 -NGS-MRC-DPRL 18]

Bl -DPRL 18]

%
2004 R1 strains (19)

RVA/HUM an-w t/ZAF/UFS-NGS-MRC-DPRUA055/2002/G1P{8]

RVAIH JUFS-NGS-MRC. ]

RVA/Hum an-w UZAFIMRC-DPRUA00/2003/GLP{8]

Al rvarm U 18]

-NGS-MRC-DPRL 18]

-DPRL 18]

RVA/HUM an-w LIZAF/MRC-DPRUA418/2002/G1P(8]
E

-NGS-MRC-DPRU 8] +3

RVA/Hu JUFS-NGS-MRC-| 18]
L RVA/Hum an-w ZAFIMRC- DPRU221812003/G1P(8]

2002-2004 R1 strains (16)

-NGS-MRC-DPRL 18]

RVAIHUM /UFS-NGS-MRC-DPRU2021/2010/G1P[
RVA/HUM an-w t/ZAFIMRC-DPRU1544/2010/G1P[8]

RVA/Hum an-w tZAFIMRC-DPRU1A92/2010/G1P(8] +2

100] 190} RVAMHuman MRC-DPRUZ061/2010/G1P(8)

RVAHuman MRC-DPRU2035/2010/G1P(8]

RVA/HUM an-w UZAFIMRC-DPRU20

/2010/G1P(8]

-NGS-MRC-DPRU 8] +9
o {RVAIHUM an-w UZAFIUFS-NGS-MRC-DPRU225012013/G1P[ 8]

100 Ry AN accine/USAIRotarix-A41CBOS2A/1988/G1P(E]

14 Joutgroup

Figure 5.3: VP1 phylogenetic tree of R1 strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of VP1
gene segment. South African pre-vaccine R1 strains are highlighted in bold-face while
post-vaccine strains are highlighted in bold-red. Adjacent to some sequences is indicated
a plus (+) sign followed by the number of identical sequences. The number in brackets
denotes the number of compressed strains. Percent bootstrap values (70% or higher) are
indicated at each branch node. The genetic distance is indicated by the scale bar.

97



UZAFIUF -DPRUL4 (8] + 1
RVAJHum an-w t/ZAF/UFS-NGS-MRC-DPRU799/2007/G1P(8]

RVA/HumM an-wt/ZAF/UFS-NGS-MRC-DPRUL302/2007/G1P(8]

-DPRI 18]
RVAJHum an-w/ZAF/UFS-NGS-MRC-DPRU753/2006/G1P(8]

RVAIH IUFS-NGS-MRC-DPRL

RVAJHumM an-w tIZAFIMRC-DPRU1039/2008/G1P(8]
RVAJHum an-w t/ZAF/UFS-NGS-MRC-DPRU792/2007/G1P(8]

RVAIH /UFS-NGS-MRC-DPRU;

RVA/HuM an-wt/ZAFMRC-DPRU2125/2008/G1P[8]

RVA/HuM an-wH/ZAFIUFS-NGS-MRC-DPRUL967/2008/G1P[8] + 2
RVAJHum an-w IZAFIMRC-DPRU2429/2008/G1P( 8]

2009 C1 strains (7)

RVAIH UFS-NGS-MRC-DPRL

UZAFIUF 18]

RVA/HuM an-w t/ZAFIUFS-NGSMRC-DPRUL047/2008/G1P(8]

RVAJHUM an-w t/ZAF/MRC-DPRU2294/2009/GLP(8]

DPRL 18]

98 | RVAJHum an-w /ZAFIMRC-DPRUL35012007/G1P(8]

D

99l RvA/HUm an-wUIZAFIMRC-DPRU1381/2007/G1P[8]

RVAIH UFS-NGS-MRC-DPRU 18]

RVAIH JZAF/UFS-NGS-MRC-DPRU:

log | RVA/HUM an-w /ZAFIUFS

NGS-MRC-DPRUA352/2015/G:

RVA/Hum a

RVAIH

RVAJHum an-w tZAF/UFS-NGS-MRC-DPRUS6/2014/G1P[8] + 1

RVA/HumM an-wt/ZAF/UFS-NGS-MRC-DPRU150/2014/G1P(8]

RVAHum an-w

/ZAFIUFS-NGS-MRC-DPRUL43/2014/G1P(8
|- RVA/Hum an-w t/ZAF/MRC-DPRUZ132/2005/G1P[8]

- RVA/Hum an-w tIZAFIMRC-DPRU2114/2005/G1P(8]

L RVA/Hum an-wt/ZAFMRC-DPRU1217/2009/G1P8]
*Fio| RVA/HUM an-w U/ZAFIUFS-NGS-MRC-DPRULL16/2004/G1P[8)] + 1
| RVA/Hum an-w tZAFIUFS-NGS-MRC-DPRU1148/2004/G1P(8]

2009 c1 strains (11)

RVA/HuM an-w/ZAFMRC-DPRUL21/201.

]
4 -

RVA/Hum an-wt/ZAFMRC-DPRUB954/2011/G1P(8]

1UFS-NGS-MRC-DPRL (8] +1
RVAJHumM an-w tIZAF/MRC-DPRUB03/2006/G1P[8]

RVAJHum an-wt/ZAF/MRC-DPRUB40/2006/G1P[8]

JUFS-NGS-MR 18]

o) [ RVAHUm an-v

ruaeums

wZAFIMRC-DPRU2061/2010/G1P(8] +6

(8] +1
RVA/HumM an-w IZAFIMRC-DPRULIG0/2008/G1P[8]
RVAIHuM an-wtIZAFIMRC-DPRUL840/2007/G1P(8]

RVA/HumM an-w/ZAFIMRC-DPRUL327/2007/G1P(8]

RVAJHuM an-w tIZAFIMRC-DPRU799/2006/G1P(8]

RVA/HumM an-w/ZAFIMRC-DPRUB32/2006/G1P[8]
100
1| trvam UFS-NGS-MRC-DPRU; 18]

2006 C1 strains (13)

PR 18]
,DF[R\/A/P JUFS-NGS-MRC-DPRU 8] +1

RVAJH UFS-NGS-MRC-DPRU; 18] + 1

oo [ RVA/HuM an-w tIZAFIMRC-DPRUL35/2009/G1P(8]

RVA/HuM an-w tIZAFIMRC-DPRUL923/2009/G1P(8]

[ RVA/H -DPR. 8l
RVAIHun AFIMRC-DPRUB3/2011/G1P(8]

- RVAJHum an-w t/ZAFIUFS-NGS-MRC-DPRU3433/2006/G1P (8]

99 |- RVAJHum an-wt/ZAFIUFS-NGS-MRC-DPRUL5948/2017/G1P{8]
RVA/HUM an-w tIZAF/UFS-NGS-MRC-DPRU3410/2004/G1P(8]
o] RVAIHUM an-w UZAFIUFS- NGS-MRC-DPRUSA49/2004/G1P(8]

RVA/H -DPRU:

2002-2005 C1 strains (48)

RVAJHumM an-wUZAF/UFS-NGS-MRC-DPRU747/2005/G1P[8] + 4

100 | RVA/Hum an-w/ZAFIUFS-NGS-MRC-DPRUA269/2002/G1P(8] + 3

RVAJHUM an-wt/ZAF/UFS-NGS-MRC-DPRUL048/2008/G1P[8] + 3

00| RVA/HUM an-w ZAFIUFS-NGS-MRC-DPRU2250/2013/G1P[8]

100

IUSA/DS- 4] Joutgroup

Figure 5.4: VP2 phylogenetic tree of C1 strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of the
VP2 gene segment. South African pre-vaccine C1 strains are highlighted in bold-face while
post-vaccine strains are highlighted in bold-red. Adjacent to some sequences is indicated
a plus (+) sign followed by the number of identical sequences. The number in brackets
denotes the number of compressed strains. Percent bootstrap values (70% or higher) are
indicated at each branch node. The genetic distance is indicated by the scale bar.
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Figure 5.5: VP3 phylogenetic tree of M1 strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of VP3
gene segment. South African pre-vaccine M1 strains are highlighted in bold-face while
post-vaccine strains are highlighted in bold-red. Adjacent to some sequences is indicated
a plus (+) sign followed by the number of identical sequences. The number in brackets
denotes the number of compressed strains. Percent bootstrap values (70% or higher) are
indicated at each branch node. The genetic distance is indicated by the scale bar.
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Figure 5.6: VP6 phylogenetic tree of |1 strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequence of VP6
gene segment. South African pre-vaccine 11 strains are highlighted in bold-face while post-
vaccine strains are highlighted in bold-red. Adjacent to some sequences is indicated a plus
(+) sign followed by the number of identical sequences. The number in brackets denotes
the number of compressed strains. Percent bootstrap values (70% or higher) are indicated

at each branch node. The genetic distance is indicated by the scale bar.
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Figure 5.7: NSP1 phylogenetic tree of Al strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of the
NSP1 gene segment. South African pre-vaccine Al strains are highlighted in bold-face while
post-vaccine strains are highlighted in bold-red. Adjacent to some sequences is indicated a
plus (+) sign followed by the number of identical sequences. The number in brackets
denotes the number of compressed strains. Percent bootstrap values (70% or higher) are

indicated at each branch node. The genetic distance is indicated by the scale bar.
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Figure 5.8: NSP2 phylogenetic tree of N1 strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of the
NSP2 gene segment. South African pre-vaccine N1 strains are highlighted in bold-face while
post-vaccine strains are highlighted in bold-red. Adjacent to some sequences is indicated a
plus (+) sign followed by the number of identical sequences. The number in brackets denotes
the number of compressed strains. Percent bootstrap values (70% or higher) are indicated

at each branch node. The genetic distance is indicated by the scale bar.
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-[R\/A/Hu man-w t/ZAF/UFS-NGS-MRC-DPRU3433/2006/G1P[8] + 1

RVA/Hum an-w t/ZAF/MRC-DPRU2114/2005/G1P[8]

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU682/2005/G1P[8]

9 @ 2002-2004 T1 strains (46)

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU4357/2015G1P[8]

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU56/2014G1P[8] + 1

— RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU4347/2015G1P[8] + 1
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU143/2014G1P[ 8]
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU65/2014G1P[8]

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU150/2014G1P([8]

RVA/Hum an-w t/ZAF/MRC-DPRU1923/2009/G1P[8]

99 [ RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1980/2008G1P[8]
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1970/2008G1P[8] + 2
'_{ RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU2250/2013/G1P([8] + 9
9

9 | RvA/Vaccine/USA/Rotarix-A41CB052A/1988/G1P[8]

RVA/Human-tc/USA/DS-1/1976/G2P{4] ] Outgroup

Figure 5.9: NSP3 phylogenetic tree of T1 strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of the NSP3 gene
segment. South African pre-vaccine T1 strains are highlighted in bold-face while post-vaccine
strains are highlighted in bold-red. Adjacent to some sequences is indicated a plus (+) sign followed
by the number of identical sequences. The number in brackets denotes the number of compressed
strains. Percent bootstrap values (70% or higher) are indicated at each branch node. The genetic
distance is indicated by the scale bar.

103



94 | RVA/HUM an-w t/ZAF/UFS-NGS-MRC-DPRU1093/2009/G1P[8] +5
RVA/Hum an-w t/ZAF/MRC-DPRU2325/2009/G1P[8]

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU792/2007/G1P[8]

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1007/2006/G1P[8] + 2

|- RVA/Hum an-w t/ZAF/UFS-NGS:MRC-DPRU1047/2008/G1P[8] + 1

RVA/Hum an-w t/ZAF/MRC-DPRU1350/2007/G1P[8]

RVA/Hum an-w t/ZAF/MRC-DPRU1039/2008/G1P[8] + 1

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1652/2007/G1P[8]

|} RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU799/2007/G1P[8] + 6
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1967/2008/G1P[8]

[ RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU147/2007/G1P[8] + 1

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU658/2005/G1P[8]
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU4024/2002/G1P[8] + 1
L RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU2021/2010/G1P[8] + 7
4 RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU2291/2009/G1P[8]

{RVA/Hum an-w t/ZAF/MRC-DPRU2801/2009/G1P[8] + 1
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU745/2005/G1P[8] + 1
- RVA/Hum an-w t/ZAF/MRC-DPRU2114/2005/G1P[8]
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU3433/2006/G1P[ 8]

~

RVA/Hum an-w t/ZAF/MRC-DPRU2132/2005/G1P[8]

75 | RVA/HUmM an-w t/ZAF/UFS-NGS-MRC-DPRU1234/2009/G1P[8] + 10

RVA/Hum an-w t/ZAF/MRC-DPRU2294/2009/G1P[8]

o RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU981/2006/G1P[8]
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU15948/2017/G1P[8]
83 L K3752978/RVA/Hum an-w t/ZAF/MRC-DPRU83/2011/G1P[8]
—  RVA/Human-w t/ZAF/MRC-DPRU840/2006/G1P[8]
g | RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU56/2014/G1P[8] + 6
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU143/2014/G1P[ 8]
ba | RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU748/2006/G1P([8] + 25

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1005/2006/G1P[ 8]

RVA/Hum an-w t/ZAF/MRC-DPRU1840/2007/G1P[8]

RVA/Hum an-w t/ZAF/MRC-DPRU1327/2007/G1P[8]
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1970/2008/G1P[8] + 1
ﬁ RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU136/2009/G1P([8] + 1

L—— RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1015/2006/G1P[ 8]
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1116/2004/G1P[8] + 2

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1273/2007/G1P[8] + 1

RVA/Hum an-w t/ZAF/MRC-DPRU1923/2009/G1P[8]

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU4269/2002/G1P[8] + 9
2002-2004 E1 strains (49)

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU682/2005/G1P[8]
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU2250/2013/G1P[ 8]
98 | RVA/Vaccine/USA/Rotarix-A41CB052A/1988/G1P{8]
RVA/Human-tc/USA/DS-1/1976/G2P[4] ] Outgroup

0.05

Figure 5.10: NSP4 phylogenetic tree of E1 strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of the
NSP4 gene segment. South African pre-vaccine E1 strains are highlighted in bold-face while
post-vaccine strains are highlighted in bold-red. Adjacent to some sequences is indicated a
plus (+) sign followed by the number of identical sequences. The number in brackets denotes
the number of compressed strains. Percent bootstrap values (70% or higher) are indicated

at each branch node. The genetic distance is indicated by the scale bar.
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2009 H1 strains (10)

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU981/2006/G1P(8]
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1287/2004/G1P[8] + 2
RVA/HUm an-w t/ZAF/UFS-NGS-MRC-DPRU1015/2006/G1P[8]
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU2291/2009/G1P[8]
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU15948/2017/G1P[8] + 1
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU4024/2002/G1P8 + 4
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1970/2008/G1P[8] + 1
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU136/2009/G1P[8] + 1
RVA/Hum an-w t/ZAF/MRC-DPRU1923/2009/G1P(8]
L— RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU745/2005/G1P[8] + 1
~ RVA/Hum an-w t/ZAF/IMRC-DPRU1350/2007/G1P[8)
1| |RVA/Hum an-w t/ZAF/IUFS-NGS-MRC-DPRUL47/2007/G1P[8] + 7
L RVA/Hum an-w t/ZAF/MRC-DPRU2429/2008/G1P[8]
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU792/2007/G1P[8]

4|{ RVA/Hum an-w t/ZAF/MRC-DPRU1039/2008/G1P[8] + 1

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1652/2007/G1P(8]
- RVA/Hum an-w t/ZAF/MRC-DPRU2294/2009/G1P[8]
I RVA/Hum an-w t/ZAF/UFS-NGS:MRC-DPRU1047/2008/G1P[8] + 1

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU658/2005/G1P[8] + 5

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU139/2009/G1P(8] + 5

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU2280/2009/G1P[8] + 1

= RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU56/2014/G1P([8] + 7

L~ RVA/Hum an-w t/ZAF/MRC-DPRU2114/2005/G1P[8]

— RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU3433/2006/G1P[8] + 1
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU2021/2010/G1P[8] + 2

J[ RVA/Hum an-w t/ZAF/MRC-DPRU2061/2010/G1P(8] + 3

RVA/Hum an-w t/ZAF/MRC-DPRU1544/2010/G1P([8]

|~ RVA/Hum an-w t/ZAF/IMRC-DPRU6954/2011/G1P[8] + 3
I RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1012/2006/G1P[8]

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1030/2006/G1P[8]
<l’FIVA/Hu m an-w t/ZAF/MRC-DPRUB40/2006/G1P[8]
|- RVA/Hum an-w t/ZAF/MRC-DPRU1960/2008/G1P[8]
it RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1002/2006/G1P[8]

{ RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1039/2006/G1P[8]

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU732/2006/G1P([8] + 18

I RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU1005/2006/G1P[8]

L RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU2006/2008/G1P[8]
f— RVA/Hum an-w t/ZAF/MRC-DPRU1840/2007/G1P[8]

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU3951/2002/G1P[8] + 3
—L RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU682/2005/G1P(8]

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU2145/2003/G1P[8] + 3

7%
<|{ RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU632/2003/G1P[8]
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU3883/2002/G1P[8] + 11
I RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU4271/2002/G1P[8]
|- RVA/Hum an-w t/ZAF/MRC-DPRU2218/2003/G1P(8]
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU3956/2002/G1P[8] + 2

L RVA/Hum an-w t/ZAF/MRC-DPRU648/2003/G1P[8]

2{ RVA/Hum an-w t/ZAF/MRC-DPRU2801/2009/G1P[8]
RVA/Hum an-w t/ZAF/MRC-DPRU1217/2009/G1P([8]

|| RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU4023/2002/G1P[8]
RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU4055/2002/G1P[8] + 16

L RVA/Hum an-w t/ZAF/IMRC-DPRU1277/2004/G1P[8)

RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU4269/2002/G1P[8] + 8
49,@ RVA/Vaccine/USA/Rotarix-A41CBO052A/1988/G1P{8]
99 | RVA/Hum an-w t/ZAF/UFS-NGS-MRC-DPRU2250/2013/G1P[8]

RVA/Human-tc/USA/DS-1/1976/G2P4] ] Outgroup

Figure 5.11: NSP5 phylogenetic tree of H1 strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of the NSP5
gene segment. South African pre-vaccine H1 strains are highlighted in bold-face while post-
vaccine strains are highlighted in bold-red. Adjacent to some sequences is indicated a plus (+)
sign followed by the number of identical sequences. The number in brackets denotes the
number of compressed strains. Percent bootstrap values (70% or higher) are indicated at each
branch node. The genetic distance is indicated by the scale bar.
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5.3.3 Protein modelling and amino acid analysis

5.3.3.1 Comparative analysis of neutralizing antigeni VP7 epitopes of South African G1 strains
and Rotarix® strains

The VP7 protein contains two defined neutralization antigenic epitopes spanning across 29 amino
acid residues: 7-1 (7-1a and 7-1b) and 7-2 regions (Aoki et al., 2009). A comparison of the amino
acid residues in the antigenic epitopes of wild type South African G1 strains with cognate sites in
the Rotarix” strain was performed (Appendix 7). Five amino acid differences appeared in both
pre- and post-vaccine strains, four amino acids occurred before vaccine introduction while two
amino acid differences, N147D (in eight strains) and T242A (in one strain), appeared only during
the post-vaccine period (Figure 5.12; Table 5.2). We performed protein modeling analysis on the
post-vaccine strains, which showed amino acid differences relative to both the pre-vaccine
strains and Rotarix’ strain. Therefore, for VP7, we selected strain RVA/Human-wt/ZAF/UFS-NGS-
MRC-DPRU4357/2015/G1P[8] as a representative strain of the eight G1 post-vaccine strains that
had N147D amino acid substitution (Appendix 7). Additionally, we selected strain RVA/Human-
wt/ZAF/MRC-DPRU1544/2010/G1P[8], the only post-vaccine strain exhibiting a T242A amino
acid difference (Appendix 7). The VP7 protein structures of the selected G1 strains were
superposed with the Rotarix” VP7 structure to assess differences in the structural conformation.
The VP7 structure of strain RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU4357/2015/G1P[8] when
superposed with the Rotarix” VP7 had a root mean square deviation (RMSD) value of 0.020 A
(Table 5.2; Figure 5.12). The RMSD value closer to zero suggests high structural homology
(Maiorov and Crippen, 1994). Replacement of asparagine with aspartate (N147D) significantly
destabilized the protein structure as the free energy change was +0.527 kcal/mol (Van Durme et
al., 2011) (Table 5.2; Figure 5.12). Apart from the VP7 protein structure of Rotarix’, we performed
protein modeling analysis using the protein structures of five randomly selected pre-vaccine
study strains. Similar significant free energy change trends for the destabilizing effect were
observed and ranged from +0.506 to +0.579 kcal/mol. The VP7 structure of strain RVA/Human-
wt/ZAF/MRC-DPRU1544/2010/G1P[8] had an RMSD value of 0.012 A when superposed with
Rotarix” VP7 (Table 5.2; Figure 5.12). Threonine, which is a neutral hydrophilic amino acid, was

replaced with alanine, an aliphatic hydrophobic amino acid, showing a change in polarity.
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However, the replacing amino acid (alanine) does not significantly alter the stability of the protein
at this epitope (-0.076 kcal/mol) (Van Durme et al., 2002). Protein modeling analysis with VP7
protein structures from five randomly selected pre-vaccine study strains showed similar free

energy change trends ranging from -0.070 to -0.078 kcal/mol.
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Table 5.2:

Possible effects of amino acid mutations in South African post-vaccine G1 neutralization epitopes

Strain used for the Mutation No. of post-vaccine Region Amino acid property change Superposition Free energy change Possible effect
protein modelling strain(s) with the value (RMSD) (kcal/mol)
mutation
RVA/Human- N147D 8 7-2 epitope Hydrophilic to hydrophilic; 0.020 A +0.527 The change in charge may alter the
wt/ZAF/UFS-NGS-MRC- Neutral to negative charge biochemical properties of the epitope. The
DPRU4357/2015/G1P[8] mutation significantly destabilizes the structure
of the protein.
RVA/Human- T242A 1 7-1b epitope Hydrophilic to hydrophobic; 0.012 A -0.076 The change in polarity may alter the
wt/ZAF/MRC- Neutral to Neutral charge physicochemical property of the epitope
DPRU1544/2010/G1P[8]

Relative Mean Square Deviation (RMSD) is the superposition value where value of zero indicates absolute similarity. The stability of the protein after mutation
was measured in kcal/mol whereby free energy change of +0.5 kcal/mol was regarded as significant for either stabilizing/destabilizing effect. Minus (-) value is
indicative of stabilizing effect while positive (+) value is indicative of destabilizing effect.



A Mutation: N147D Mutation: T242A

Alignment (RMSD) value: 0.020 Alignment (RMSD) value: 0.012
Free energy change: +0.527 kcal/mol Free energy change: -0.076 kcal/mol

Figure 5.12: Protein modelling of VP7 protein structures

Structure models showing the mutation sites N147D (A) and T242A (B), respectively, that were only present in post-vaccine G1P[8] strains when
superposed with VP7 of Rotarix®. The structure of the study strain is in green while Rotarix® structure is in deep-teal. The aa residues are represented
in dark gray and red to examine whether the replacing aa alters the conformation of the protein structure. The aa residue highlighted in dark gray
represent the study strain while that in firebrick represent the Rotarix® strain. RMSD is the superposition value where value of zero indicates
absolute similarity. The stability of the protein after mutation was measured in kcal/mol whereby free energy change of + 0.5 kcal/mol was regarded
as significant for stabilizing/destabilizing effect.
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5.3.3.2 Comparative analysis of VP7 cytotoxic T lymphocyte epitopes

The two established VP7 cytotoxic T cell epitopes at positions 16-28 and 40-52 (Morozova

etal., 2015) of the VP7 of South African G1P[8] strains were compared with cognate regions

of the Rotarix® VP7. The aa differences (122M in two strains, R28Q in one strain, A46V in

three strains, T48A in twenty strains and T48l in one strain) were only observed during pre-

vaccine era while aa differences (A43V in two strains and A46T in four strains) were only

present during post-vaccine era (Table 5.3; Appendix 7).

Table 5.3: Amino acid differences in South African post-vaccine G1 Cytotoxic T

Lymphocyte epitope and non-epitope regions

No of strain(s) Mutation Region Amino acid property Possible effect
change
All 2010 S371 Signal domain (H2 Hydrophilic to The change in polarity charge
strains hydrophobic hydrophobic; may alter the chemical
domain) Neutral charge to neutral properties of the protein
charge
Four 2011 A46T Signal domain (H2  Hydrophobic to hydrophilic ~ The change in polarity may alter
strains hydrophobic Neutral charge to neutral the chemical properties of the
domain)/ CTL charge protein
epitope region
One 2011 E222K B-jelly roll domain/  Hydrophilic to hydrophilic The change in charge may alter
strain antigenic site C Negative charge to positive the chemical properties of the
charge protein. The folding energy is
significant for stabilizing effect
on the protein structure
One 2014 A68D Extension region of Hydrophobic to hydrophilic ~ The change in charge may alter
strain N-terminal Neutral charge to negative the physicochemical properties
charge of the protein
Two 2015 A43V Signal domain (H2 Hydrophobic to The biochemical property of the
strains hydrophobic hydrophobic; region may be conserved as the

domain)/CTL
epitope region

Neutral charge to Neutral
charge

amino acid property is not
altered.

The table indicates the aa differences that were observed in the VP7 cytotoxic T lymphocyte

epitopes at positions 43 (in two post-vaccine G1 strains) and 46 (in four post-vaccine G1 strains)

during post-vaccine period. Also the figure shows the aa differences observed in non-neutralizing

regions of South African post-vaccine G1 strains that were not present during pre-vaccine period.
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5.3.3.3 Comparative analysis of neutralizing antigenic epitopes in VP4 genes of South
African P[8] strains and Rotarix®strain

The VP4 protein comprises the VP5* and VP8* regions. The VP8* region contains four (8—1
to 8-4) neutralizing antigenic epitopes, while VP5* has five (5-1 to 5-5) (Dormitzer et al.,
2002)]. The differences between the P[8] study strains and Rotarix” P[8] component were
mostly contained in the VP8* epitopes 8-1, 8-3, and 8-4 (Appendix 8). Seven amino acid
differences were identified in both pre- and post-vaccine strains, seven amino acid
substitutions during pre-vaccination introduction and two amino acid substitutions, T88I (in
one strain) and N89S (in one strain) were identified after vaccine introduction ( Appendix
8). We performed protein modeling analysis on the post-vaccine strains that showed amino
acid differences relative to both the pre-vaccine strains and Rotarix” strain and these were
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU74/2014/G1P[8] and RVA/Human-wt/ZAF/UFS-
NGS-MRC-DPRU83/2011/G1P[8] (Appendix 8). The VP4 structure of strain RVA/Human-
wt/ZAF/UFS-NGS-MRC-DPRU74/2014/G1P[8] aligned with the RMSD value of RMSD 0.048
when superposed with the Rotarix” VP4 (Table 5.4; Figure 5.13 ). Replacement with the
isoleucine at position T88I altered the polarity of the residue from polar to nonpolar without
affecting the charge (Betts and Russell, 2003). This change in polarity may alter the physical
properties of the protein. The mutation did not significantly impact the stability of the
protein (-0.297 kcal/mol) (Table 5.4; Figure 5.13). Further free energy change analysis with
VP4 structures from five randomly selected pre-vaccine strains demonstrated similar free
energy change trends that ranged from -0.504 to —-0.322 kcal/mol. The VP4 structure of
strain RVA/Human-wt/ZAF/MRC-DPRU83/2011/G1P[8] had an RMSD value of 0.049 when
superposed with Rotarix” VP4, indicating significant alignment. Asparagine is a polar,
neutrally charged amino acid, and the replacing amino acid, serine, is also polar with a
neutral charge (Betts and Russell, 2003). The replacing amino acid, serine, significantly
destabilized the protein structure with +1.166 kcal/mol energy change (Table 5.4: Figure
5.13).When protein modeling analysis was performed with VP4 structures of five randomly
selected pre-vaccine P[8] strains, significant free energy change values ranging from +1.128
to +1.352 kcal/mol were also observed, indicating the amino acid substitution had a

destabilizing effect on the protein structure.
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Table 5.4: Possible effects of amino acid mutations in South African post-vaccine VP4 epitopes

Free energy

Possible effect

Strain used for protein Mutation No. of strain(s) Region Amino acid property change Superimposition
modelling with the value (RMSD) change
mutation (kcal/mol)

RVA/Human-wt/ZAF/UFS-NGS- T88I 1 8-4 Hydrophilic to hydrophobic; 0.048 A -0.297 The change in polarity may alter the
MRC-DPRU74/2014/G1P[8] epitope Neutral charge to neutral physicochemical properties of the protein.
charge No significant impact on the stability of the

protein structure

RVA/Human-wt/ZAF/UFS-NGS- N89S 1 8-4 Hydrophilic to hydrophilic; 0.049 A +1.166 The loss of the glycosylation site may alter
MRC-DPRU83/2011/G1P[8] epitope Neutral charge to Neutral the chemical properties of the protein. The

charge

mutation destabilized the protein structure.

Relative Mean Square Deviation (RMSD) is the superimposition value where value of zero indicates absolute similarity. The stability of the protein after mutation
was measured in kcal/mol whereby folding energy change of +0.5 kcal/mol is considered statistically significant for either stabilizing (-)/destabilizing (+) effect.



Mutation: N89S
Alignment (RMSD) value: 0.049

Mutation: T8l
Free energy change: +1.166 kcal/mol

Alignment (RMSD) value: 0.048
Free energy change: -0.297 kcal/mol

Figure 5.13: Protein modelling of VP4 structures

VP4 structure models showing mutations at sites T88I (A) and N89S (B), respectively, that were only seen in some post-vaccine strains when superposed
with VP4 of Rotarix®. The aa residues are represented in dark gray and red to examine whether the replacing aa alters the conformation of the protein
structure. The aa residue highlighted in dark gray represents the study strain while firebrick red represents the Rotarix® strain. The stability of the protein
after mutation was measured in kcal/mol whereby folding energy change of 0.5 kcal/mol is regarded as statistically significant for either stabilizing (-

)/destabilizing (+) effect.
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5.3.3.4 Analysis of the VP4 and VP6 non-neutralizing regions
Comparative analysis of the South African post-vaccine P[8] genotypes outside the known
epitope regions with cognate regions in pre-vaccine strains identified five aa differences that

were coservative in nature. (Table 5.4).

Table 5.5: Amino acid differences in South African post-vaccine P[8] RVA strains

No of strain(s) Mutation Region Amino acid property change Possible effect
All 2010 eight V112l VP8* Hydrophobic to hydrophobic; No change in the physicochemical
strains Neutral to neutral charge properties

One 2015 strain
V444A VP5* Hydrophobic to hydrophobic No change in the physicochemical

Neutral charge to neutral properties
charge
Two strains (one in
2010 and 2017) T498l| VP5* Hydrophilic to hydrophobic Possible change in the chemical
Neutral charge to neutral properties
charge
All the 2014 and V600L Hydrophobic to hydrophobic No change in the physicochemical
2015 strains VP5* Neutral charge to neutral properties
charge
K616R Hydrophilic to hydrophilic No change in the physicochemical
Positive charge to positive properties
charge

The table indicates the aa differences that were observed in the VP4 non-neutralization epitope sites at
positions 43 (in two post-vaccine G1 strains) and 46 (in four post-vaccine G1 strains) during post-vaccine
period.

Analysis of the amino acid differences between the VP6 gene sequences of South African pre-
and post-vaccine strains identified an aa difference Y353H in a 2017 post-vaccine strain,
RVA/Human-wt/ZAF/MRC-DPRU15948/2017/G1P[8]. The aa mutation Y353H occurred in a
conserved region of the VP6 that has been associated with trimerization and single-shelled

particle formation (Tosser et al., 1992) (Table 5.5).
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Table 5.6: Amino acid differences in South African VP6 post-vaccine RVA strains

Strain Mutation  Region Amino acid Possible effect
property change
Strain RVA/Human- Y353H Non- Hydrophilic to The change in charge and
wt/ZAF/UFS-NGS-MRC- epitope hydrophilic; destabilization effect might alter
DPRU15948/2017/G1P[8] Neutral charge to physicochemical properties of the
positive protein
(10%)/neutral

charge (90%)
The table indicates the only aa difference that was observed in one post-vaccine I1 strain when
comparison of South African pre and post-vaccine strains was performed.

5.3.3.5 Analysis of amino acid differences in VP1-VP3 and NSP1-NSP5 amino acid sequences

The number of amino acid differences that were identified after Rotarix” vaccine introduction in
South African G1P[8] VP1-VP3 and NSP1-NSP5 amino acid sequences were 12, 6, 7, 11, 3, 4, 5,
and 2, respectively (Tables 5.7-5.14). Most of the amino acid substitutions were conservative

(Betts and Russell, 2003).
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No of strains(s) Mutation(s) Region Amino acid property Possible effect
change
All the 2010 strains L167M N-terminal Hydrophobic to
domain hydrophobic;
Neutral charge to
neutral charge The polarity change may alter
T352N Polymeras Hydrophilic to biochemical properties of the
e domain hydrophilic; protein
(Finger Neutral charge to
subdomain Neutral charge
)
A1028S C-terminal Hydrophobic to
domain hydrophilic
Neutral charge to
neutral charge
Four of the 2011 K164R N-terminal Hydrophilic to
strains domain hydrophilic
Positive charge to
positive charge The change in charge may alter
1279V,V301A  N-terminal Hydrophobic to biochemical properties of the
domain hydrophobic protein
Neutral charge to
neutral charge
K898T C-terminal Hydrophilic to
domain hydrophilic
Positive charge to
neutral charge
All the 2014 and 2015 K96R Hydrophilic to
strains K164R hydrophobic The change in charge and polarity
N-terminal Positive charge to may alter biochemical properties
domain positive charge of the protein
D286N Hydrophilic to
hydrophilic
Negative charge to
neutral charge
Strain RVA/Human- 12317 N-terminal Hydrophobic to
wt/ZAF/MRC- domain hydrophilic
DPRU15948/2017/G1 Neutral charge to The polarity change may alter
P[8] neutral charge biochemical properties of the
P969L C-terminal Hydrophobic to protein
domain hydrophobic

Neutral charge to
neutral charge

Table 5.7: Amino acid differences in South African post-vaccine R1 RVA strains

The table indicates the aa differences that were observed during post-vaccine period in different South
African VP1 RVA strains when compared to cognate regions in pre-vaccine strains.
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No of strain (s) Mutation(s Region Amino acid property Possible effect
) change

All the 2010 strains R44K Nucleic acid Hydrophilic to hydrophilic;

binding Positive charge to positive No effect on the physicochemical

domain charge properties of the protein
Four of the 2011 N30E Hydrophilic to hydrophilic
strains Nucleic acid Neutral charge to

binding negative charge

T32N domain Hydrophilic to hydrophilic The mutations may not alter the
Neutral charge to neutral biochemical properties of the
charge protein

Strain P14L Nucleic acid Hydrophobic to
RVA/Human- binding hydrophobic The mutations may not alter the
wt/ZAF/MRC- domain Neutral charge to neutral biochemical properties
DPRU83/2011/G1P charge of the protein
[8] N510S Principal Hydrophilic to hydrophilic

domain Neutral to neutral
Two 2015 strains P669S Principal Hydrophobic to The change in polarity may alter

domain hydrophilic the biochemical properties of the

Neutral charge to neutral protein
charge

Table 5.8: Amino acid differences in South African post-vaccine C1 RVA strains

The table indicates the aa differences that were observed during the post-vaccine period in different
South African VP2 RVA strains when compared to cognate regions in pre-vaccine strains.
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No of strain(s) Mutation(s) Region(s) Amino acid property Possible effect
change
All the 2010 1234V N7- Hydrophobic to The mutation may not alter the
strains Methyltransfera hydrophobic; biochemical properties of the
se Neutral charge to protein
neutral charge
Four of the 2011 A411V and 2’-0— Hydrophobic to
strains M762 Methyltransfera hydrophobic
se domain and Neutral charge to The mutation may not alter the
phosphodiestera neutral charge biochemical properties of the
se domains, protein
respectively
All the 2014 and V459l and N7-
2015 strains M762 Methyltransfera Hydrophobic to The mutation may not alter the
se and hydrophobic biochemical properties of the
phosphodiestera Neutral charge to protein
se domains, neutral charge
respectively
Strain K204R N7- Hydrophilic to The mutation may potentially not
RVA/Human- Methyltransfera hydrophilic alter the biochemical properties of
wt/ZAF/MRC- se domain Positive charge to the protein
DPRU15948/2017/ positive charge
G1P[8] N804S Phosphodiestera Hydrophilic to

se domain

hydrophilic
Neutral charge to
neutral charge

Table 5.9: Amino acid differences in South African post-vaccine M1 RVA strains

The table indicates the aa acid differences that were observed during the post-vaccine period in different
South African VP3 RVA strains when compared to cognate regions in pre-vaccine strains.
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No. of strain(s)

Mutation(s)

Region

Amino acid property
change

Possible effect

All the 2010 T120I Cytoskeleton Hydrophilic to
strains binding domain hydrophobic; The change in polarity
Neutral charge to neutral may alter the
charge biochemical properties
V266l Undefined region Hydrophobic to
hydrophobic;
Neutral charge to Neutral
charge
Four of the 2011 V189l, Undefined region
strains V266, Hydrophobic to
1278V hydrophobic
1341V IRF-binding Neutral charge to neutral
domain charge
The mutation may not
alter the biochemical
D381Y IRF-binding Hydrophilic to hydrophilic properties
domain Negative charge to neutral
charge
Y445H IRF-binding Hydrophilic to hydrophilic
domain Neutral to positive (10%)/
neutral (90%)
2013 Strain
RVA/Human- Q132R RING domain Hydrophilic to hydrophilic The change in charge
wt/ZAF/MRC- Neutral charge to positive may alter the
DPRU2250/2013/ charge biochemical properties
G1P[8]
All 2014 strain and
one 2015 strain R13K RING domain Hydrophobic to hydrophilic
RVA/Human- Positive charge to positive
wt/ZAF/MRC- charge The change in polarity
DPRU4357/2015/ may alter the
G1P[8] A259T Undefined region Hydrophobic to hydrophilic biochemical properties

Neutral charge to neutral
charge

Table 5.10: Amino acid differences in South African post-vaccine A1 RVA strains

The table indicates the aa differences that were observed during the post-vaccine period in different
South African NSP1 RVA strains when compared to cognate regions in pre-vaccine strains.
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Table 5.11: Amino acid differences in South African post-vaccine N1 RVA strains

No of strain(s) Mutatio Region Amino acid property Possible effect
n(s) change
2010 strain RVA/Human-
wt/ZAF/MRC- E73K N Hydrophilic to hydrophilic; The change in charge may
DPRU2061/2010/G1P[8] terminal  Negative charge to positive alter the biochemical
domain charge properties
C
Four 2011 strains V254p terminal Hydrophobic to The mutation may not alter
domain hydrophobic the biochemical properties
Neutral charge to neutral
charge
2014 Strain RVA/Human- C The change in charge may
wt/ZAF/MRC- P299S terminal  Hydrophobic to hydrophilic alter the functionality of the
DPRU143/2014/G1P[8] domain Neutral charge to neutral protein

charge

The table indicates the aa differences that were observed during the post-vaccine period in different
South African NSP2 RVA strains when compared to cognate regions in pre-vaccine strains.
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Table 5.12: Amino acid differences in South African post-vaccine T1 RVA strains

No of strain(s) Mutation Region Amino acid property Possible effect
(s) change
S169F Dimerizati Hydrophilic to
on hydrophobic;
Two 2015 strains domain Neutral charge to
neutral charge The change in polarity may alter
N215S C- Hydrophilic to the biochemical properties
terminal hydrophilic;
domain Neutral charge to
neutral charge
2014 strain Y204F Dimerizati Hydrophilic to
RVA/Human- on hydrophobic;
wt/ZAF/MRC- domain Neutral charge to The change in polarity may alter
DPRU65/2014/G1P[8 neutral charge the biochemical properties
K256R C- Hydrophilic to
terminal hydrophilic
domain Positive charge to

positive charge

The table indicates the aa differences that were observed during the post-vaccine period in different
South African NSP3 RVA strains when compared to cognate regions in pre-vaccine strains.
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Table 5.13: Amino acid differences in South African post-vaccine E1 RVA strains

No of strain(s) Mutation(s) Region Amino acid property Possible effect
change
All 2010 strains V73l N terminal Hydrophobic to The mutation may not alter
hydrophobi hydrophobic; the biochemical properties
cdomain 3 Neutral charge to neutral
(H3) charge
Strain RVA/Human-
wt/ZAF/MRC- D157E Tubulin Hydrophilic to hydrophilic;
DPRU83/2011/G1P[8] binding Negative charge to negative ~ The mutation may not alter
domain/AS- charge the biochemical properties
|
Strain RVA/Human- V13| N-terminal Hydrophobic to The mutation may not alter
wt/ZAF/MRC- hydrophobi hydrophobic; the biochemical properties
DPRU15948/2017/G1 c domain Neutral charge to neutral
P[8] 1(H1)/AS-IV charge
D157E Tubulin Hydrophilic to hydrophilic; The mutation may not alter
binding Negative charge to negative  the biochemical properties
domain/AS- charge
|
E167G DLP-binding  Hydrophilic to hydrophobic The change in polarity may
region/AS-I Negative to neutral charge alter the biochemical

properties

The table indicates the aa differences that were observed during the post-vaccine period in different
South African NSP4 RVA strains when compared to cognate regions in pre-vaccine strains.
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Table 5.14: Amino acid differences in South African post-vaccine H1 RVA strains

No of strain(s) Mutation(s)  Region Amino acid property change Possible effect
The change in polarity may alter
Four 2010 strains S22L N- Hydrophilic to hydrophobic; the biochemical properties
terminal Neutral charge to neutral
binding charge
domain
Four 2011 strains C- Hydrophilic to hydrophilic; The change in charge may alter
D157E terminal Positive charge to negative the biochemical properties
binding charge
domain

The table indicates the aa differences that were observed during the post-vaccine period in different
South African NSP3 RVA strains when compared to cognate regions in pre-vaccine strains.

5.3.3.6 Analyses of selection pressure
Selection pressure analysis by MEME, FUBAR and FEL showed that the most of the aa sites in the
11 gene segments were undergoing purifying selection except for the amino acid sites 7 and 245

in VP3 which were undergoing positive selection (Table 5.14; Appendix 9).

Table 5.15: Positively selected sites as identified by FEL, FUBAR and MEME analysis

Method Amino acid sites in the gene segments under positive selection
VP1 VP2 VP3 VP4 VP6 VP7 NSP1 NSP2 NSP3 NSP4 NSP5
MEME 2,35,89, 583 7,118,137, 23,28, 85,238 - 14,32,90, 55,258,315 204 25,168 3
243, 357, 245,310, 44,90, 132, 154,
733, 728 169, 201, 175, 181,
909, 576,578, 225, 253,
1082 668, 773, 261,267,
774,775 293,392,
396,398,
404, 405,
416, 425
FUBAR 67, 357 12,36 7,245 - - - - 75 308 - -
FEL 3 - 7,245 - - -

Bold and underlined sites are those identified by all the three methods (FEL, FUBAR and MEME) and these
were considered for positive selection. For MEME and FEL, statistical significance was assessed at p 0.1
while for FUBAR it was assessed at posterior probability > 0.9. The dash (-) sign indicates no site was
identified. Additional analyses reports are provided in Appendix 9.
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5.4 Discussion

The present study reports whole-genome analysis of G1P[8] RVA strains collected seven years
before and seven years after the introduction of the Rotarix® vaccine in South Africa. Whole-
genome analysis of South African G1P[8] strains showed that they possessed a Wa-like genotype
constellation. These findings are comparable to what has been observed in several countries (Le
et al., 2010; Rahaman et al., 2010; Banyai et al., 2012; Shintani et al., 2012; Santos et al., 2019).
The prevalent association of G1P[8] genotypes with the Wa-like genetic background has been

hypothesized to be due to epidemiological fitness (Ghosh and Kobayashi, 2011).

Of the seven established G1 lineages (Le et al., 2006), South African pre- and post-vaccine G1
strains in this study segregated into G1-lineage | and G1-lineage Il. Similar observations have been
reported in several other studies (Le et al., 2010; da Silva et al., 2015; Santos et al., 2019)
highlighting the likelihood of epidemiological fitness of G1 strains in these two lineages which
has led to their prevalent circulation over time. Of the four P[8] lineages that have been
established previously (Le et al., 2010), majority (84.2%) of the South African P[8] strains in this
study clustered in P[8] lineage Ill, an observation comparable to other studies (da Silva et al.,
2015; Dulgheroff et al., 2016; Almeida et al., 2017; Santos et al., 2019). Additionally, the South
African P[8] strains were observed in P[8] lineage | and P[8] lineage IV (also designated as OP354
like lineage) (Cunliffe et al., 2001), an observation reported in a study of Indian P[8] strains (Tatte
and Chitambar, 2011). Both pre-and post-vaccine strains were found present in this P[8] lineage
[Il underscoring its global predominance in circulation (Gouvea et al., 1999; Cunliffe et al., 2001;

Arista et al., 2006; Ansaldi et al., 2007; Espinola et al., 2008; Tatte and Chitambar, 2011).

The aa differences in the neutralization epitopes of VP7 compared to the cognate region in
Rotarix® identified at positions N94S, S123N, K291R, and M217T appeared in both pre and post-
vaccine strains and have been previously reported in Belgium and Brazil (Zeller et al., 2012;
Santos et al.,, 2019). Since these amino acid substitutions were present even before the
introduction of the vaccine, they can be attributed to the natural RVA evolutionary processes.
The N147D amino acid substitution occurred in eight post-vaccine G1 strains and resulted in a

change from neutral to negatively charged amino acid residue while T24A occurred in one post-
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vaccine G1 strain which resulted in change from hydrophilic to hydrophobic residue (Betts and
Russell, 2003). The change in charge may affect the protein’s chemical properties, while the shift
in polarity suggests possible inaccessibility of the epitope as it becomes more hydrophobic (Betts
and Russell, 2003). Differences in VP4 amino acids between the study strains and Rotarix® were
observed in epitopes 8-1 and 8-3, similar to those already reported in Belgium, Brazil and Tunisia
(zeller et al., 2012; Fredj et al., 2013; Santos et al., 2019). The polarity changes (hydrophilic to
hydrophobic) observed at position T88I only in a post-vaccine strain may affect antibody binding
at this region of the 8-4 epitope as the resulting epitope becomes relatively inaccessible due to
hydrophobic effect (Betts and Russell, 2003). The loss of glycosylation site at position N89S only
observed in post-vaccine period in one strain may alter the functioning of the protein at the 8-4

epitope (Caust et al., 1987).

To gain further insight into the impact of aa substitution occurring in the neutralization epitopes
of VP7 and VP4 on the stability of the protein structures, we performed folding free energy
change analysis. A protein’s folding free energy change is an essential aspect of the protein’s
stability with a direct association with the protein’s function (Zhang et al., 2012). The N147D
substitution in VP7 and N89S substitution in VP8* resulted in a predicted destabilizing effect on
the protein structure. Due to this destabilization effect on the protein structure as indicated by
energy change analysis, we hypothesize that these amino acid substitutions observed during
post-vaccine era may not be favored in the longterm to enhance viral fitness. We did not observe
consistently occurring amino acid substitutions in the 11 gene segments both in antigenic and
non-antigenic regions that occurred in strains throughout the post-vaccine period when
compared to pre-vaccine period. However, there were yearly observations such as L167M (in
VP1), R44K (in VP2), 1234V (in VP3), V112! (in VP4), T120! (in NSP1) and V73! (in NSP4) that
occurred in all the eight 2010 strains. Amino acid substitutions: K164R (in VP2), A411V (in VP3),
A46T (in VP7), 1341V (in NSP1), V254P (in NSP2) and D157E (in NSP5) of the four out of five 2011
strains and K96R (in VP1), V459l (in VP3), V60OL (in VP4), and A259T (in NSP1) of all the eight
2014 and 2015 G1P[8] strains.
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Selection pressure analysis demonstrated that most of the codon sites in the 11 genome
segments of South African G1P[8] strains were undergoing purifying selection probably to purge
deleterious polymorphisms that arise due to the inherent error-prone nature of the RNA
polymerase enzyme (Estes and Greenberg, 2013). Amino acid site 7 and 245 in VP3 was under
positive selection and site 245 fell within the guanine-N7-methyltransferase (N7-MTpase)
domain suggested to catalyze methylation during capping of nascent rotavirus transcripts (Ogden
et al., 2014). Methylation capping by VP3 of RVA serves as a critical strategy to evade host

antiviral innate immune response (Ogden et al., 2014).

5.5 Conclusions

The study shows that there were no consistently conserved amino acid substitutions occurring
throughout during post-RVA vaccine period in the antigenic and non-antigenic regions of South
African G1P[8] strains as most of the amino acid substitutions found in post-vaccine period were
already present during pre-vaccine period. Therefore, Rotarix® did not appear to have an impact
on the genetic changes of South African G1P[8] post-vaccine strains. However, continued long-
term whole-genome surveillance to monitor any consistently occurring genetic changes during
post-vaccine period, which may hint at vaccine-induced selective pressure, remains essential.
This study was limited mainly by the significant differences in the sample size between pre and
post-vaccine period, although the significant decline in G1P[8] strains in South Africa during post-

vaccination period has been reported before (Page et al., 2018).
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CHAPTER SIX

INVESTIGATION OF WHOLE-GENOME AND PHYLODYNAMICS OF SOUTH AFRICAN G2P[4]
ROTAVIRUS STRAINS PRE- AND POST-VACCINATION INTRODUCTION

Chapter six is presented in a manuscript format entitled “Genetic variations between pre- and
post-South African G2P[4] rotavirus A strains over 14 years (2002-2017)"

Mwangi, P. N., Mogotsi, M. T., Seheri, M.L., Mphahlele, M .J., Peenze, |., Esona, M. D.,
Kumwenda, B., Steele, A. D., Kirkwood, C. D., Ndze, V. N., Dennis, F. E. and Nyaga M. M. Whole
genome analyses of South African G2P[4] strains pre-and post-rotavirus vaccine introduction.

6.1 Introduction

RVA is the primary etiological agent for AGE, accountable for an annual global mortality rate of
approximately 125,000 in children under five years (Troeger et al., 2018). Rotavirus belongs to
Reoviridae family and its genome comprises 11 gene segments that encode six structural proteins

and five or depending on the species, six non-structural proteins (Estes and Greenberg, 2013).

Conventionally, RVA is classified into G and P-type as per the properties of the VP7 (denoted G
for its glycoprotein property) and VP4 (denoted P for its property as a protease-sensitive protein)
(Estes and Kapikian, 2007). The binary (G/P) classification system was extended to include the
other nine gene segments to decipher the RVA diversity (Matthijnssens et al., 2011). Whole-
genome classification provides the basis of the three established RVA genogroups: Wa-like, DS-
1-like and AU-1-like. To date, the number of RVA genotypes are 36G (VP7), 51P (VP4), 261 (VP6),
22R (VP1), 20C (VP2), 20M (VP3), 31A (NSP1), 22N (NSP2), 22T (NSP3), 27E (NSP4) and 22H (NSP5)

(https://rega.kuleuven.be/cev/viralmetagenomics/virus-classification).

The most medically important RVA strains are G1P[8], G2P[4], G3P[8], G4P[8], GIP[8] and
G12P[8] (Doro et al., 2014). The G2P[4] is the second most prevalent RVA strain globally after
G1P[8] (Doro et al., 2014). The epidemiological predominance of G2P[4] in certain geographical
regions is well documented (Doan et al., 2011; Vizzi et al., 2017; Khandoker et al., 2018; Thanh
et al.,, 2018). To combat RVA disease burden, four RVA vaccines: Rotarix® (GlaxoSmithKline,
Rixenstart, Belgium), Rotasiil® (Serum Institute of India, India), RotaTeq® (Merck & Co, USA) and
Rotavac® (Bharat Biotech, India) have been prequalified by WHO for global use (WHO, 2020). The
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introduction of RVA vaccination has substantially led to a reduction of RVA mortality globally

(Shah et al., 2017).

South Africa introduced Rotarix® in 2009 into its EPI (WHO, 2009). Although RVA vaccination has
reduced the burden of RVA disease, there are concerns of potential vaccine-induced selective
pressure on the distribution of RVA strains (Leshem et al., 2014). For instance, there has been an
upsurge of G2P[4] strains in several countries that have introduced Rotarix® (Gurgel et al., 2007;
Donato, 2012, Vizzi et al., 2017; Zeller et al., 2017, Khandoker et al., 2018; Mokomane et al.,
2019). It is unresolved whether the detection of non-G1P[8] strains such as G2P[4] is primarily
vaccine-induced or due to the natural RVA evolutionary mechanisms. The G2P[4] evolution
dynamics are further confounded by the fact that it is associated with cyclic peaks (Linhares and
Justino, 2014). There have been outbreaks of G2P[4] infections every three to four years and
significant epidemics every ten years in South Africa(Page and Steele, 2004). The epidemiological
importance of this genotypical cycling is hypothesized to serve as a strategy for RVA to evade
group immunity acquired from previous infections enabling the RVA to prevail in circulation
(Parra, 2009). There is a dearth of whole-genome based analysis of G2P[4] RVA strains in South
Africa. This study analyzed South African G2P[4] samples collected seven years pre- and seven

years post-vaccine introduction to elucidate its genetic diversity and phylodynamics.

6.2 Materials and methods

6.2.1 Ethics statement

Diarrhoeal stool samples conventionally genotyped as part of WHO-coordinated RVA surveillance
were retrieved from the archival storage of the Diarrhoeal Pathogens Research Unit (DPRU),
Sefako Makgatho Health Sciences University (SMU) and Center for Enteric Diseases, National
Institute for Communicable Diseases (NICD), South Africa. Further processing of the stool samples
for whole-genome sequencing and data analysis was performed at the University of the Free
State (UFS), Bloemfontein South Africa facilitated by material transfer agreements (SMU-UFS.1
and NICD-UFS.2). The study was approved by the HSREC of the UFS under ethics number UFS-
HSD2018/0510/3107 (Appendix 5).
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6.2.2 Strain description

A total of 98 rotavirus positive stool samples (59 retrieved from Center for Enteric Diseases,
NICD, Johannesburg and 39 retrieved from DPRU, Pretoria) previously characterized as G2P[4]
were distributed as follows: 2003 (n=6), 2006(n=1), 2007(n=9), 2008(n=13), 2009(n=13), 2010
(n=10), 2012 (n=11), 2013(n=15), 2014 (n=12), 2015 (n=4), 2016 (n=3) and 2017 (n=1). An
additional five whole-genome sequences for G2P[4] strains collected from South Africa were

mined from the GenBank database.

6.2.3 Rotavirus RNA extraction and purification
Extraction of rotaviral dsRNA was performed as previously described by Mwangi et al. (2020).
The extracted RNA was subsequently purified using the MinElute PCR purification kit (Qiagen,

Hilden, Germany).

6.2.4 Synthesis of complementary DNA (cDNA)

cDNA synthesis was performed using the Maxima H Minus double-stranded synthesis Kit (Thermo
Fischer Scientific, Waltham, MA). Briefly, we introduced a 5 minute denaturing step at 95°C that
was performed in the thermocyler. A 1ul volume of Random Hexamer primer, 100uM was then
added. The reaction mixture was incubated in a thermocyler at 65°C for 5 minutes. Afterward,
5ul volume of the 4X First-Strand Reaction Mix and 1pl of First Strand Enzyme Mix was added
and the reaction mixture incubated in a thermocyler pre-programmed as follows (10 minutes at
25°C, 120 minutes at 50°C, 5 minutes at 85°C). For second-strand cDNA synthesis step, a 55ul
volume of Nuclease-Free water, 20ul of 5X Second Strand Reaction Mix and 5ul of Second Strand
Enzyme Mix was added and incubated in the thermocyler at 16°C for 60 minutes. A 6ul volume
of EDTA, pH 8.9 was added followed by 10ul of RNase I. The synthesized cDNA was purified using
MSB® Spin PCRapace Kit by following manufacturer’s protocol (Stratec Molecular, Berlin,

Germany).

6.2.5 DNA library preparation and whole-genome sequencing
The Nextera® XT DNA Library Preparation Kit (lllumina, San Diego, CA, USA) was used to prepare
the DNA libraries. Briefly, a 5ul volume of purified cDNA within the 0.2ng/ul concentration range

was pipetted to each well of UltraFlux® 96-well PCR plate (Scientific Specialties Inc, Lodi, CA, USA).
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Then 10ul of Tagment DNA buffer was added to each well of the PCR plate followed by 5ul of
Ampilicon Tagment Mix. The reaction mixture was centrifuged at 280 x g at room temperature
for 1 minute followed by incubation in a thermocyler programed at 55°C for 5 min with a 10°C
hold temperature. A 5ul volume of Neutralize Tagment buffer was added and the reaction
mixture was centrifuged (Hermle Labortechnik, Wehingen, Germany) at 280 x g at room
temperature for 1 minute followed by 5 minutes incubation at room temperature. A 5ul volume
of index 1 and index 2 primers (Nextera® XT index Kit) was added followed by 15ul volume of
Nextera® PCR Mastermix and the reaction mixture was centrifuged at 280 x g at 20°C for 1
minute. Afterward, incubation was performed on a thermocyler programmed with pre-heated
lid option, 72°C for 3 minutes and 12 cycles of 95°C for 10 seconds, 55°C for 30 seconds and 72°C
for 30 seconds then 72°C for 5 minutes and 10°C hold temperature. The post-tagmented and
amplified DNA was cleaned up using AMPure XP magnetic beads (Beckman Coulter, Pasadena,

CA, USA) and freshly prepared 80% ethanol (Sigma-Aldrich®, St Louis, MO, USA).

6.2.6 Genome assembly

The FASTQ raw data from the Illumina MiSeq® was subjected to both de novo and reference-
based rotavirus genome assembly by using Geneious Prime® 2020.1.1 (Kearse et al., 2012). The
reference mapping and de novo tools integrated into the Geneious Prime were utilized for
subsequent assembly process. An in-house designed genome assembly pieline and CLC Genomics

Workbench (https://www.giagenbioinfomatics.com/), were utilized as complementary genome

assembly resources.

6.2.7 Generation of whole-genome constellations
The determination of whole-genome constellations was performed using the Virus Pathogen

Database and Analysis Resource (ViPR) (http://www.vipbrc.org)).

6.2.8 Phylogenetic analysis
Phylogenetic analysis was performed as described previously (Mwangi et al., 2020). Briefly,
sequence alignments were performed using the MAFFT tool in Geneious Prime 2020 (Kearse et

al., 2012). The best evolutionary model was estimated using the Model Test in MEGAG6 (Tamura
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et al., 2013). Maximum-likelihood phylogenetic trees with a 1000 bootstrap support were

constructed using MEGA 6 (Tamura et al., 2013

6.2.9 Analysis of selection pressure

The suite of tools in the DataMonkey webserver were utilized to analyse for selective pressure
(Weaver et al., 2018). The tools utilized were: Fixed Effects Likelihood (FEL), Fast Unconstrained
Bayesian Approximation (FUBAR) and Mixed Effects Model of Evolution (MEME) (Kosakovsky et
al., 2005; Murrell et al., 2012; Murrell et al., 2013).

6.3 Results

6.3.1 Whole-genome constellations

The 103 G2P[4] strains analysed in this study had a DS-1-like genotype constellation (G2-P[4]-12-
R2-C2-M2-A2-N2-T2-E2-H2) (Appendix 10). The full-genome lengths and their respective open

reading frames (ORFs) were determined (Appendix 10).

6.3.2 Phylogenetic analyses

6.3.2.1 Phylogenetic analysis of VP7

The VP7 phylogenetic tree was constructed using the four lineage designations previously
described by Doan et al. (2011). South African G2 strains clustered in lineage IV and within this
lineage, the G2 strains segregated further into sub-lineages (Figure 6.1). The nt (aa) identities of
South African G2 pre-vaccine strains amongst each other ranged from 95.5-100% (96.3-100%)
while the similarities amongst post-vaccine strains ranged from 94.0-100% (97.2-100%). The nt

(aa) comparison of pre and post-vaccine G2 strains was 95.0-100% (96.0-100%).
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RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU2288/2009/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU952/2014/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU1097/2009/G2P[4]

RVA/H FIUFS-NGS-MRC-DPRU107 [4]

F/UFS-NGS-MRC-DPRU1071 (4]
t/ZAF/UFS-NGS-NICD34 (4]
FUFS-NGS-NICD! 009/G2P[4]

RVAHuman-wt/ZAHUFS-NGS-NICD3681/2009/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-NICD4012/2009/G2P[4]
2008-2009 G2 strains (3)

t/ZAFIUFS-NGS-NICD3! [4
RVA/HUman-wt/ZAFUFS-NGS-NICD4207/2009/G2P[4]
RVA/HUman-wt/ZAFUFS-NGS-NICD5625/2010/G2P[4]
RVA/HuUman-wt/ZAFUFS-NGS-NICD3442/2009/G2P[4]

2010 G2 strains (8)
RVA/Human-wt/ZAFHUFS-NGS-NICD516/2007/G2P[4]
RVA/Human-wt/ZAFHUFS-NGS-MRC-DPRU1285/2007/G2P[4]
RVAHUMan-wt/ZAFUFS-NGS-NICD150/2007/G2P(4]
RVAHUMan-wt/ZAFUFS-NGS-MRC-DPRU764/2006/G2P(4]
89 <2008 G2 strains (3)
RVA/Human-wt/ZAFHUFS-NGS-MRC-DPRU1040/2008/G2P[4]
(1% | RvA/Human-wt/ZAFIUFS-NGS-MRC-DPRU85/2008/G2P[4]
RVAHuman-wt/ZAFUFS-NGS-MRC-DPRUL036/2008/G2P[4]
RVAHuman-wt/ZAFIMRC-DPRUB1/2007/G2P[4]
2007 G2 strains (3)
I- RVA/Human-wt/ZAF/UFS-NGS-NICD419/2007/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-NICD6388/2010/G2P[4]
{/ZAFIUFS-NGS-NICD1180/2008/G2P[4]

2007-2008 G2 strains (6)
12003 G2 strains (4) G2-Lineage IV
L— RVA/Human-wt/ZAFMRC-DPRU82/2012-04-14/G2P[4]

—% 12003 G2 strains (3)

[4]
—— RVA/Human-wt/ZAFUFS-NGS-NICD3354/2009/G2P4.

2013-2015 G2 strains (9)

RVA/Human-wt/ZAFUFS-NGS-NICD13083/2014/G2P[4]
4201272013 G2 strains (12)

- RVAHUman-wt/ZAFUFS-NGS-MRC-DPRU1041/2008/G2P[4]
|- RVA/Human-wt/ZAFUFS-NGS-NICD18920/2017/G2P[4]

2016 G2 strains (3)
( RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU75/2013/G2P[4]

RVA/HUman-wt/ZAFUFS-NGS-NICD13791/2014/G2P[4]
RVA/HUman-wt/ZAFUFS-NGS-NICD13878/2014/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-NICD10248/2013/G2P[4]
- RVA/HUm an-wt/ZAF/UFS-NGS-MRC-DPRU986/2013/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU203/2013/G2P([4]
RVA/Human-wt/ZAFUFS-NGS-NICD15070/2015/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU198/2013/G2P[4]

RVA/Human-wt/ZAFUFS-NGS-MRC-DPRUB0/2013/G2P[4]
RVA/Human-wt/ZAHUFS-NGS-MRC-DPRU68/2013/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU81/2013/G2P[4]
RVA/HUman-wt/ZAF/UFS-NGS-MRC-DPRU84/2013/G2P[4]

RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU978/2013/G2P[4]
RVA/HUman-wt/ZAFUFS-NGS-NICD9329/2012/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-NICD12041/2013/G2P[4]
RVA/HUman-wt/ZAHUFS-NGS-NICD12795/2014/G2P[4]
RVA/Human-wt/ZARUFS-NGS-NICD12832/2014/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-NICD13522/2014/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD13907/2014/G2P[4]

L_<G2-Lineage
100 o

L —G2-Lineage |
100
oo G2-Lineage I
RVA/H t/USA/Wa/1974/G1P8  ]outgroup

Figure 6.1: VP7 phylogenetic tree of South African G2 strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of the VP7 gene
segment.South African pre-vaccine G2 strains are highlighted in bold-face while post-vaccine
strains are highlighted in bold-red. The number in brackets denotes the number of compressed
strains. Lineages are indicated in roman numerals. Percent bootstrap values (70% or higher) are
indicated at each branch node. The genetic distance is indicated by the scale bar.
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6.3.2.2 Phylogenetic analysis of VP4

Of the four P[4] lineages described by Doan et al. (2011), South African P[4] strains clustered into
lineage Il and lineage IV (Figure 6.2). Lineage |l comprised three strains that circulated in 2003
while the rest (100) of P[4] strains clustered in lineage IV (Figure 6.2). Within this lineage IV, South
African P[4] strains segregated further into sub-lineages (Figure 6.2). The identities of P[4] strains
amongst each other ranged from 92.6%-100% (95.6%-100%) while amongst post-vaccine strains
it ranged from 92.5%-100% (95.5%-100%). The comparison of pre and post-vaccination P[4]
strains was in the range of 92.6%-100% (95.5%-100%).
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[ RVAJHuman-wt/ZAF/UFS-NGS-NICD4012/2009/G2P[4]
RVA/HUman-wt/ZAFHUFS-NGS-MRC-DPRU952/2014/G2P[4]
RVA/HUman-wt/ZAFUFS-NGS-NICD3442/2009/G2P[4]
RVA/Human-wt/ZAFHUFS-NGS-NICD6150/2010/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU1520/2010/G2P[4]
RVA/HUman-wt/ZAFUFS-NGS-NICD6171/2010/G2P[4]
RVA/Human-wt/ZAHUFS-NGS-NICD3532/2009/G2P[4]
RVA/HUman-wt/ZAFUFS-NGS-NICD3446/2009/G2P[4]

94 [ RVAIHUMan-wt/ZAFUFS-NGS-NICD3681/2009/G2P[4]
RVA/Human-wt/ZAHUFS-NGS-NICD6099/2010/G2P[4]
RVA/HUman-wt/ZAFUFS-NGS-MRC-DPRU1097/2009/G2P[4]
2010 P[4] strains (3)
RVA/HUman-wt/ZAFUFS-NGS-MRC-DPRU1071/2009/G2P[4]
RVA/HUman-wt/ZAFUFS-NGS-NICD4207/2009/G2P[4]
RVA/HUman-wt/ZAFUFS-NGS-MRC-DPRU1077/2009/G2P[4]
RVA/HUman-wt/ZAHUFS-NGS-NICD5884/2010/G2P[4]
RVA/HUman-wt/ZAFUFS-NGS-MRC-DPRU2288/2009/G2P[4]
8]l 2008-2009 P[4] strains (3)
RVA/Human-wt/ZAHUFS-NGS-NICD3518/2009/G2P[4]

RVA/Human-wt/ZAFHUFS-NGS-MRC-DPRU1285/2007/G2P[4]
L RVA/Human-wt/ZAFUFS-NGS-NICD516/2007/G2P[4]

L RVA/Human-wt/ZAFUFS-NGS-NICD5625/2010/G2P[4]

LRVAIHLAman-Wl/ZAF(UFS-NGS-MRC-DPRU754/2006/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-NICD150/2007G2P[4]

{ 2007-2008 P[4] strains (19) P[4]-Lineage IV

2003 P[4] strains (4)
RVA/Human-wt/ZAF/3203WC/2009/G2P[4]
2013-2015 P[4] strains (9)
RVA/Human-wt/ZAFUFS-NGS-NICD13083/2014/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-NICD3354/2009/G2P[4]

100 ’{ 2012-2013 P[4] strains (12)

r RVA/Human-wt/ZAHUFS-NGS-NICD10248/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD12041/2013/G2P[4]

99 [FRVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU203/2013/G2P[4]
i RVA/Human-wt/ZAHUFS-NGS-NICD12832/2014/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-NICD9329/2012/G2P[4]

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

98 RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU978/2013/G2P[4]

RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU1041/2008/G2P[4]
rR\/A/Hu man-wt/ZAFUFS-NGS-MRC-DPRU198/2013/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU68/2013/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU75/2013/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU81/2013/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU84/2013/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-NICD13878/2014/G2P[4]
RVA/Human-wt/ZAFHUFS-NGS-NICD13791/2014/G2P[4]

02016 P[4] strains (3)
FZ

013-2015 (6)

P[4]-Lineage Il

] J-Lil
o P[4]-Lineage |

RVAHuman-tc/KEN/AK26/1982/G2P[4]

RVA/Human-tc/KEN/D205/G2P[4]
o RVA/Human-wt/ZAHUFS-NGS-MRC-DPRU531/2003/G2P[4]

99 L RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU580/2003/G2P[4]

RVA/Human-wt/ZAFMRC-DPRUG 18/2003/G2P[4] P[4]-Lineage 1!

RVA/Human-wt/KEN/MRC-DPRU1606/2009/G8P[4]
RVAHuman-wt/TZAIMRC-DPRU4568/2011/G8P[4]

P[4]-Lineage Il reference strains

RVA/Human-tc/USA/Wa/1974/G1P[8] ] Outgroup

Figure 6.2: VP4 phylogenetic tree of South African P[4] strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of the VP4
gene segment. South African pre-vaccine P[4] strains are highlighted in bold-face while post-
vaccine strains are highlighted in bold-red. The number in brackets denotes the number of
compressed strains. Lineages are indicated in roman numerals. Percent bootstrap values (70%
or higher) are indicated at each branch node. The genetic distance is indicated by the scale bar.
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6.3.2.3 Comparative analysis of neutralizing antigenic VP7 epitopes of South African post-
vaccine G2 strains with pre-vaccine G2 strains

We compared VP7 neutralization epitopes previously described by Aoki et al. (2009) from post-
vaccine VP7 genes with pre-vaccine VP7 genes. The aa profile between the pre- and post-vaccine
G2 strains was maintained across the 26 of the 29 aa residues that span the VP7 neutralization
epitopes with exception of three aa differences: T87S (identified in one post-vaccine strain),

N146D (in one strain) and V212M (in one strain) (Appendix 11).

6.3.2.4 Comparative analysis of non-antigenic sites of South African post-vaccine G2 strains
with pre-vaccine G2 strains

The following aa differences were identified when aa composition of post-vaccine G2 strains
outside non-antigenic regions was performed against cognate regions in pre-vaccine G2 strains:
L18V (in three strains), L29I (in one strain), A42V/T (in three strains), F47L (in two strains), TS0A
(in eight strains), V/A66I (in nine strains), S72G/N (in two strains), 1246M (in one strain) and P254S
(in one strain). At aa sites 15, 37, 139 and 242, serine, isoleucine, isoleucine and asparagine,
respectively, occurred at a significantly higher proportion (60-80%) in post-vaccine strains

compared to a negligible proportion (of 1-2%) in pre-vaccine strains (Table 6.1).
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Table 6.1 Amino acid sites with significant amino acid differences between pre-and post-
vaccine G2 strains

Representative G2 strains Amino acid sites
15 37 139 242

Pre-voccine South Africon G2 stroins
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2123/2003/G2P[4] F F WV 5
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU764/2006/ G2 P[4]
RVA/Human-wt/ZAF/UFS-NGS-N ICD150/2007/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-N ICD1355/2008,/G2P[4](2) U
RVA/Human-wt/ZAF/UFS-NGS-N ICD3532/2009/G2P [4] A -
Post-vaccine South Africon G2 stroins
RVA/Human-wt/ZAF/UF5-NGS-N ICD6150/2010/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-N ICD9329/2012/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU203/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD12832/2014/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-N ICD15070/2015/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD17155/2016/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-N ICD18920/2017/G2P[4]

A strain per year was randomly selected to represent G2 strains that circulated in that particular
year. South African pre-vaccine G2 strains are highlighted in bold-face while post-vaccine strains
are highlighted in bold-red. The aa residues highlighted in sky-blue differed significantly between
pre- and post-vaccine strains. The aa residues highlighted in black dot (.) are similar to the aa
residue featured in the consensus study strain RVA/Human-wt/ZAF/UFS-NGS-MRC-
DPRU2123/2003/G2P[4].

6.3.2.5 Comparative analysis of neutralizing antigenic VP4 epitopes of South African post-
vaccine P[4] strains with pre-vaccine P[4] strains

We compared aa profile of South African post-vaccine VP4 strains in previously described epitope
regions (Dormitzer et al., 2002) with cognate regions in South African pre-vaccine P[4] strains.
The amino acid differences identified were D192Y (in three strains), T115I (in one strain) and

S133N (in one strain) (Appendix 12).

6.3.2.6 Comparative analysis of non-antigenic sites of South African post-vaccine P[4] strains
with pre-vaccine P[4] strains

The following aa differences were observed when South African post-vaccine P[4] strains were
compared with P[4] pre-vaccine strains: R581K (in three strains), S596N (in 10 strains), D606N (in

10 strains), V5971 (in seven strains) and S631N (in four strains).
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At aa sites 130, 147, 162 and 607, isoleucine, asparagine, arginine and isoleucine, respectively
occurred at a significantly higher frequency (60-80%) in post-vaccine strains compared to a
negligible proportion (of 1-2%) in pre-vaccine strains (Table 6.2).

Table 6.2 Amino acid sites with significant amino acid differences between pre-and post-
vaccine P[4] strains

Representative P[4] strains Amino acid sites
130 147 162 607

Pre-vaccine South African P[4] strains
RVA/Human-wt/ZAF/UF5-NGS-MRC-DPRU2123/2003/G2P[4] vV 5 GV
RVA/Human-wt/ZAF/UF5-NGS-MRC-DPRU764 /2006 /G2P[4]
RVA/Human-wt/ZAF/UF5-NGS-NICD150/ 2007 G2P[4]
RVA/Human-wt/ZAF/UF5-NG5-NICD1355/2008/ G2P [4]
RVA/Human-wt/ZAF/UFS-NGS-NICD3532/2009/G2P[4]

Post-vaccine South African P[4] strains
RVA/Human-wt/ZAF/UF5-NGS-NICDE150/2010/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD9329/2012/G2P[4]
RVA/Human-wt/ZAF/UF5-NGS-MRC-DPRU203 /2013 /G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD12832/2014/G2P[4]
RVA/Human-wt/ZAF/UF5-NGS-NICD15070/2015/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD17155/2016/G2P[4]
RVA/Human-wt/ZAF/UF5-NGS-NICD18920/2017 /G2P[4]

A strain per year was randomly selected to represent P[4] strains that circulated in that particular
year. South African pre-vaccine P[4] strains are highlighted in bold-face while post-vaccine strains
are highlighted in bold-red. The aa residues highlighted in sky-blue differed significantly between
pre- and post-vaccine strains. The aa residues highlighted in black dot (.) are similar to the aa
residue featured in the consensus study strain RVA/Human-wt/ZAF/UFS-NGS-MRC-
DPRU2123/2003/G2P[4].

6.3.2.7 Phylogenetic analysis of VP1-VP3 and VP6

Phylogenetic trees of South African VP1-VP3 and VP6 genes exhibited a consistent clustering
pattern whereby most of post-vaccine strains (2012-2017), with exception of 2010 strains,
clustered distinctly away from pre-vaccine strains that circulated from 2003-2009 (Figures 6.3-

6.6). The comparison of pre and post-vaccine R2, C2, M2 and 12 genes ranged from nt (aa) 91.0-
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100.0% (98.2-100%), 96.2-99.8% (98.4-100%), 87.1-100% (92.3-100%) and 96.3-100% (98.5-

100%), respectively.

4 2008-2009 R2 strains (5)

o 2009 R2 strains (2)

FIUFS-NGS-NICD401 (4]

RVA/Human-wt/ZAHUFS-NGS-NICD4207/2009/G2P[4]
RVA/Human-wt/ZAHUFS-NGS-MRC-DPRU1097/2009/G2P[4]
RVA/Human-wt/ZAFHUFS-NGS-MRC-DPRU1071/2009/G2P[4]

F/UFS-NGS-MRC-DPRL 4]
RVAHuman-wt/ZAFHUFS-NGS-MRC-DPRU952/2014/G2P4
l{2010 R2 strains (8)
RVA/HUman-wt/ZAFHUFS-NGS-MRC-DPRU1285/2007/G2P[4]
RVAHuman-wt/ZAFIUFS-NGS-NICD516/2007/G2P[4]
RVA/HUman-wt/ZAFUFS-NGS-NICD5625/2010/G2P4 R2
RVA/Human-wt/ZAFUFS-NGS-NICD150/2007/G2P[4]
RVAHuman-wt/ZAFUFS-NGS-MRC-DPRU764/2006/G2P[4]

2007-2008 R2 strains (5)
FIUFS-NGS-NICD3518/2009/G2P[4]

2008 R2 strains (2)
of RVAHuman-wt/ZAFUFS-NGS-NICD673/2007/G2P[4]
RVA/Human-wt/ZAFHUFS-NGS-NICD759/2007/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU1271/2007/G2P[4]

FIUFS-NGS-NICD419/2007/G2P{4]

2 FIUFS-NGS-NICD1 [4]

{- RVA/Human-wt/ZAF/UFS-NGS-NICD6388/2010/G2P[4]

512007-2008 R2 strains (6)
HQB57171/RVAIHUMan-wt/ZAF3203WC/2009/G2P(4]

ioua R2 strains (4)

[—— RVA/Human-wt/ZAFMRC-DPRUB2/2012/G2P[4]

RVA/Human-wt/ZAFIUFS-NGS-MRC-DPRUL077/2009/G2P[4]
m;’ﬁ 2013-2015 R2 strains (9)
RVA/HUman-wt/ZAFUFS-NGS-NICD13083/2014/G2P[4]
RVA/Human-wt/ZAFHUFS-NGS-NICD3354/2009/G2P[4]
2012 R2 strains (9)
o2

RVA/Human-wt/ZAHUFS-NGS-MRC-DPRU185/2013/G2P[4]

RVA/HUM an-wH/ZAF/UFS-NGS-MRC-DPRU975/2013/G2P(4]
112013 R2 strains (2)

99 || RVAIHUman-w/ZAFIUFS-NGS-NICD10248/2013/G2P[4]
2012 R2 strains (2)

[42014-2015 R2 strains (5)

— o7 | RVA/Hum an-wi/ZAFUFS-NGS-MRC-DPRUS78/2013/G2P(4]
R |-2016 R2 strains (3)
RVA/Human-wt/ZAFUFS-NGS-NICD13878/2014/G2P[4]
RVA/Human-w/ZAF/UFS-NGS-MRC-DPRUG0/2013/G2P(4]
RVA/Human-wt/ZAFHUFS-NGS-MRC-DPRU986/2013/G2P[4]
RVAHuman-wi/ZAF/UFS-NGS-NICDL8920/2017/G2P[4]
RVAHUMan-wH/ZAFUFS-NGS-MRC-DPRU1041/2008/G2P[4]

RVA/Human-wt/ZAFHUFS-NGS-MRC-DPRU198/2013/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU68/2013/G2P([4]

2013 R2 strains (4)
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRUS31/2003/G2P[4]
0 -DPRUGL! [4]

RVA/Human-wt/ZAFHUFS-NGS-MRC-DPRU580/2003/G2P[4]
RVA/Human-tc/USA/DS-1/1976/G2P[4]
RVA/H t/USA/DC2181/1976/G1P[8] ] Outgroup

Figure 6.3: VP1 phylogenetic tree of South African R2 strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of the VP1 gene
segment. South African pre-vaccine R2 strains are highlighted in bold-face while post-vaccine
strains are highlighted in bold-red. The number in brackets denotes the number of compressed
strains. Lineages are indicated in roman numerals. Percent bootstrap values (70% or higher) are
indicated at each branch node. The genetic distance is indicated by the scale bar.

138



RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU1071/2009/G2P[4]
RVA/Human-wt/ZAFHUFS-NGS-MRC-DPRU1077/2009/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU952/2014/G2P[4]
RVA/Human-wt/ZAHUFS-NGS-MRC-DPRU2288/2009/G2P[4]
RVA/Human-wt/ZAHUFS-NGS-MRC-DPRU1097/2009/G2P(4]
5 2008-2009 C2 strains (3)

/ZAFIUFS-NGS-NICE [4]
RVA/Human-wt/ZAFUFS-NGS-NICD4207/2009/G2P[4]
oJl2010 C2 strains (8)

t/ZAFUFS-NGS-NICD3 4]
RVAHuman-wt/ZAFHUFS-NGS-NICD516/2007/G2P[4]
RVAHuman-wt/ZAFHUFS-NGS-MRC-DPRU1285/2007/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-NICD1079/2008/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-NICD3442/2009/G2P[4]

RVA/Human-wt/ZAFUFS-NGS-NICD4012/2009/G2P[4]

ZAFIUFS-NGS-NICD: [4]
RVA/Human-wt/ZAFHUFS-NGS-NICD3681/2009/G2P[4]
4 | RVA/HUM an-wt/ZAFUFS-NGS-NICD5625/2010/G2P[4]
(2007-2008 C2 strains (5)
RVA/Human-wt/ZAFUFS-NGS-NICD150/2007/G2P[4]

2007 C2 strains (3)
E RVA/Human-wt/ZAFUFS-NGS-NICD6388/2010/G2P[4]
RVA/Human-wt/ZAFHUFS-NGS-NICD419/2007/G2P4
RVA/Human-wt/ZAFHUFS-NGS-NICD1180/2008/G2P4
2008 C2 strains (2)
100 | RVA/HUMan-wt/ZAFMRC-DPRUB1/2007/G2P[4]
RVA/Human-wt/ZARUFS-NGS-MRC-DPRU764/2006/G2P[4]
RVA/Human-wt/ZAHUFS-NGS-MRC-DPRU1058/2008/G2P[4]
2008 C2 strains (3)

L RVA/Human-wt/ZAFMRC-DPRU82/2012-04-14/G2P[4]
— t/ZAF/UFS-NGS-NICD335:
542008 C2 strains (4)

#{2014-2015 C2 strains (7)
3|

4

RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU182/2013/G2P[4]
K RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU200/2013/G2P[4]
L RVA/Human-wt/ZAFHUFS-NGS-NICD13083/2014/G2P[4]
2012-2013 C2 strains (10)
RVAHUman-wi/ZAFIUFS-NGS-NICD9554/2012/G2P[4]
RVAHuman-wi/ZAFIUFS-NGS-NICD329/2012/G2P[4]
99 | RVA/Human-wt/ZARUFS-NGS-NICD10248/2013/G2P[4]
RVA/Human-wt/ZAFHUFS-NGS-NICD18920/2017/G2P[4]
RVA/Human-wt/ZAHUFS-NGS-MRC-DPRU203/2013/G2P([4]
91f RVA/HUman-wt/ZAFUFS-NGS-MRC-DPRU978/2013/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-NICD12832/2014/G2P[4]
912016 C2 strains (3)
RVA/Human-wt/ZAHUFS-NGS-NICD13791/2014/G2P[4]
| | RVAHUman-wtiZARIUFS-NGS-MRC-DPRU75/2013/G2P(4]
RVAHuman-wi/ZAF/UFS-NGS-MRC-DPRUB1/2013/G2P[4]
RVAHuman-wi/ZAF/UFS-NGS-MRC-DPRUB4/2013/G2P[4]
RVA/HUMman-wi/ZAFUFS-NGS-MRC-DPRUL041/2008/G2P(4]
RVA/Human-wt/ZAHUFS-NGS-MRC-DPRU198/2013/G2P([4]
RVA/Human-wt/ZAFUFS-NGS-NICD13878/2014/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU68/2013/G2P(4]
RVA/Human-wt/ZAFHUFS-NGS-MRC-DPRU60/2013/G2P[4]
100 RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU975/2013/G2P[4]
] RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU986/2013/G2P[4]
 RVA/Human-wt/ZAHUFS-NGS-NICD15070/2015/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-NICD12041/2013/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-NICD12795/2014/G2P[4]

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

RVA/Human-wt/ZAFUFS-NGS-NICD13907/2014/G2P[4]

LR WC/20! [4]

RVA/Human-wt/RZAFHUFS-NGS-MRC-DPRU531/2003/G2P[4]

100 -DPRUBL! [4]

91 RVA/Human-wt/ZAHUFS-NGS-MRC-DPRU580/2003/G2P([4]
L RVA/Human-tc/USA/DS-1/1976/G2P[4]
RVA/Human-tc/USA/Wa/1974/G1P[8] ] Outgroup

Figure 6.4: VP2 phylogenetic tree of South African C2 strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of the VP2 gene
segment. South African pre-vaccine C2 strains are highlighted in bold-face while post-vaccine
strains are highlighted in bold-red. The number in brackets denotes the number of compressed

strains. Lineages are indicated in roman numerals. Percent bootstrap values (70% or higher) are
indicated at each branch node. The genetic distance is indicated by the scale bar.
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2010 M2 strains (8)

FIUFS-NGS-NICD401 [4]
RVA/HuMan-wt/ZAFUFS-NGS-MRC-DPRU1071/2009/G2P(4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU2288/2009/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU952/2014/G2P([4]

2008-2009 M2 strains (4)

FIUFS-NGS-NICD: [4]
RVA/Human-wt/ZAFHUFS-NGS-NICD5625/2010/G2P[4]
2009 M2 strains (2)
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU1077/2009/G2P(4]

FIUFS-NGS-MRC-DPRU: (4]

RVA/ HIZAFIUFS-NGS-NICD: 14

FIUFS-NGS-NICD420 [4]
DPRUL 07/G2P[4]

RVA/HUman-wt/ZAFUFS-NGS-NICD516/2007/G2P[4]
RVA/HUman-wt/ZAFUFS-NGS-MRC-DPRU1285/2007/G2P[4]
FIUFS-NGS-NICD150/2 PL4]

2008 M2 strains (3)
KJ752407/RVA/Human-wt/ZAFMRC-DPRU81/2012/G2P[4]

o334 2008 M2 strains (3)

[ RVA/Human-wt/ZAFUFS-NGS-NICD6388/2010/G2P4

FIUFS-NGS-NICD1 (4]
FIUFS-NGS-NICDA1 2P(4]

2007 M2 strains (3)

2007-2008 M2 strains (6)

RVA/HUMan-wt/ZAFUFS-NGS-MRC-DPRU764/2006/G2P4
2003 M2 strains (4)

RVA/Human-wt/ZAFUFS-NGS-NICD14647/2015/G2P([4]
RVA/Human-wt/ZAFHUFS-NGS-NICD15034/2015/G2P([4]
RVA/HUMan-wi/ZAFUFS-NGS-NICD13081/2014/G2P[4]
AFIUFS-NGS-NICD15385/2015/G2P[4]

RVA/HUMan-wi/ZAFUFS-NGS-MRC-DPRU182/2013/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU200/2013/G2P[4]
FS-NGS-NICD1 014/G2P[4]

RVA/Human-wt/ZAFUFS-NGS-NICD13335/2014/G2P[4]
F/UFS-NGS-NICD1 014/G2P[4]

RVA/Human-wt/ZAFUFS-NGS-NICD13083/2014/G2P[4]
L RVA/Human-wt/ZAF3203WC/2009/G2P[4]

L1203 M2 strains (3)

RVAHUMan-tc/USADS-1/1976/G2P[4]
FIUFS-NGS-NICD: [4]

E{ 2012 M2 strains (11)

F/UFS-NGS-NICD10248/2013/G2P[4]

%
L AFIUFS-NGS-NICD12832/2014/G2P(4]
2013 M2 strains (2)
RVA/Human-wt/ZAFHUFS-NGS-NICD18920/2017/G2P[4]
RVA/HUMan-wi/ZAFUFS-NGS-MRC-DPRU78/2013/G2P[4]
RVA/HUMman-wi/ZAFUFS-NGS-NICD9329/2012/G2P[4]
F42016 M2 strains (3)
(2014-2015 M2 strains (4)
2013 M2 strains (3)
RVA/Human-wi/ZAFUFS-NGS-NICD13878/2014/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-NICD13791/2014/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU198/2013/G2P([4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU75/2013/G2P[4]
RVA/HUMan-wi/ZAFUFS-NGS-MRC-DPRUS75/2013/G2P[4]
RVA/HUMan-wi/ZAFUFS-NGS-MRC-DPRUL041/2008/G2P(4]
RVA/HUman-w/ZAFUFS-NGS-MRC-DPRUG0/2013/G2P4

RVA/HUman-wt/ZAFUFS-NGS-MRC-DPRU986/2013/G2P4
RVA/Human-wt/USA/DC2181/1976/G1P[8] ] Outgroup

Figure 6.5: VP3 phylogenetic tree of South African M2 strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of the VP3 gene
segment. South African pre-vaccine M2 strains are highlighted in bold-face while post-vaccine
strains are highlighted in bold-red. The number in brackets denotes the number of compressed
strains. Lineages are indicated in roman numerals. Percent bootstrap values (70% or higher) are
indicated at each branch node. The genetic distance is indicated by the scale bar.
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RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU1285/2007/G2P[4]
RVA/Human-wt/ZAHUFS-NGS-MRC-DPRU1058/2008/G2P[4]
RVA/Human-wt/ZAHUFS-NGS-NICD150/2007/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU764/2006/G2P[4]

FIUFS-NGS-NICD11 (4]
RVA/Human-wt/ZARUFS-NGS-NICD516/2007/G2P[4]
[ZAFIUFS-NGS-NICD1 [4]
tIZAFIUFS-NGS-NICD! [4]

RVA/HUman-wt/ZAFUFS-NGS-MRC-DPRUL271/2007/G2P[4]
FIUFS-NGS-NICD6 7 [4]

FUFS-NGS-NICD11 [4]
RVA/Human-wt/ZAFUFS-NGS-NICD419/2007/G2P[4]
95 || RVA/HUman-wt/ZAFUFS-NGS-NICD6388/2010/G2P[4]

2007-2008 12 strains (6)

2007-2008 12 strains (4)
RVAHuman-wt/ZAFUFS-NGS-NICD5625/2010/G2P[4]

gL 2003 12 strains (4)

[— RVA/Human-wt/ZAFMRC-DPRUB2/2012/G2P[4]

- {/ZAFIUFS-NGS-NICD351 (4]

RVA/Human-wt/ZAFUFS-NGS-NICD3446/2009/G2P[4]

RVA/Human-wt/ZAFUFS-NGS-NICD6150/2010/G2P[4]

RVA/Human-wt/ZAFUFS-NGS-NICD6171/2010/G2P([4]
RVA/Human-wt/ZAFHUFS-NGS-NICD6099/2010/G2P([4]
RVA/Human-wt/ZAFUFS-NGS-NICD3681/2009/G2P[4]
RVA/Human-wt/ZAFHUFS-NGS-NICD4012/2009/G2P[4]

t/ZAFIUFS-NGS-NICD34 141

RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU952/2014/G2P[4]

RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU1520/2010/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU1473/2010/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU1077/2009/G2P[4]
KF6363; -DPRU1061/2009/G2P[4]

RVA/Human-wt/ZAHUFS-NGS-MRC-DPRU1097/2009/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU1507/2010/G2P[4]

FIUFS-NGS-NICI (4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU1901/2008/G2P(4]
RVA/Human-wt/ZAFUFS-NGS-NICD4207/2009/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-NICD5884/2010/G2P[4]
RVA/Human-wt/ZAHUFS-NGS-MRC-DPRUL071/2009/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRUL510/2010/G2P[4]

F/UFS-NGS-MRC-DPRL 14]

RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU2326/2009/G2P(4]

412003 12 strains (3)

{201372015 12 strains (9)
RVA/Human-wt/ZARUFS-NGS-NICD13083/2014/G2P[4]

FIUFS-NGS-NICD3; [4]

{201272013 12 strains (11)

RVA/Human-wt/ZAF/UFS-NGS-NICD13791/2014/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU975/2013/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU1041/2008/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU198/2013/G2P[4]

2014-2015 12 strains (4)

2016 12 strains (3)
RVAHuman-wt/ZAFUFS-NGS-NICD13878/2014/G2P[4]

I RVA/Human-wt/ZAFUFS-NGS-NICD18920/2017/G2P[4]
RVA/Human-wt/ZARUFS-NGS-NICD12832/2014/G2P[4]
RVA/HUman-wi/ZAFUFS-NGS-NICD12041/2013/G2P[4]
RVA/HUman-wi/ZAFUFS-NGS-NICD10248/2013/G2P[4]
RVAHuman-wt/ZAFUFS-NGS-NICD9329/2012/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRUB0/2013/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRUG8/2013/G2P[4]
RVA/Human-wt/ZARUFS-NGS-MRC-DPRU75/2013/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU81/2013/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU84/2013/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU203/2013/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU978/2013/G2P[4]

RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU986/2013/G2P[4]
L RVA/HUman-wt/ZAF/3203W C/2009/G2P[4]
RVAHuman-tc/USADS-1/1976/G2P[4]

-WUUSAIDC2181/1976/G1P[8] ] Outgroup

Figure 6.6: VP6 phylogenetic tree of South African 12 strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of the VP6 gene
segment. South African pre-vaccine |2 strains are highlighted in bold-face while post-vaccine strains
are highlighted in bold-red. The number in brackets denotes the number of compressed strains.
Lineages are indicated in roman numerals. Percent bootstrap values (70% or higher) are indicated

at each branch node. The genetic distance is indicated by the scale bar.
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6.3.2.8 Analysis of amino acid differences in VP1 sequences

The following aa differences were observed when South African post-vaccine R2 strains were
compared with R2 pre-vaccine strains: A187T (in five strains), V332l (in nine strains), 1482T (in
three strains), A546S (in four strains) and 1911V (in 11 strains). At aa sites 56, 159, 293, 294, 432
and 888, arginine, arginine, aspartate, asparagine, lysine and asparagine, respectively occurred
at a significantly higher proportion (60-80%) in post-vaccine strains compared to an insignificant
percentage (of 1-2%) in pre-vaccine strains (Table 6.3).

Table 6.3 Amino acid sites with significant amino acid differences between pre-and post-
vaccine R2 strains

Representative R2 strains Amino acid sites
56 159 293 294 432 BBB

Pre-vaccine South African R2 strains
RVA /Human-wt /ZAF/UFS-NGS-MRC-DPRU2123/2003/G2P[4] K K N 5 R §
RVA /Human-wt ZAF UFS-NGS-MRC-DP RU764 [ 2006/ G2P[4]
RVA /Human-wt /ZAF/UFS-NGS-NICD150/2 007 G2P[4]

RVA /Human-wt ZAF/ UFS-NGS-MICD1355/ 2008/ G2 P[4]

RVA /Human-wt /ZAF UFS-NGS-MRC-DP RU9BS5 /200 8/ G2P[4]
RVA /Human-wt /ZAF UFS-NGS-MRC-DPRU1036/2008/G2P[4]
RVA /Human-wt /ZAF UFS-NGS-MRC-DP RU1040/2008/G2P[4]
RVA /Human-wt ZAF/UFS-NG5-NICD3532f 2009/ GZP[4]
Post-vaccine South African R2 strains

RVA /Human-wt ZAF/UFS-NGS-NICDE150/ 2010/ GZP[4]

RVA /Human-wt ZAF/UFS-NGS-NICD9329/ 2012/ G2 P[4]

RVA /Human-wt /ZAF/ UFS-NGS-MRC-DPRU203 /201 3/G2P[4]
RVA /Human-wt/ZAF/UFS-NGS-NICD12832/ 2014/ G2P[4]

RVA /Human-wt/ZAFfUFS-NGS-NICD15070/ 2015/ G2P[4]

RVA /Human-wt/ZAF/UFS-NGS-NICD17155/ 2016/ G2P[4]

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

A strain per year was randomly selected to represent R2 strains that circulated in that particular
year. South African pre-vaccine R2 strains are highlighted in bold-face while post-vaccine strains
are highlighted in bold-red. The aa residues highlighted in sky-blue differed significantly between
pre and post-vaccine strains. The aa residues highlighted in black dot (.) are similar to the aa residue
featured in the consensus study strain RVA/Human-wt/ZAF/UFS-NGS-MRC-
DPRU2123/2003/G2P[4].

6.3.2.9 Analysis of amino acid differences in VP2 sequences
The aa difference Q481H in three post-vaccine strains was observed when post-vaccine C2 strains

were compared with C2 pre-vaccine strains.
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6.3.2.10 Analysis of amino acid differences in VP3 sequences

When we compared post-vaccine VP3 sequences with pre-vaccine ones we identified aa
differences at 14 aa sites. These sites were V19M (in 11 strains), K/Q68N (in 10 strains), T125A
(in three strains), V206! (in 10 strains), Q227H (in 11 strains), 132M (in 10 strains, L331F (in 11
strains), T/N347P (in 10 strains), D414N (in 10 strains), 1444L (in 10 strains), T517A (in 10 strains),
I601M (in 10 strains), I/T750V (in 10 strains) and D/G828N(in 10 strains). A significantly higher
occurrence (¥80%) of aa residues (tabulated below) during post-vaccine period as compared to
~ 4% occurrence during pre-vaccine period was observed.

Table 6.4 Amino acid sites with significant amino acid differences between pre-and post-
vaccine M2 strains

Representative M2 strains Amino acid sites
28 49 50 69 88 107 109 132 143 161 167 204 209 222 226 274 275 277 281 282 316 326 327 347 348

Pre-vaccine South African M2 strains
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2123/2003/G2P[4] E N V | V H | S R D S D | Y R N | H | V NN D T V
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU764/2006/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD150/2007/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD1355/2008/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD3532/2009/G2P[4]
Post-vaccine South African M2 strains
RVA/Human-wt/ZAF/UFS-NGS-NICD6150/2010/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD9329/2012/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU203/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD12832/2014/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD15070/2015/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD17155/2016/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD18920/2017/G2P[4]

Pre-vaccine South African M2 strains 355 356 359 363 379 412 425 437 458 459 468 518 605 687 688 703 730 734 736 740 749 767 798 816
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2123/2003/G2P[4] K M R D V V | T | | L N V K V V vV T R E | vV Y
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU764/2006/G2P[4] L NN
RVA/Human-wt/ZAF/UFS-NGS-NICD150/2007/G2P[4] Lo
RVA/Human-wt/ZAF/UFS-NGS-NICD1355/2008/G2P[4] Lo
RVA/Human-wt/ZAF/UFS-NGS-NICD3532/2009/G2P[4] |
Post-vaccine South African M2 strains
RVA/Human-wt/ZAF/UFS-NGS-NICD6150/2010/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD9329/2012/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU203/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD12832/2014/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD15070/2015/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD17155/2016/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD18920/2017/G2P[4]

Skt

A strain per year was randomly selected to represent M2 strains that circulated in that particular year.
South African pre-vaccine R2 strains are highlighted in bold-face while post-vaccine strains are
highlighted in bold-red. The aa residues highlighted in sky-blue differed significantly between pre- and
post-vaccine strains. The aa residues highlighted in black dot (.) are similar to the aa residue featured in
the consensus study strain RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2123/2003/G2P[4].
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6.3.2.11 Amino acid differences in VP6 sequences
When compared against the VP6 gene sequence of pre-vaccine strains, aa difference M342T was
identified in nine post-vaccine strains. Isoleucine at position 281 occurred only in only one out of

46 pre-vaccine strains while it occurred in 35 out of 57 post-vaccine strains.

6.3.2.12 Phylogenetic analysis of NSP1-NSP5

Phylogenetic trees of South African NSP1-NSP5 genes exhibited a consistent clustering pattern
whereby most of post-vaccine strains (2012-2017), with exception of 2010 strains, clustered
distinctly away from pre-vaccine strains that circulated from 2003-2009 (Figures 6.7-6.11). The
comparison of pre and post-vaccine A2, N2, T2,E2 and H2 genes ranged from nt (aa) 94.9-
100%(95.9-100%), 95.6-100%(97.2-100%), 95.8-100%(96.1-100%), 84.4-100% (88.0-100%) and
94.3-100% (95.5-100%), respectively.
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RVA/Human-wt/ZAFHUFS-NGS-MRC-DPRU1285/2007/G2P[4]
RVA/HUMman-wt/ZAFUFS-NGS-MRC-DPRU1058/2008/G2P[4]
RVA/HUman-wt/ZAFUFS-NGS-NICD150/2007/G2P[4]
RVA/Human-wt/ZAFHUFS-NGS-MRC-DPRU764/2006/G2P[4]

FIUFS-NGS-NICD11 (4]
RVA/Human-wt/ZAFHUFS-NGS-NICD516/2007/G2P([4]

JZAFIUFS-NGS-NICD11 (4]
RVA/H t/ZAFUFS-NGS-NICD759) [4]
RVA/HUman-wt/ZAFUFS-NGS-MRC-DPRU1271/2007/G2P[4]

F/UFS-NGS-NICD673/2007/G2P[4]

FIUFS-NGS-NICD1. (4]
RVAHuman-wt/ZAFUFS-NGS-NICD419/2007/G2P(4]

o FIUFS-NGS-NICDX 010/G2P[4]
2007-2008 12 strains (6)

2007-2008 12 strains (4)
RVA/HuMan-wt/ZAFUFS-NGS-NICD5625/2010/G2P[4]
Lzoos 12 strains (4)

f— RVA/Human-wt/ZAFMRC-DPRUB2/2012/G2P[4]

- FIUFS-NGS-NICD: [4]
FIUFS-NGS-NICD: [4]
RVA/HUman-wt/ZAFUFS-NGS-NICD6150/2010/G2P[4]

RVA/HUman-wt/ZAFHUFS-NGS-NICD6171/2010/G2P[4]
RVA/HUman-wt/ZAFUFS-NGS-NICD6099/2010/G2P[4]
RVA/Human-wt/ZAHUFS-NGS-NICD3681/2009/G2P[4]
RVA/HUman-wt/ZAFUFS-NGS-NICD4012/2009/G2P[4]

JZAFIUFS-NGS-NICD34. (4]

2| | RVAHuman-wt/ZAFUFS-NGS-MRC-DPRU952/2014/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU1520/2010/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU1473/2010/G2P[4]
RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU1077/2009/G2P[4]

KF6 -DPRU1061 [4]
RVA/Human-wt/ZAFHUFS-NGS-MRC-DPRU1097/2009/G2P[4]
RVAHuman-wt/ZAFUFS-NGS-MRC-DPRU1507/2010/G2P[4]

{IZAFIUFS-NGS-NICE [4]

RVA/Human-wt/ZAFUFS-NGS-MRC-DPRU1901/2008/G2P[4]
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Figure 6.7: NSP1 phylogenetic tree of South African A2 strains
Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of the NSP1 gene
segment. South African pre-vaccine A2 strains are highlighted in bold-face while post-vaccine
strains are highlighted in bold-red. The number in brackets denotes the number of compressed
strains. Lineages are indicated in roman numerals. Percent bootstrap values (70% or higher) are
indicated at each branch node. The genetic distance is indicated by the scale bar.
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Figure 6.8: NSP2 phylogenetic tree of South African N2 strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of the NSP2 gene
segment. South African pre-vaccine N2 strains are highlighted in bold-face while post-vaccine
strains are highlighted in bold-red. The number in brackets denotes the number of compressed
strains. Lineages are indicated in roman numerals. Percent bootstrap values (70% or higher) are
indicated at each branch node. The genetic distance is indicated by the scale bar.
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Figure 6.9: NSP3 phylogenetic tree of South African T2 strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of the NSP3 gene
segment. South African pre-vaccine T2 strains are highlighted in bold-face while post-vaccine
strains are highlighted in bold-red. The number in brackets denotes the number of compressed
strains. Lineages are indicated in roman numerals. Percent bootstrap values (70% or higher) are
indicated at each branch node. The genetic distance is indicated by the scale bar.
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Figure 6.10: NSP4 phylogenetic tree of South African E2 strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of the NSP4 gene
segment. South African pre-vaccine E2 strains are highlighted in bold-face while post-vaccine
strains are highlighted in bold-red. The number in brackets denotes the number of compressed
strains. Lineages are indicated in roman numerals. Percent bootstrap values (70% or higher) are
indicated at each branch node. The genetic distance is indicated by the scale bar.

148



RVAHUMan-wiZAFIUFS-NGS-NICD615012010/G2P[4]
L RVAJHUMan-wi/ZAFIUFS-NGS-NICD1 18012008/G2P[4]
RVAHUMan-wIIZAFIUFS-NGS-NICDS625/2010/G2P(4]
RVAHUMan-wilZAFMRC DPRUL0G112009/G2P4]

RVAHUMan-wIZAFIUFS-NGS-NICD420712000/G2P[4]
RVAJHUMan-wilZAFIUFS-NGS-NICD353212000/G2P[4]
RVAJHUMan-wiZAFIUFS-NGS-NICD351812009/G2P[4]

RVAHuman-wl/ZAFUFS-NGS-NICD1112/2008/G2P{4]
RVAHuman-wi/ZAFMRC-DPRUB1/2007/G2P(4]

RVAHuman-wl/ZAFUFS-NGS-NICD673/2007/G2P(4]
RVAHuman-wt/ZAFIUFS-NGS-NICD626/2007/G2P(4]
RVAMUMman-wIZAFIUFS NGS-NICDSE212007/G2P(4]
RVAHuman-wt/ZAFUFS-NGS-NICD516/2007/G2P(4]
RVAMUman-wZAFIUFS-NGS-NICDIS072007/G2P(4]

RVAHuman-wi.

RVAHuman-wi
|- RVAMUman wiIZAHUFS-NGS NICD1355/2008/G2P[4]
[ RvAuman-wiizARUFS KNGS NCD401212008162P (4]
|- RvAbuman wizaRMRC DPRUB2I20121G2P14]

|- RVAUman-wiZAHUFS-NGS NICD1138/20081G29(4]

F rvatum: NGS-NICD638812010/G2P[4]
| RVAJHUman-wiZAFIUFS NGS-NICD116512008/G2P(4]
- RVATHuman-wHZARURS-NGS NICD41972007/G2P[4]

‘F(\/Amuman WUZAFIUFS-NGS-NICD3681/2009/G2P[4]

L}»R\IA]Human WHZAF3203WCI2009/G2P(4]
5NGS-MRC )

L Rvamuman-wiizapURs NGs-NICDa44212000/G2P14)

[RVAHuMan-wi/ZAFUFS-NGS-NICDE099/20101G2P[4]

[RVAUMan wHZAFUFS-NGS-NICDL122/2008/G2P (4]

AMUMan-WIZARUFS.

[ RVAHUMan-wiZAFIUFS-NGS-NICD344612000/G2P[4]
! RVAJHUMan-wiZAHUFS-NGS-NICD1070/2008/G2P 4]
751 RVAHUMan-wUZAFIURS-NGS-NICDT59/2007/G2P[4]

20142015 k2 srains (7)
[ZAGIUFS NGS-MRC-DPRUZO

UFS-NGS- MR

ARUFS-NG 31G2p.

FS-NGS-MRC-

RVAHUMan-wi/ZAFUFS-NGS-NICD1283212014/G2P(4]
SNGS-MRC: 1)

RVAHUMan-wiZAFMRC DPRUS18/2003/G2P[4]

RVAHUMan-CUSADS-111976/G2P 4]

Joutgroup

Figure 6.11: NSP5 phylogenetic tree of South African H2 strains

Maximum likelihood phylogenetic tree as per the complete nucleotide sequences of the NSP5 gene
segment. South African pre-vaccine H2 strains are highlighted in bold-face while post-vaccine
strains are highlighted in bold-red. The number in brackets denotes the number of compressed
strains. Lineages are indicated in roman numerals. Percent bootstrap values (70% or higher) are
indicated at each branch node. The genetic distance is indicated by the scale bar.
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6.3.2.13 Amino acid differences in NSP1 sequences

When South African post-vaccine A2 strains were compared with cognate pre-vaccine A2 strains,
aa differences Q10P (in six post-vaccine strains) and N76D (in nine post-vaccine strains) were
identified. At aa sites 103, 234, 246, 273, 319, 333, 334, 429 and 464, aspartate, isoleucine,
leucine, phenylalanine, arginine, leucine, asapargine, arginine and threonine, respectively
occurred at a significantly higher proportion (60-80%) in post-vaccine strains compared to an
insignificant percentage (of 1-2%) in pre-vaccine strains (Table 6.5).

Table 6.5 Amino acid sites with significant amino acid differences between pre-and post-
vaccine A2 strains

Representative A2 strains Amino acid sites
103 234 246 273 319 333 334 429 44

Pre-vaccine South African A2 strains

RVA/Human-wt /ZAF/UFS-NGS-MRC-DPRU2123/2003/G2P[4] N

RVA/Human-wt /ZAF/UFS-NGS-MRC-DPRU764/2006/G2P[4] G

RVA/Human-wt /ZAF/UFS-NGS-NICD150/ 2007/G2P[4] G
G
G

N | L H W T K N

RVA/Human-wt /ZAF/UFS-NGS-NICD1355/ 2008/G2P[4]
RVA/Human-wt /ZAF/UFS-NGS-NICD3532/2009/G2P[4]
Post-vaccine South African A2 strains

RVA/Human-wt /ZAF/UFS-NGS-NICD6150/2010/G2P[4]
RVA/Human-wt /ZAF/UFS-NGS-MRC-DPRU203/2013/G2P[4]
RVA/Human-wt /ZAF/UFS-NGS-NICD12832 /2014/G2P[4]
RVA/Human-wt /ZAF/UFS-NGS-NICD15070,/2015/G2P[4]
RVA/Human-wt /ZAF/UFS-NGS-NICD17155/2016/G2P[4]
RVA/Human-wt /ZAF/UFS-NGS-NICD18920/2017/G2P[4]

A strain per year was randomly selected to represent A2 strains that circulated in that particular year.
South African pre-vaccine A2 strains are highlighted in bold-face while post-vaccine strains are
highlighted in bold-red. The aa residues highlighted in sky-blue differed significantly between pre and
post-vaccine strains. The aa residues highlighted in black dot (.) are similar to the aa residue featured in
the consensus study strain RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2123/2003/G2P[4].

150



6.3.2.14 Amino acid differences in NSP2 sequences

When South African post-vaccine N2 strains were compared with cognate pre-vaccine N2 strains,

aa differences S16Y (in three post-vaccine strains) and K58R (in ten post-vaccine strains) were

observed. The aa residues asparagine, alanine, methionine and leucine at positions 74, 75, 82

and 254, respectively, occurred at a higher prevalence during post-vaccine period as compared

to pre-vaccine period (Table 6.6).

Table 6.6 Amino acid sites with significant amino acid differences between pre-and post-

vaccine N2 strains

Representative M2 strains Amino acid sites
74 75 82 254

Pre-vaccine South African N2 strains

RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2123/2003/G2P[4] T T V P
RVA/Human-wt/ZAF/ UFS-NGS-MRC-DPRU764/2006/G2P[4] v
RVA/Human-wt/ZAF/UFS-NGS-NICD150/2007/G2P[4] Y )
RVA/Human-wt/ZAF/ UFS-NGS-NICD1355/2008/G2P[4] v 5
RVA/Human-wt/ZAF/UFS-NG5-NICD3532/2009/G2P[4] v

Post-vaccine South African N2 strains
RVA/Human-wt/ZAF/UFS-NGS-NICD6150/2010/G2P[4] .V
RVA/Human-wt/ZAF/UFS-NGS-NICD9329/2012/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU203/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD12832/2014/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD15070/2015,/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD17155/2016/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD18920/2017,/G2P[4]

A strain per year was randomly selected to represent N2 strains that circulated in that particular
year. South African pre-vaccine A2 strains are highlighted in bold-face while post-vaccine strains
are highlighted in bold-red. The aa residues highlighted in sky-blue differed significantly between
pre and post-vaccine strains. The aa residues highlighted in black dot (.) are similar to the aa residue
featured in the consensus study strain RVA/Human-wt/ZAF/UFS-NGS-MRC-
DPRU2123/2003/G2P[4].
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6.3.2.15 Amino acid differences in NSP4 sequences

When we compared post-vaccine NSP4 sequences with pre-vaccine NSP4 sequences we
identified amino acid differences: Y131H (in ten strains), T/I139A (in ten strains) and C/D/N140G
(in ten strains). The aa residues tabulated below were identified at a significantly higher
proportion (60-80%) during post-vaccine period than pre-vaccine period (1-2%).

Table 6.7 Amino acid sites with significant amino acid differences between pre-and post-
vaccine E2 strains

Representative E2 strains Amino acid sites
74 135 137 139 140 163

Pre-voccine South African E2 strains

RVA/Human-wt /ZAF/UFS-NGS-MRC-DPRU2123/2003/G2P[4] T |
RVA/Human-wt/ZAFfUFS-NGS-MRC-DPRU764/2006/G2P [4] v
RVA/Human-wt/ZAFfUFS-NGS-NICD1138/2008/G2P[4] . vV
RVA/Human-wt /ZAF/UFS-NGS-NICD150/ 2007/ G2P[4] Y/
Post-vaccine South African E2 stroins
RVA/Human-wt/ZAFfUFS-NGS-NICDE150/2010G2P[4] . vV
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU203/2013/G2P [4]
RVA/Human-wt/ZAF/UFS-NGS-NICD12832 /2014/G2P[4]
RVA/Human-wt/ZAFfUFS-NGS-NICD15070/2015/G2P[4]
RVA/Human-wt /ZAF/UFS-NGS-NICD18920 /2017 /G2P[4] v

R T N K

A strain per year was randomly selected to represent E2 strains that circulated in that particular
year. South African pre-vaccine A2 strains are highlighted in bold-face while post-vaccine strains
are highlighted in bold-red. The aa residues highlighted in sky-blue differed significantly between
pre- and post-vaccine strains. The aa residues highlighted in black dot (.) are similar to the aa
residue featured in the consensus study strain RVA/Human-wt/ZAF/UFS-NGS-MRC-
DPRU2123/2003/G2P[4].

6.3.2.16 Amino acid difference in NSP5 sequences
When we compared South African post-vaccine H2 strains with pre-vaccine H2 strains we

identified amino acid difference N175D in seven post-vaccine strains.

6.3.3 Analysis of selection pressure
Selection pressure analysis by MEME, FUBAR and FEL showed that most of the codon sites in the

11 gene segments were undergoing purifying selection. However, aa sites 14 (in VP2), 7 (in VP3),
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7(in VP4), 13 (in VP6), 254 (in NSP2), 6 (in NSP3) and 5 (in NSP4) were undergoing positive

selection (Table 6.8).

Table 6.8: Positively selected sites as identified by FEL, FUBAR and MEME analysis

Method Amino acid sites in the gene segments under positive selection
VP1 VP2 VP3 VP4 VP6 VP7 NSP1 NSP2 NSP3 NSP4  NSP5
MEME 2,62,90, 5,13,14, 7,25,133,1 7,192, 13 3,5 10,212, 249,254 3,6, 2,35 37
97,128, 723,869, 53,322, 625,627 271,313 16,27 9,10,
157,158, 873,874, 346,473, 16,17,
187,332, 877,878 704,788, 51,79,
364,371, 828,835 170
406,546,
654,1033,
1041
FUBAR 60,364 14,878 7 7 13 66 10,11, 75,254 6 5
103,380,
402
FEL - 14 7,828 7 13 - - 254 6 59

Bold and underlined sites were identified using all the three methods (FEL, FUBAR and MEME) and these
were considered for positive selection. For MEME and FEL, statistical significance was assessed at p < 0.1
while for FUBAR it was assessed at posterior probability > 0.9. The dash (-) sign indicates that no site was
identified. Additional analyses reports are provided in Appendix 13.

6.4 Discussion

The study reports whole-genome analysis of South African G2P[4] RVA strains collected seven
years before and seven years after the introduction of the Rotarix® vaccine. The whole-genome
analysis showed that all the 103 G2P[4] strains analysed possessed the typical DS-1-like (G2-P[4]-
[2-R2-C2-M2-A2-N2-T2-E2-H2) constellation. These findings are consistent with whole-genome
studies of G2P[4] strains in several countries (Dennis et al., 2014; Donato et al., 2014; Doan et

al.., 2015; Agbemabiese et al., 2016).

Phylogenetic analysis of South African G2 strains showed that, of the four previously described
G2 lineages (Doan et al., 2011), South African G2 strains clustered in G2-lineage IV. All the South
African G2 strains had asparagine at position 96 (N96), which has been the hallmark of sub-
lineage IVa linked with re-emergence of G2 strains in the last decade (2001-2009) (Doan et al.,
2011). We noted that most of the pre-vaccine G2 strains that circulated from 2003-2009 and
those of the first year after vaccine introduction kam(2010, when coverage was still low)
clustered distinctly from most of the post-vaccine strains that circulated from 2012-2017. This

distinct segregation appeared to be corroborated by the sharp increase in relative frequency at
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positions 15, 37, 139 and 242 of aa residues serine, isoleucine, isoleucine and asparagine,
respectively, during post-vaccine period compared to pre-vaccine period. According to previous
studies, the asparagine residue at position 242 is associated with the re-emergence of the sub-
lineage IVa-3 to where most modern G2 sequences globally belong (Doan et al.,, 2011;
Agbemabiese et al., 2016). The P[4]-lineage IV to which majority (97%) of South African P[4]
strains clustered, emerged during 2000s (Gomez et al., 2011) and is suggested to have
prevalently circulated worldwide, possibly due to epidemiological fitness (Giammanco et al.,

2014).

The aa profile of VP7 antigenic domains was nearly the same between pre- and post-vaccine G2
strains, with the exception of three aa differences (T87S and V212M identified in one strain and
N146D identified in one strain). The amino acid differences T87S and V212M are conservative in
nature while the N146D substitution resulted in a change from uncharged to a negatively charged
residue which may contribute to antigenic change (Betts and Russell, 2003). Similarly, the aa
composition in VP4 antigenic domains was maintained during pre- and post-vaccine period with
the exception of D192Y in three strains, T115l in one strain and S133N in one strain. While S133N
aa substitution was conservative, D192Y resulted in a change from a negatively charged to
uncharged residue while T115I resulted in change from polar to nonpolar residue. The change in
polarity and charge may affect the biochemical properties of the protein at these regions and
potentially alter antigen-antibody binding which can promote vaccine-escape strains (Betts and

Russell, 2003).

We analysed aa differences outside known antigenic sites to gain further insight into the genetic
make-up between pre- and post-vaccine strains. We observed aa differences that were
significantly prevalent, in about 60-80% corresponding to 35-45 out of 57 post-vaccine strains,
compared with negligible proportions of 1-2% corresponding to 1 -2 out of 46 pre-vaccine strains.
These aa differences potentially explain the distinct clustering of most post-vaccine strains away
from pre-vaccine strains (with the exception of 2010 post-vaccine strains which clustered
alongside the pre-vaccine strains). We hypothesize that these aa differences that occurred
significantly during the post-vaccine period could be involved in conditioning the strains for more

efficient dissemination into a susceptible population. It appears the aa differences observed in

154



post-vaccine strains may be involved with the dynamic natural fluctuation of G2P[4] strains and
not necessarily influenced by the vaccine. There are two reasons why we think this could be the
case. One, these aa differences were only apparent from 2012 and did not immediately coincide
with vaccine introduction in 2009 as reported in Rotarix® jurisdictions in Australia, Belgium and
Brazil (Gurgel et al., 2007; Donato, 2012; Zeller et al., 2017) where researchers hinted at the
possibility of vaccine-induced selective pressure. The other reason is although significant aa
differences were observed during post-vaccine period, the aa residues still occurred, albeit in

negligible proportions during pre-vaccine period.

Most aa sites in the 11 gene segments were undergoing purifying selection. Rotavirus RNA
dependent polymerase is error-prone and promotes high mutation rates (Estes and Greenberg,
2013) and therefore purifying selection may be a strategy to purge any resultant deleterious
effects. However sites 14 in VP2, 7 in VP3, 7 in VP4, 13 in VP6, 254 in NSP2 and 5 in NSP4 were
undergoing positive selection possibly to enhance viral fitness although the present study did not

assess the impact of the positive selection at these sites

It is noteworthy to mention that in our dataset, we had nearly an even distribution of G2P[4]
strains during pre and post-vaccine periods (46 pre-vaccine and 57 post-vaccine). Based on the
distribution of the collected archived samples, we did not observe the three to four-year cyclical

epidemiological occurrence pattern reported for South African G2P[4] (Page and Steele, 2004).

6.5 Conclusion

The study shows that the aa composition in the VP7 and VP4 antigenic regions of South African
G2P[4] strains were nearly the same during pre-and post-vaccination period. However, aa
differences were observed in the gene segments of post-vaccine strains relative to pre-vaccine
strains in the non-antigenic regions. We hypothesize the aa changes consistently prevalent during
the post-vaccination period (in 60-80% of the post-vaccine strains) to be due to natural RVA
evolutionary processes as they were present in negligible percentages (1-2%) during pre-vaccine
period. Continued whole-genome RVA characterization and analysis of both antigenic and non-
antigenic regions of RVA gene segments is certainly warranted to fully assess the impact of

vaccine-induced selective pressure.
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CHAPTER SEVEN: DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

7.1 Discussion

The present study aimed to elucidate evolutionary changes of South African G1P[8] and G2P[4]
RVA strains in a 14-year period and assess the impact of the Rotarix® vaccine introduction on the
evolution of these RVA strains. The G1P[8] and G2P[4] RVA strains are the two most predominant
RVA strains, globally (Doro et al., 2014). In South Africa, G1P[8] was a predominant strain pre-
vaccine introduction (Steele et al., 2003), while non-G1P[8] RVA strains, such as G2P[4], which
are not incorporated in the Rotarix® vaccine, have predominated during the post-vaccine
introduction period (Page et al., 2018). The overall predominance of G1P[8] strain in South Africa
before the RVA vaccine introduction and the emergence/ re-emergence of non-G1P[8] strains
during the post-vaccination period formed the basis of the selection criteria of G1P[8] and G2P[4]

strains in this study.

The consideration to perform the study in a 14 year period aimed to circumnavigate the
limitations of earlier studies that had tried to assess vaccine-induced selective pressure (Steyer
etal.,2014; Zeller et al., 2017; Santos et al., 2019). To comprehensively conclude on any apparent
vaccine-induced genetic changes, the opinion among prominent RVA researchers was that an
evaluation of genetic changes in at least seven years pre-and seven years post-vaccine
introduction could be most appropriate (Patton, 2012). For G1P[8], the total number of
sequenced samples was 103, with an additional 68 South African G1P[8] sequences acquired
from GenBank. Although the study did not principally elucidate the epidemiological distribution
of G1P[8] strains, we noted an overall significant difference between the pre- (n=150) and post-
G1P[8] (n=23) RVA strains. This observation corroborated the report regarding the substantial
decline of G1P[8] RVA strains during the post-vaccination period in South Africa (Page et al.,
2018). For G2P[4], the total number of sequenced samples was 98, with an additional five South
African G2P[4] sequences extracted from GenBank. Based on archived records, there were no
available G2P[4] strains in 2002, 2004, 2005 and 2011. Notably, there was nearly an equal

distribution of pre (n=46) and post-vaccine (n=57) G2P[4] strains from our dataset and this
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observation is converse to previously reported three to four-year cyclical appearance of G2P[4]

strains in South Africa (Page and Steele, 2004).

The rationale for whole-genome based sequencing was to comprehensively assess genetic
changes that might be occurring across the genome (Bwogi et al., 2017; Esona et al., 2017; Jere
et al., 2018; Maringa et al., 2020; Rasebotsa et al., 2020) considering that the rotavirus genome
is segmented with an inherent ability for reassortment events (Estes and Greenberg, 2013). The
comprehensive elucidation of RVA diversity is facilitated by the utilization of the whole-genome
RVA classification scheme that was introduced in 2008 (Matthijnssens et al., 2008). Furthermore,
the adoption of NGS technology has greatly capacitated whole-genome surveillance of RVA
(Ghosh and Kobayashi, 2011; Nyaga et al., 2020) and this study utilized the Illumina MiSeq®

sequencing platform.

The four objectives of the study were tackled in an overlapping manner through manuscript
format. The first objective investigated the genotype variation and relative emergence of
potential vaccine escape strains. This objective was mainly addressed by the findings of atypical
G1P[8] strains that were published (Mwangi et al., 2020). The two atypical G1P[8] strains
possessed a DS-1-like genotype constellation (G2-P[4]-12-R2-C2-M2-A2-N2-T2-E2-H2) rather than
the typical Wa-like genotype constellation (G1-P[8]-11-R1-C1-M1-A1-N1-T1-E1-H1)
(Matthijnssens and Van Rast, 2012). These atypical strains circulated in 2008, which was before
vaccine introduction in South Africa. These findings were unique as most studies that have
reported on atypical G1P[8] strains were during the post-vaccination period (Fujii et al., 2014;
Kuzuya et al., 2014; Yamamoto et al., 2014; Komoto et al., 2015; Komoto et al., 2016; Jere et al.,
2018; Luchs et al., 2019) which led the researchers to suggest the possibility of vaccine-induced
strain changes. However, we hypothesize that atypical G1P[8] strains have been in circulation
even before RVA vaccine introduction. Therefore, the increased reports of atypical G1P[8] strains
during the post-vaccination period may have to do with the adoption of whole-genome based
surveillance techniques. Phylogenetic analysis showed that the two atypical G1P[8] strains were
generated through reassortment mechanisms involving contemporary local South African G1P[8]
strains and the DS-1-like backbone of G2P[6] strains, as they clustered distinctly away from other

globally reported atypical G1P[8] strains. These findings highlight the genetic reassortment
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mechanism as a driver of RVA evolution. The 1.2% frequency of occurrence of the DS-1like G1P[8]
strains from our dataset of G1P[8] strains implies that these strains lack a degree of genetic
fitness to be able to infect and spread rapidly in the human population (Gentsch et al., 2005;
Patton et al., 2006).

To investigate the evolutionary dynamics of South African pre-and post-G1P[8] and G2P[4]
strains, which was the second objective of the study, we utilized phylogenetic and pairwise
sequence analysis. For G1P[8] strains, the majority of the genes of outer capsid proteins,
clustered in lineages G1-lineage | and Il (for VP7) and P[8]-lineage Ill (for VP4). G1-lineage | and Il
and P[8]-lineage lll are the predominant lineages that have persistently circulated over time
globally, potentially due to their epidemiological fitness (Le et al., 2010; da Silva et al., 2015). In
all the 11 gene segments of G1P[8] strains, there was a tendency of clustering by yearly status,
with post-vaccine strains (2010, 2014 and 2015) forming their sub-lineages. One strain,
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2250/2013/G1P[8], clustered with Rotarix® and had >
99.9% nucleotide identity with Rotarix® in all its structural and non-structural genes, indicative
of vaccine shedding. Rotarix® vaccine shedding is well documented in the literature and plays a

role in herd immunity (Hsieh et al., 2014).

South African G2 strains clustered in globally predominant G2-lineage IV, while the majority
(99.7%) of P[4] strains, clustered in the prevalent P[4]-lineage IV. All the G2 strains had the
asparagine residue at position 96 which is a hallmark of sub-lineage IVa that emerged and spread
globally from the year 2000 (Doan et al., 2011). The P[4]-lineage IV similarly emerged during
2000s and spread globally (Gomez et al., 2011). It appears the association of G2-lineage IV and
P[8]-lineage IV confers these strains with some competitive advantage to infect susceptible
populations. Overall, most of the pre-vaccine G2P[4] strains in all the gene segments clustered in
a pattern whereby most of the pre-vaccine strains (2003-2009) clustered distinctly away from
post-vaccine strains (2012-2017). The 2010 post-vaccine strains were a significant exception as

they segregated alongside the pre-vaccine strains.

The third objective investigated genetic changes between pre and post-vaccine strains and was

performed primarily through pairwise sequence comparisons and also the assessment of
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evolution in the aa sites through selection pressure analysis. When the different gene segments
of G1P[8] post-vaccine strains were compared with cognate pre-vaccine strains, we identified aa
differences that potentially explained the distinct yearly clustering of post-vaccine strains into
sub-lineages. However, we did not observe aa differences that were consistently conserved
throughout the post-vaccine period for the G1P[8] strains. It appears that these aa differences
observed for yearly strains during post-vaccine period are due to the natural RVA evolutionary
processes. When post-vaccine G2P[4] strains were compared with pre-vaccine strains, we
observed aa differences that were not present during pre-vaccine period, albeit being not
conserved throughout the post-vaccine period. Interestingly, we identified aa residues that were
consistently prevalent and appeared at a significantly higher frequency in 60-80% of post-vaccine
strains (which corresponds to 35-45 out of 57 post-vaccine strains ) at various sites in the gene
segments compared to their negligible proportions of 1-2% of pre-vaccine strains (which
corresponds to 1-2 out of 46 pre-vaccine strains). By virtue of the presence of these aa
differences, notwithstanding negligible proportions during pre-vaccine period, we hypothesize
that they were not necessarily vaccine-driven. Rather, we suggest the replacement of aa residues
at several aa sites which was found to be prevalent during post-vaccination period to be due to
the natural RVA evolutionary process. Such aa substitutions such as D96N and S242N for G2
strains have been reported even before RVA vaccine introduction (Doan et al., 2011). The G2P[4]
strains evolve dynamically with aa substitutions at particular sites, explaining the dynamic cyclical
appearance reported in several countries (Linhares and Justino, 2014). Overall, selection pressure
analysis in the gene segments of G1P[8] and G2P[4] strains indicated that most of the sites were
undergoing purifying selection potentially to phase out the deleterious effects of the error-prone
RNA polymerase. However, some few sites (such as site 7 and 245 in M1 genes, 13 in |2 genes,
254 in N2 genes, 14 in C2 genes) appeared to undergo positive selection, possibly to enhance

viral fitness.

The study’s fourth objective investigated the aa profiles within the mapped antigenic regions of
the neutralization proteins, VP7 and VP4. Our approach for G1P[8] strains was to perform a
pairwise comparison of the pre-and post-vaccine strains with the cognate regions in the

monovalent G1P[8] vaccine strain and correlate any genetic changes through computational
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protein modelling. The aa composition of post-vaccine strains was nearly the same with that of
pre-vaccine strains at the antigenic domains of VP7 and VP4, with a major exception of N147D
substitution that occurred in eight 2014 and 2015 strains. The N147D substitution resulted in a
change in charge from uncharged residue to negatively charged residue. Free energy change
analysis showed that this substitution resulted in a loss of energy that significantly destabilized
the resultant protein structure. Therefore, we hypothesized that since the mutation resulted in
destabilizing the protein structure, such aa changes may not be favored in the longterm to
enhance viral fitness. Thus, the aa substitution appears to be a spontaneous RVA evolutionary
effect and not necessarily vaccine-induced. The overall aa profile in VP7 and VP4 antigenic

domains of G2P[4] strains remained mostly unchanged between pre and post-vaccine strains.

7.2 Study limitations

The study was limited by less distribution of G1P[8] strains during post-vaccination period
compared to the pre-vaccine G1P[8] strains. However, it is essential to note that the substantial
decline of G1P[8] strains in South Africa is well documented (Page et al., 2018). For G2P[4] strains,
we did not obtain archived samples in 2002, 2004 and 2005. G2P[4] strains have been associated
with the cyclical appearance in some geographical regions attributable to the natural RVA

evolutionary processes.

7.3  Conclusions

In conclusion, the present study demonstrated the identification of atypical G1P[8] strains to be
driven by genetic reassortment events of local, contemporary South African G1P[8] and DS-1-like
backbone of G2P[6] strains. The identification of these atypical G1P[8] strains during the pre-
vaccination period as opposed to their detection during the post-vaccination period, shows that
they are not vaccine-induced. The study showed that Rotarix® did not appear to impact the aa
profile in the antigenic domains of the neutralization proteins, VP7 and VP4 of G1P[8] strains.
The aa composition in the antigenic profiles for both G1P[8] and G2P[4] strains remained mostly
unchanged during pre- and post-vaccination period, with just a few aa differences that were not
consistently conserved throughout the post-vaccination period. Similarly, for non-antigenic sites

in G1P[8] strains, there were no consistently conserved aa differences in the post-vaccine period
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except in yearly strains which explained the distinct yearly clustering of the post-vaccine strains.
However, for G2P[4] strains, we identified aa residues at several sites in the gene segments that
occurred in a significantly higher proportion (60-80%) in post-vaccine strains compared to their
negligible amounts (1-2%) in pre-vaccine strains. While these aa changes could be due to natural
RVA evolutionary processes of G2P[4] strains, it is not evident whether RVA vaccination with the
monovalent G1P[8] Rotarix® vaccine creates a condition in which G2P[4] strains acquire selective

advantage through such changes.

7.4 Recommendations and suggestions for future studies

The study has demonstrated the benefits of NGS technology for whole-genome surveillance of
prevailing RVA strains and recommends rotavirus surveillance sites to extend the routine G/P
surveillance towards a whole-genome characterization. Whole-genome surveillance allows
identification of complete genotype constellation enabling to decipher RVA diversity. We
recommend long-term assessment of RVA genome in both antigenic and non-antigenic sites to
identify any consistently conserved aa differences which may provide hints of any vaccine-
induced selective pressure. Apart from in silico analysis, future studies should further validate
potential vaccine-escape mutants by undertaking cross-neutralization studies. We further
suggest consideration of mutagenesis studies to elucidate how selective pressure occurring at

various aa sites in the RVA gene segments impacts RVA evolution.
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Appendix 6: Whole-genome constellations of 171 South African G1P[8] rotavirus strains

O 0O NGO UV B WN PR

N R R R R R R RRBR @B
O WWNOGOURARWNIERKRO

Gene segment VP7 VP7 Lineage VP4 VP4 Lineage VP6 VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5
Base pair size for full length sequences 1062 2359 1356 3302 2717 2591 1567 1059 1074 750 664
Base pair size for open reading frame (ORF) sequences 978 2325 1191 3264 2682 2505 1458 951 930 525 591
Genotype constellations

Sequenced for this study

Pre-vaccine strains

RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU3883/2002/G1P[8] Gl I P[8] 1 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU3892/2002/G1P(8] Gl I P8] 1T 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU3951/2002/G1P[8] Gl I P[8] 1 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU3956/2002/G1P([8] Gl I P8] 1T 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU4018/2002/G1P[8] Gl I P[8] 1 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU4019/2002/G1P([8] Gl I P8] 1T 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU4023/2002/G1P[8] Gl I P[8] 1 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU4024/2002/G1P([8] Gl ! P8] 1T 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU4026/2002/G1P[8] Gl I P[8] 1 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU4049/2002/G1P(8] Gl I P[8] 1T 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU4055/2002/G1P[8] Gl I P[8] 1 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU4102/2002/G1P(8] Gl I P[8] 1T 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU4269/2002/G1P[8] Gl I P[8] 1 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU4271/2002/G1P(8] Gl I P[8] 1T 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU456/2003/G1P[8] Gl I P[8] 1 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU493/2003/G1P[8] Gl I P[8] 1T 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU609/2003/G1P[8] Gl I P[8] 1 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU632/2003/G1P[8] Gl I P[8] 1T 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2117/2003/G1P[8] Gl I P[8] 1 1 R1 c1 M1 Al N1 T1 E1 H1
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2145/2003/G1P([8] Gl I P[8] 1T 1 R1 c1 M1 Al N1 T1 E1 H1
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21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2156/2003/G1P([8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1104/2004/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1116/2004/G1P([8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1131/2004/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1135/2004/G1P([8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1139/2004/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1145/2004/G1P(8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1148/2004/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1184/2004/G1P(8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1192/2004/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1205/2004/G1P([8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1230/2004/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1287/2004/G1P(8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU3410/2004/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU3449/2004/G1P(8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU451/2005/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU658/2005/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU682/2005/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU687/2005/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU745/2005/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU747/2005/G1P(8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU732/2006/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU749/2006/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU753/2006/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU757/2006/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU768/2006/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU783/2006/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU849/2006/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU902/2006/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU981/2006/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU999/2006/G1P[8]

G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
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Cc1
C1
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Cc1
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Cc1
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M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
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M1
M1
M1
M1
M1
M1
M1
M1
M1
M1

Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al

N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1

T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1

El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El

H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
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52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1002/2006/G1P([8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1005/2006/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1006/2006/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1007/2006/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1009/2006/G1P([8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1012/2006/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1015/2006/G1P([8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1019/2006/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1030/2006/G1P([8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1039/2006/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1041/2006/G1P([8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU3433/2006/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU147/2007/G1P[8]

RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU792/2007/G1P[8]

RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU793/2007/G1P[8]

RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU799/2007/G1P[8]

RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1273/2007/G1P(8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1302/2007/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1652/2007/G1P([8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1042/2008/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1047/2008/G1P([8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1048/2008/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1965/2008/G1P([8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1967/2008/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1969/2008/G1P([8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1970/2008/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1980/2008/G1P([8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2006/2008/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU136/2009/G1P[8]

RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU138/2009/G1P[8]

RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU139/2009/G1P[8]
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Gl
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Gl
G1
Gl
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G1

203

P[8]
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RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU151/2009/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU157/2009/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1049/2009/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1093/2009/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1190/2009/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1234/2009/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1271/2009/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2280/2009/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2291/2009/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2299/2009/G1P[8]
Post-vaccine strains
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2021/2010/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2250/2013/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU56/2014/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU65/2014/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU74/2014/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU143/2014/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU150/2014/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU4347/2015/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU4352/2015/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU4357/2015/G1P[8]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU15948/2017/G1P[8]
Acquired from GenBank

Pre-vaccine strains
RVA/Human-wt/ZAF/MRC-DPRU4418/2002/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1192/2002/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU6113/2002/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU4381/2002/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU400/2003/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU2198/2003/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU648/2003/G1P[8]
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M1
M1
M1
M1
M1
M1
M1

M1
M1
M1
M1
M1
M1
M1

Al
Al
Al
Al
Al
Al
Al
Al
Al
Al

Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al

Al
Al
Al
Al
Al
Al
Al

N1
N1
N1
N1
N1
N1
N1
N1
N1
N1

N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1

N1
N1
N1
N1
N1
N1
N1

T1
T1
T1
T1
T1
T1
T1
T1
T1
T1

T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1

T1
T1
T1
T1
T1
T1
T1

El
El
El
El
El
El
El
El
El
El

E1l
El
E1l
El
E1l
El
E1l
El
E1l
El
E1l

El
El
El
El
El
El
El

H1
H1
H1
H1
H1
H1
H1
H1
H1
H1

H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1

H1
H1
H1
H1
H1
H1
H1




111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141

RVA/Human-wt/ZAF/MRC-DPRU451/2003/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU445/2003/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU2218/2003/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU566/2003/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU539/2003/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU426/2004/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1224/2004/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1285/2004/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1275/2004/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1264/2004/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1299/2004/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1283/2004/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1277/2004/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1280/2004/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU822/2005/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU2132/2005/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU2114/2005/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU799/2006/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU789/2006/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU748/2006/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU839/2006/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU757/2006/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU832/2006/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU901/2006/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU840/2006/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU803/2006/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1840/2007/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1327/2007/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1370/2007/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1350/2007/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1381/2007/G1P[8]

G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
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P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]

R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1

C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1

M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1

Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al

N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1

T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1

El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El

H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1




142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159

160
161
162
163
164
165
166
167
168
169
170
171

RVA/Human-wt/ZAF/MRC-DPRU1960/2008/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1039/2008/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1052/2008/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU2429/2008/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU2125/2008/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1270/2009/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1389/2009/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU2801/2009/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU150/2009/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU155/2009/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU2294/2009/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1269/2009/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU2325/2009/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU2306/2009/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU2330/2009/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1217/2009/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU135/2009/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1923/2009/G1P[8]
Post-vaccine strains
RVA/Human-wt/ZAF/MRC-DPRU2030/2010/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU2035/2010/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU2052/2010/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1506/2010/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1544/2010/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU2061/2010/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU1492/2010/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU83/2011/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU6954/2011/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU120/2011/G1P[8]
RVA/Human-wt/ZAF/MRC-DPRU121/2011/G1P[8]

RVA/Human-wt/ZAF/MRC-DPRU4079-11/2011/G1P[8]

G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl

Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
G1
Gl
Gl

P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]

P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]
P[8]

R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1

R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1
R1

C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1

Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
C1
Cc1
Cl

M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1

M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1
M1

Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al

Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al

N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1

N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1

T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1

T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
Tl

El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El

El
El
El
El
El
El
El
El
El
El
El
El

H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1

H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
H1
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Appendix 9: Selection pressure analysis for G1P[8] strains-links to access detailed analysis

reports

VP1
https://www.datamonkey.org/fel/5e84f06d89e95e52b24a708f
https://www.datamonkey.org/fubar/5f3e4fca503f2f2348163677

NSP1
https://www.datamonkey.org/fel/5e84f06d89e95e52b24a708f

https://www.datamonkey.org/fubar/5e8604ba89e95e52b24ab539

http://datamonkey.org/meme/5e84f0e489e95e52b24a71ba

https://www.datamonkey.org/meme/5e8604a389e95e52b24ab4db

VP2
https://www.datamonkey.org/fel/5f3e5860503f2f234816393a
https://www.datamonkey.org/fubar/5f3e1581503f2f234816246f

NSP2
https://www.datamonkey.org/fel/5e86f36c89e95e52b24add57

https://www.datamonkey.org/fubar/5e86f3a689e95e52b24adde9

https://www.datamonkey.org/meme/5f3e159c503f2f23481624be

https://www.datamonkey.org/meme/5e86f39589e95e52b24addal

VP3
http://datamonkey.org/fel/5e85b95f89e95e52b24a9756
https://www.datamonkey.org/fubar/5e85b99d89e95e52b24a986d

NSP3
https://www.datamonkey.org/fel/5e86ffcf89e95e52b24ael3a

https://www.datamonkey.org/fubar/5e86fffc89e95e52b24aelcc

https://www.datamonkey.org/meme/5e85b98389e95e52b24a97d5

https://www.datamonkey.org/meme/5e86ffee89e95e52b24ael86

VP4
https://www.datamonkey.org/fel/5f3e851f503f2f2348164d1f
https://www.datamonkey.org/fubar/5f3e84f6503f2f2348164c73

NSP4
https://www.datamonkey.org/fel/5e87257489e95e52b24ae584

https://www.datamonkey.org/fubar/5e87258989e95e52b24ae5be

https://www.datamonkey.org/meme/5f3e850d503f2f2348164cc9

https://www.datamonkey.org/meme/5e8725a689e95e52b24ae5fb

VP6
https://www.datamonkey.org/fel/5f3e91df503f2f2348165103
https://www.datamonkey.org/fubar/5f3e91f6503f2f2348165189

NSP5
https://www.datamonkey.org/fel/5e87747589e95e52b24af0ba

https://www.datamonkey.org/fubar/5e87258989e95e52b24ae5be

https://www.datamonkey.org/meme/5f3e91ef503f2f2348165146
\VP7
https://www.datamonkey.org/fel/5e80e11c2a9e58730e9056aa
https://www.datamonkey.org/fubar/5e80e62e2a9e58730e905738
https://www.datamonkey.org/meme/5e80d8ce2a9e58730e905521

https://www.datamonkey.org/meme/5e8774a289e95e52b24af138
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https://www.datamonkey.org/fel/5e84f06d89e95e52b24a708f
https://www.datamonkey.org/fubar/5f3e4fca503f2f2348163677
http://datamonkey.org/meme/5e84f0e489e95e52b24a71ba
https://www.datamonkey.org/fel/5e84f06d89e95e52b24a708f
https://www.datamonkey.org/fubar/5e8604ba89e95e52b24ab539
https://www.datamonkey.org/meme/5e8604a389e95e52b24ab4db
https://www.datamonkey.org/fel/5f3e5860503f2f234816393a
https://www.datamonkey.org/fubar/5f3e1581503f2f234816246f
https://www.datamonkey.org/meme/5f3e159c503f2f23481624be
https://www.datamonkey.org/fel/5e86f36c89e95e52b24add57
https://www.datamonkey.org/fubar/5e86f3a689e95e52b24adde9
https://www.datamonkey.org/meme/5e86f39589e95e52b24adda1
http://datamonkey.org/fel/5e85b95f89e95e52b24a9756
https://www.datamonkey.org/fubar/5e85b99d89e95e52b24a986d
https://www.datamonkey.org/meme/5e85b98389e95e52b24a97d5
https://www.datamonkey.org/fel/5e86ffcf89e95e52b24ae13a
https://www.datamonkey.org/fubar/5e86fffc89e95e52b24ae1cc
https://www.datamonkey.org/meme/5e86ffee89e95e52b24ae186
https://www.datamonkey.org/fel/5f3e851f503f2f2348164d1f
https://www.datamonkey.org/fubar/5f3e84f6503f2f2348164c73
https://www.datamonkey.org/meme/5f3e850d503f2f2348164cc9
https://www.datamonkey.org/fel/5e87257489e95e52b24ae584
https://www.datamonkey.org/fubar/5e87258989e95e52b24ae5be
https://www.datamonkey.org/meme/5e8725a689e95e52b24ae5fb
https://www.datamonkey.org/fel/5f3e91df503f2f2348165103
https://www.datamonkey.org/fubar/5f3e91f6503f2f2348165189
https://www.datamonkey.org/meme/5f3e91ef503f2f2348165146
https://www.datamonkey.org/fel/5e87747589e95e52b24af0ba
https://www.datamonkey.org/fubar/5e87258989e95e52b24ae5be
https://www.datamonkey.org/meme/5e8774a289e95e52b24af138
https://www.datamonkey.org/fel/5e80e11c2a9e58730e9056aa
https://www.datamonkey.org/fubar/5e80e62e2a9e58730e905738
https://www.datamonkey.org/meme/5e80d8ce2a9e58730e905521

Appendix 10: Whole-genome constellations of 103 South African G2P[4] rotavirus strains

Gene segment VP7 VP[4] VP6 VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5
Base pair size for full length sequences 1062 2359 1356 3302 2684 2591 1563 1059 1064 751 821
Base pair size for open reading frame (ORF) sequences 978 2325 1191 3264 2637 2505 1458 951 930 525 600

Genotype constellations
Sequenced for this study

Pre-vaccine strains

1 RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2123/2003/G2P[4] G2  p[4] 12 R 2 M2 A2 N2 T2 E2 H2
2 RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU531/2003/G2P[4] G2 pla] 12 R2 2 M2 A2 N2 T2 E2 H2
3 RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU580/2003/G2P[4] G2 pla] 12 R 2 M2 A2 N2 T2 E2 H2
4 RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU594/2003/G2P[4] G2 pla] 12 R2 2 M2 A2 N2 T2 E2 H2
5 RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU603/2003/G2P[4] G2 pla] 12 R2 2 M2 A2 N2 T2 E2 H2
6 RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU667/2003/G2P[4] G2 pla] 12 R2 2 M2 A2 N2 T2 E2 H2
7 RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU764/2006/G2P[4] G2 pla] 12 R2 2 M2 A2 N2 T2 E2 H2
8 RVA/Human-wt/ZAF/UFS-NGS-NICD150/2007G2P[4] G2 pla] 12 R2 2 M2 A2 N2 T2 E2 H2
9 RVA/Human-wt/ZAF/UFS-NGS-NICD419/2007/G2P[4] G2 pla] 12 R2 2 M2 A2 N2 T2 E2 H2
10 RVA/Human-wt/ZAF/UFS-NGS-NICD516/2007/G2P[4] G2 pla] 12 R2 2 M2 A2 N2 T2 E2 H2
11 RVA/Human-wt/ZAF/UFS-NGS-NICD582/2007/G2P[4] G2 pla] 12 R2 2 M2 A2 N2 T2 E2 H2
12 RVA/Human-wt/ZAF/UFS-NGS-NICD626/2007/G2P[4] G2 pla] 12 R2 2 M2 A2 N2 T2 E2 H2
13 RVA/Human-wt/ZAF/UFS-NGS-NICD673/2007/G2P[4] G2 pla] 12 R2 2 M2 A2 N2 T2 E2 H2
14 RVA/Human-wt/ZAF/UFS-NGS-NICD759/2007/G2P[4] G2 pla] 12 R2 2 M2 A2 N2 T2 E2 H2
15 RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1271/2007/G2P[4] G2 Pl4] 12 R2 2 M2 A2 N2 T2 E2 H2
16 RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1285/2007/G2P[4] G2  P[4] 12 R2 2 M2 A2 N2 T2 E2 H2
17 RVA/Human-wt/ZAF/UFS-NGS-NICD1079/2008/G2P[4] G2 pla] 12 R2 2 M2 A2 N2 T2 E2 H2
18 RVA/Human-wt/ZAF/UFS-NGS-NICD1112/2008/G2P[4] G2 pla] 12 R2 2 M2 A2 N2 T2 E2 H2
19 RVA/Human-wt/ZAF/UFS-NGS-NICD1122/2008/G2P[4] G2 pla] 12 R2 2 M2 A2 N2 T2 E2 H2
20 RVA/Human-wt/ZAF/UFS-NGS-NICD1138/2008/G2P[4] G2 pla] 12 R2 2 M2 A2 N2 T2 E2 H2
21 RVA/Human-wt/ZAF/UFS-NGS-NICD1165/2008/G2P[4] G2 pla] 12 R2 2 M2 A2 N2 T2 E2 H2
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22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

43
44
45
46
47
48
49
50
51

RVA/Human-wt/ZAF/UFS-NGS-NICD1180/2008/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD1355/2008/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU985/2008/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1036/2008/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1040/2008/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1041/2008/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1058/2008/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1901/2008/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD3532/2009/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD3354/2009/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD4207/2009/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD4012/2009/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD3681/2009/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD3518/2009/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD3446/2009/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD3442/2009/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1071/2009/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1077/2009/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1097/2009/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2288/2009/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2326/2009/G2P[4]
Post-vaccine strains
RVA/Human-wt/ZAF/UFS-NGS-NICD6388/2010/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD6171/2010/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD6150/2010/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD6099/2010/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD5884/2010/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD5625/2010/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1473/2010/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1507/2010/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1510/2010/G2P[4]

G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2

G2
G2
G2
G2
G2
G2
G2
G2
G2

P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]

P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
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R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2

R2
R2
R2
R2
R2
R2
R2
R2
R2

Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2

Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2

M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2

M2
M2
M2
M2
M2
M2
M2
M2
M2

A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

A2
A2
A2
A2
A2
A2
A2
A2
A2

N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2

N2
N2
N2
N2
N2
N2
N2
N2
N2

T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2

T2
T2
T2
T2
T2
T2
T2
T2
T2

E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2

E2
E2
E2
E2
E2
E2
E2
E2
E2

H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2

H2
H2
H2
H2
H2
H2
H2
H2
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52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1520/2010/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD8873/2012/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD9659/2012/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD9554/2012/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD9335/2012/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD9330/2012/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD9329/2012/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD9171/2012/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD9045/2012/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD9040/2012/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD9031/2012/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD8940/2012/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD12041/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD10248/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU60/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU68/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU75/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU81/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU84/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU182/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU185/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU198/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU200/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU203/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU975/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU978/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU986/2013/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD13907/2014/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD13878/2014/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD13791/2014/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD13522/2014/G2P[4]

G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2

P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
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R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2

Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2

M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2

A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2

T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2

E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2

H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
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H2
H2
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H2
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83
84
85
86
87
88
89
90
91
92
93
94
95
96

97
98

99
100
101
102

103

RVA/Human-wt/ZAF/UFS-NGS-NICD13335/2014/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD13333/2014/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD13083/2014/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD13081/2014/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD12838/2014/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD12832/2014/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD12795/2014/G2P[4]

RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU952/2014/G2P[4]

RVA/Human-wt/ZAF/UFS-NGS-NICD15385/2015/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD15070/2015/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD15034/2015/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD14647/2015/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-NICD17155/2016/G2P[4]

RVA/Human-wt/ZAF/UFS-NGS-NICD16983/2016/G2P[4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-
DPRU12323/2016/G2P[4]

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

Pre-vaccine strains
RVA/Human-wt/ZAF/MRC-DPRU618/2003/G2P[4]
RVA/Human-wt/ZAF/MRC-DPRU81/2007/G2P[4]
RVA/Human-wt/ZAF/MRC-DPRU1061/2009/G2P[4]
RVA/Human-wt/ZAF/3203WC/2009/G2P[4]
Post-vaccine strains

RVA/Human-wt/ZAF/MRC-DPRU82/2012/G2P[4]

G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2
G2

G2

G2

G2
G2
G2

G2

P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]
P[4]

P[4]
P[4]

P[4]
P[4]
P[4]
P[4]

P[4]

R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2
R2

R2
R2

R2
R2
R2
R2

R2

Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2
Cc2
c2

Cc2
c2

Cc2
c2
Cc2
c2

C2

M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2
M2

M2
M2

M2
M2
M2
M2

M2

A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2
A2

A2
A2

A2
A2
A2
A2

A2

N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2

N2
N2

N2
N2
N2
N2

N2

T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2
T2

T2
T2

T2
T2
T2
T2

T2

E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2

E2
E2

E2
E2
E2
E2

E2

H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2

H2
H2

H2
H2
H2
H2

H2
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Appendix 11: Neutralization epitopes in G2

pre-vacine strins
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU2123/2003/G20(4]
RVA/Human-wi/ZAF[UFS-NGS-MRC-DPRUS31/2003/G2(4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRUSB0/2003/G2P(4]
RVA/Human-wt/ZAF/UFS-NGS- MRC-DPRUS94/2003/G2P(a]
RVA/Human-wi/ZAF/UFS-NGS- MRC-DPRUGO3/2003/G2P(a]

RVA/Human-wi/ZAF [UFS-NGS-MRC-DPRU1058/2008/G26(4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1901/2008/G2914]
RVA/Human-wt/ZAF /UFS-NGS-MRC-DPRUBS/2008/G2P(4]
RVA/Human-wt/ZAF/UFS-NGS-NICD1122/2008/G2P(a]
RVA/Human-wi/ZAF/UFS-NGS-NICD1180/2008/G2P(a]
RVA/Human-wt/ZAF UFS-NGSNICD4207/2009/G26(4]
~RVA/Muman-wt/ZAF UFS-NGS-NICD4012/2009/G20(4]
RVA/Human-wt/ZAF/UFS-NGS-NICD3681/2009/G2P(a]
RVA/Human-wt/ZAF/UFS-NGS-NICD3532/2009/G2P(a]
RVA/Human-wt/ZAF[UFS-NGS-NICO3518/2008/G2(4]
RVA/Human-wt/ZAF/UFS-NGS-NICD3446/2009/G2P(a]
RVA/Human-wt/ZAF/UFS-NGS-NICD3442/2008/G2P(a]
RVA/Human-wt/ZAF/3203WC/2009/G2P14]
RVA/Human-wt/ZAF [MRG DPRUL01/2009/G20(4]
RVA/Human-wi/ZAF /UFS-NGS-MRC-DPRU1071/2009/G2914]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1077/2009/G20(a]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1097/2009/G20(4]
RVA/Human-wi/ZAF/UFS-NGS-MRC DPRU2288/2009/G2014]
RVA/Human-wt/ZAF/UFS.NGS MRC DPRUZ326/2009/G2¢14]
RVA/Human-wt/ZAF/UFS.NGS-NICD3354/2009/G26(4]
Postvaccine stains
RVA/Human-wi/ZAF/UFS-NGS-NICDE388/2010/G2¢14]
RVA/Human-wi/24F/UFS-NGS-NICD6171/2010/G2r14]
RVA/Human-wt/ZAF /UFS-NGS-NICDE150/2010/G2P(a]
RVA/Human-wt/ZAF/UFS-NGS-NICDE039/2010/G2Pl4)
RVA/Human-wi/ZAF/UFS-NGS-NICDS884/2010/G2P(a]
RVA/Human-wi/ZAF/UFS-NGS-NICDS625/2010/G2P(4]
RVA/Human-wi/ZAF/UFS-NGS-MRC.DPRU1A73/2010/G20(4]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1507/2010/G2Pl4)
RVA/Human-wi/ZAF/UFS-NGS-MRC-DPRU1510/2010/G2P(a]
RVA/Human-wi/ZAF/UFS-NGS-MRC-DPRU1520/2010/G2PL4]
RVA/Human-wi/ZAF [VIRC-0PRUS2/2012/G2¢14]
RVA/Human-wt/ZAF/UFS-NGS-NICDBS73/2012/G2P(a]
RVA/Human-wt/ZAF/UFS-NGS-NICDBS40/2012/G2PLa]
RVA/Human-wi/ZAF/UFS-NGS-NICD9U31/2012/G2PL4]
RVA/Human-wt/ZAFUFS-NGS-NICDS040/2012/G20(4]
RVA/Human-wt/2AF/UFS-NGS-NICD9045/2012/G2P]
RVA/Human-wt/ZAF/UFS-NGS-NICD9171/2012/G2P(a]
RVA/Human-wi/ZAF/UFS-NGS-NICD9329/2012/G214]
RVA/Human-wi/ZAF[UFS-NGS-NICD9330/2012/G2P(4]
RVA/Human-wi/ZAF/UFS-NGS-NICD9335/2012/G2P(a]
RVA/Human-wt/ZAF/UFS-NGS-NICDIS54/2012/G2P(4]
RVA/Human-wi/ZAF/UFS-NGS-NICD9659/2012/G2014]
RVA/Human-wi/ZAF[UFS-NGS-MRC DPRU182/2013/G2P14]
RVA/Human-wt/ZAF /UFS-NGS-MRC-DPRU18S/2013/G2Pl4)
RVA/Human-wt/ZAF/UFS-NGS-MRC.DPRU198/2013/G2P(a]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU200/2013/G2P(a]
RVA/Human-wi/ZAF/UFS-NGS- MRC-DPRU203/2013/G2P(4]
RVA/Human-wi/ZAF/UFS-NGS MRC-DPRU0/2013/620(a]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRUTS/2013/G2014]
RVA/Human-wi/ZAF[UFS-NGS-MRC-DPRUS1/2013/G2914]
RVA/Human-wi/ZAF[UFS-NGS-MRC-DPRUS?S/2013/G2P(4]
RVA/Human-wi/ZAF/UFS-NGS- MRC-DPRUSE/2013/G20(a]
RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRUSA/2013/G20(4]
RVA/Human-wi/ZAF/UFS-NGS- MRC-DPRUS7S/2013/G2PLa]
RVA/Human-wi/ZAF/UFS-NGS: MRC-DPRUSBS/2013/G2PL4]
RVA/Human-wi/ZAFUFS-NGSNICD10248/2013/62¢(4]
RVA/Human-wt/ZAF/UFS-NGS-NICD12041/2013/G2914]
RVA/Human-wi/ZAF/UFS-NGS-MRC-DPRU52/2014/G2P(a]
RVA/Human-wi/ZAF[UFS-NGS-NICD13333/2014/G20(4]
RVA/Human-wi/ZAF[UFS-NGS-NICD13083/2014/G20(4]
RVA/Human-wt/ZAF/UFS-NGS-NICD12795/2014/G20(a]
RVA/Human-wi/ZAF/UFS-NGS-NICD12832/2014/G2014]
RVA/Human-wi/ZAF/UFS-NGS-NICD12838/2014/G2¢14]
RVA/Human-wi/ZAF [UFS-NGS-NICD13081/2014/G26(4]
RVA/Human-wt/ZAF[UFS-NGS-NICD13335/2014/G20(4)
RVA/Human-wt/ZAF/UFS-NGS-NICD13522/2014/G2014]
RVA/Human-wt/ZAF[UFS-NGS-NICD13791/2014/G2914]
RVA/Human-wt/ZAF/UFS-NGS-NICD13876/2014/G2914]
RVA/Human-wi/ZAF/UFS-NGS-NICD13907/2014/G20(4]
RVA/Human-wt/ZAF/UFS-NGS-NICD15070/2015/G2014]
RVA/Human-wi/ZAF/UFS-NGS-NICD14647/2015/G2914]
RVA/Human-wi/ZAF[UFS-NGS-NICD15034/2015/G29(4]
RVA/Human-wt/ZAF/UFS-NGS-NICD 15385/2015/G20(4]
RVA/Human-wt/ZAF/UFS-NGS-NICD 16983/2016/G2014]
RVA/Human-wi/ZAF/UFS-NGS-NICDA7155/2016/G2014]
RVA/Human-wt/ZAF/UFS-NGS MRC-DPRU12323/2016/G2¢14]
RVA/Human wi/ZAF/
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Alignment of VP7 neutralizing and cytotoxic T-cell lympocytic epitopes residues of South African
pre-vaccine G2 strains against post-vaccine G2 strains. Antigenic residues are
epitopes (7-1a, 7-1b, and 7-2). Amino acids that differ with pre-vaccine strains are colored in sky
blue. Amino acid changes that have been shown to escape neutralization with monoclonal
antibodies are indicated with a black dot. South Africa pre-vaccine G2 strains are indicated in
boldface while post-vaccine strains are indicated in red.
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Appendix 13: Selection pressure analysis for G2P[4] strains-links to access detailed analysis

reports

VP1
https://www.datamonkey.org/fel/5f5134e5611379489329119a
https://www.datamonkey.org/fubar/5f51350561137948932911f5
https://www.datamonkey.org/meme/5f513513611379489329124e

NSP1
https://www.datamonkey.org/fel/5f5fbf490da7ba237c463351
https://www.datamonkey.org/fubar/5f5fbf6f0da7ba237c4633a8
https://www.datamonkey.org/meme/5f5fbf810da7ba237c4633ff

VP2
https://www.datamonkey.org/fel/5f52043b6113794893292d37
https://www.datamonkey.org/fubar/5f520a7c6113794893292ed8
https://www.datamonkey.org/meme/5f5204f46113794893292ded

NSP2
https://www.datamonkey.org/fel/5f6127f50da7ba237c466882
https://www.datamonkey.org/fubar/5f6127dc0da7ba237c466816
https://www.datamonkey.org/meme/5f6127ed0da7ba237c46684c

VP3
https://www.datamonkey.org/fel/5f55dadddc5d1378a560339d
https://www.datamonkey.org/fubar/5f55db15dc5d1378a56033fd
https://www.datamonkey.org/meme/5f55db24dc5d1378a560345b

NSP3

www.datamonkey.org/fel/5f612e640da7ba237c466910

https://www.datamonkey.org/fubar/5f612e7a0da7ba237c46694c

https://www.datamonkey.org/meme/5f612e860da7ba237c466986

VP4
https://www.datamonkey.org/fel/5f4cc6c734c53e423ae77349
https://www.datamonkey.org/fubar/5f4cc6e034c53e423ae773a2
https://www.datamonkey.org/meme/5f4cc6ec34c53e423ae773f9

NSP4
https://www.datamonkey.org/fel/5f587685dc5d1378a560a09f

https://www.datamonkey.org/fubar/5f5877aadc5d1378a560a0e2

https://www.datamonkey.org/meme/5f5877bcdc5d1378a560a127

VP6
https://www.datamonkey.org/fel/5f56351fdc5d1378a56042ad
https://www.datamonkey.org/fubar/5f56354fdc5d1378a56042f1
https://www.datamonkey.org/meme/5f56355adc5d1378a5604332

NSP5
https://www.datamonkey.org/fel/5f6118d60da7ba237c46673a

https://www.datamonkey.org/fubar/5f6118ea0da7ba237c46676d

https://www.datamonkey.org/meme/5f6118f50da7ba237c46679¢e

VP7
https://www.datamonkey.org/fel/5f464b2434c53e423ae6al72
https://www.datamonkey.org/fubar/5f464b5834c53e423ae6alb8
https://www.datamonkey.org/meme/5f464b6434c53e423ae6alf7
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https://www.datamonkey.org/fel/5f5134e5611379489329119a
https://www.datamonkey.org/fubar/5f51350561137948932911f5
https://www.datamonkey.org/meme/5f513513611379489329124e
https://www.datamonkey.org/fel/5f5fbf490da7ba237c463351
https://www.datamonkey.org/fubar/5f5fbf6f0da7ba237c4633a8
https://www.datamonkey.org/meme/5f5fbf810da7ba237c4633ff
https://www.datamonkey.org/fel/5f52043b6113794893292d37
https://www.datamonkey.org/fubar/5f520a7c6113794893292ed8
https://www.datamonkey.org/meme/5f5204f46113794893292ded
https://www.datamonkey.org/fel/5f6127f50da7ba237c466882
https://www.datamonkey.org/fubar/5f6127dc0da7ba237c466816
https://www.datamonkey.org/meme/5f6127ed0da7ba237c46684c
https://www.datamonkey.org/fel/5f55dadddc5d1378a560339d
https://www.datamonkey.org/fubar/5f55db15dc5d1378a56033fd
https://www.datamonkey.org/meme/5f55db24dc5d1378a560345b
http://www.datamonkey.org/fel/5f612e640da7ba237c466910
https://www.datamonkey.org/fubar/5f612e7a0da7ba237c46694c
https://www.datamonkey.org/meme/5f612e860da7ba237c466986
https://www.datamonkey.org/fel/5f4cc6c734c53e423ae77349
https://www.datamonkey.org/fubar/5f4cc6e034c53e423ae773a2
https://www.datamonkey.org/meme/5f4cc6ec34c53e423ae773f9
https://www.datamonkey.org/fel/5f587685dc5d1378a560a09f
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https://www.datamonkey.org/fel/5f6118d60da7ba237c46673a
https://www.datamonkey.org/fubar/5f6118ea0da7ba237c46676d
https://www.datamonkey.org/meme/5f6118f50da7ba237c46679e
https://www.datamonkey.org/fel/5f464b2434c53e423ae6a172
https://www.datamonkey.org/fubar/5f464b5834c53e423ae6a1b8
https://www.datamonkey.org/meme/5f464b6434c53e423ae6a1f7
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Uncovering the First Atypical DS-1-like G1P[8]
Rotavirus Strains That Circulated during

Pre-Rotavirus Vaccine Introduction Era in
South Africa
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Abstract: Emergence of D5-1-like G1P[8] group A rotavirus (RVA) strains during post-rotavirus
vaccination period has recently been reported in several countries. This study demonstrates,
for the first time, rare atypical DS-1-like G1P[8] RVA strains that circulated in 2008 during
pre-vaccine era in South Africa. Rotavirus positive samples were subjected to whole-genome
sequencing. Two G1P[8] strains (RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1971/2008/G1P[8]
and RVA/Human-wt/ZAF/UFS-NGS-MRC-DPRU1973/2008/G1P[8]) possessed a DS-1-like genome
constellation background (12-R2-C2-M2-A2-N2-T2-E2-H2). The outer VP4 and VP7 capsid genes of
the two South African G1P[8] strains had the highest nucleotide (amino acid) nt (aa) identities of
99.6-99.9% (99.1-100%) with the VP4 and the VP7 genes of a locally circulating South African strain,
RVA/Human-wt/ZAF/MRC-DPRU1039/2008/G1P[8]. All the internal backbone genes (VP1-VP3, VP6,
and NSP1-NSP5) had the highest nt (aa) identities with cognate internal genes of another locally
circulating South African strain, RVA/Human-wt/ZAF/MRC-DPRU2344/2008/G2P[6]. The two study
strains emerged through reassortment mechanism involving locally circulating South African strains,
as they were distinctly unrelated to other reported atypical G1P[8] strains. The identification of these
G1P[8] double-gene reassortants during the pre-vaccination period strongly supports natural RVA
evolutionary mechanisms of the RVA genome. There is a need to maintain long-term whole-genome
surveillance to monitor such atypical strains.

Keywords: atypical strains; genome constellation; reassortment; rotavirus; whole-genome
characterization

Pathagens 2020, 9, 391; doi:10.33%)pathogens9050391 www.mdpi.com/journal/pathogens.
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Whole Genome In-Silico Analysis of South African
G1P[8] Rotavirus Strains before and after Vaccine
Introduction over a Period of 14 Years
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Abstract: Rotavirus G1P[8] strains account for more than half of the group A rotavirus (RVA) infections
in children under five years of age, globally. A total of 103 stool samples previously characterized as
G1P[8] and collected seven years before and seven years after introducing the Rotarix® vaccine in
South Africa were processed for whole-genome sequencing. All the strains analyzed had a Wa-like
constellation (G1-P[8]-11-R1-C1-M1-A1-N1-T1-E1-H1). South African pre- and post-vaccine G1 strains
were clustered in G1 lineage-I and II while the majority (84.2%) of the P[8] strains were grouped
in P[8] lineage-IlI. Several amino acid sites across ten gene segments with the exception of VP7
were under positive selective pressure. Except for the N147D substitution in the antigenic site of
eight post-vaccine G1 strains when compared to both Rotarix® and pre-vaccine strains, most of the
amino acid substitutions in the antigenic regions of post-vaccine G1P[8] strains were already present
during the pre-vaccine period. Therefore, Rotarix® did not appear to have an impact on the amino
acid differences in the antigenic regions of South African post-vaccine G1P[8] strains. However,
continued whole-genome surveillance of RVA strains to decipher genetic changes in the post-vaccine
period remains imperative.

Keywords: evolution; rotavirus strains; Wa-like constellation; whole-genome; lineages
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