
NOROVIRUS-HOST INTERACTION STUDIES: HBGA PHENOTYPIC AND 

GENOTYPIC PROFILES OF PAEDIATRIC PATIENTS WITH DIARRHOEA FROM 

RURAL COMMUNITIES OF LIMPOPO SOUTH AFRICA 

by 

KHUMELA RONEWA 

STUDENT NO: 11632210 

 

A Thesis submitted in fulfilment for the requirements of the Doctor of Philosophy 

Degree (PhD) in Microbiology 

 

to the 

 

DEPARTMENT OF BIOCHEMISTRY & MICROBIOLOGY 

FACULTY OF SCIENCE, ENGINEERING AND AGRICULTURE 

UNIVERSITY OF VENDA 

THOHOYANDOU 

 

 

PROMOTER: Prof N Potgieter (UNIVEN)  

Co-PROMOTER: Prof AN Traore (UNIVEN) 

Co-PROMOTER: Dr JP Kabue (UNIVEN) 

 

FEBRUARY      2024



i 
 

DECLARATION 

I, Ronewa Khumela (11632210) declare that the thesis titled: Norovirus-host 

interaction studies: HBGA phenotypic and genotypic profiles of paediatric 

patients with diarrhoea from rural communities of Limpopo South Africa, hereby 

submitted to the University of Venda for the PhD degree in microbiology has not been 

previously submitted by me to this or any other University and that the work contained 

here is my own work in design and execution, and that all materials used here are duly 

acknowledged.  

 

 

 

Signature…… ..………………          Date……….21/02/2024………… 

 

 

 

 

 

 

 

 

 

 

 

 

 



ii 
 

DEDICATION 

 

I dedicate this work to my family (My Daughter Uzwothe, My Mom, Dad, and 

Sisters). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

ACKNOWLEDGMENTS 

I want to acknowledge my supervisor Professor Natasha Potgieter, for your guidance 

and financing this work throughout, I will forever be grateful. Thank you for affording 

me opportunities to travel, learn, explore and grow in this field.  

My co-supervisor Professor Afsatou Ndama Traore, I acknowledge your guidance, you 

have pushed and followed up to see this work to completion. Thank you for taking me 

as one of your own. 

Dr J-P Kabue, thank you for your unwavering support and practical guidance. Your 

dedicated time for lab teaching and training sessions made me what I am today and 

for that I am forever grateful.  

I acknowledge the Microbiology staff and students who provided technical support, 

encouragement, guidance, comfort and made the long days’ worth enduring. 

I want to acknowledge the collaborators from Brazil (Marcia Terezinha Baroni) and 

Sweden (Johan Nordgren) for their technical and financial support during this study. I 

appreciate your dedication to helping and I am very grateful. 

Special thanks to my Sponsor NRF for funding this degree and my needs throughout.  

Special thanks to my family for always supporting all my dreams and showing up 

during all my times of need. I am forever indebted to you all. 

My friends who also became my special family and support system, you made this 

journey worth travelling and I appreciate you all. 

Last but definitely not least, I want of acknowledge my heavenly Father, Lord and 

Saviour Jesus Christ and the Holy-spirit for never leaving my side, strengthening my 

spirit man and keeping me in good health to fulfil this dream. My heart and praise 

belongs to you!  

 

 



iv 
 

Table of Contents 

Contents 

DECLARATION ..................................................................................................................... i 

DEDICATION .........................................................................................................................ii 

ACKNOWLEDGMENTS ........................................................................................................ iii 

EXECUTIVE SUMMARY ...................................................................................................... ix 

LIST OF ABBREVIATIONS ................................................................................................. xiii 

CHAPTER 1 .......................................................................................................................... 1 

INTRODUCTION .................................................................................................................. 1 

1.1 BACKGROUND ....................................................................................................... 1 

1.2 PROBLEM STATEMENT ............................................................................................ 2 

1.3 STUDY RATIONALE ................................................................................................... 4 

1.4 OBJECTIVES OF THE STUDY ................................................................................... 5 

1.4.1 OBJECTIVE 1 ....................................................................................................... 6 

1.4.2 OBJECTIVE 2 ....................................................................................................... 7 

1.4.3 OBJECTIVE 3 ....................................................................................................... 8 

1.4.4 OBJECTIVE 4 ....................................................................................................... 8 

1.5 RESEARCH QUESTION AND HYPOTHESIS ............................................................. 9 

1.6 RESEARCH APPROACH ............................................................................................ 9 

CHAPTER 2 ........................................................................................................................ 10 

LITERATURE REVIEW ....................................................................................................... 10 

2.1 BACKGROUND ......................................................................................................... 10 

2.2 EVOLUTIONARY HISTORY AND STRUCTURE OF NOROVIRUS .......................... 10 

2.3 GENOME ORGANIZATION, GENETIC DIVERSITY AND EVOLUTION OF HUMAN 

NOROVIRUS ................................................................................................................... 12 

2.4 CLINICAL FEATURES OF HUMAN NOROVIRUS INFECTION ................................ 15 

2.5 EPIDEMIOLOGY OF HUMAN NOROVIRUS ............................................................. 15 

2.6 DIAGNOSIS OF NOROVIRUS INFECTION .............................................................. 17 

2.7 TRANSMISSON OF NOROVIRUS ............................................................................ 18 

2.8 NOROVIRUS IMMUNITY, CONTROL AND PREVENTION ....................................... 19 

2.9 VACCINE DEVELOPMENT ....................................................................................... 20 

2.10 HOST SUSCEPTIBILITY FACTORS ....................................................................... 22 

2.10.1 HISTO-BLOOD GROUP ANTIGEN ................................................................... 22 

2.10.2 NOROVIRUS HOST INTERACTIONS .............................................................. 22 



v 
 

2.10.3 ABO SEROLOGY ............................................................................................. 24 

2.10.4 ABO AND LEWIS GENETICS FUT1 AND FUT2 AND ABO (H) ANTIGEN 

SYNTHESIS ................................................................................................................ 24 

2.11 SUMMARY OF LITERATURE REVIEW .................................................................. 25 

CHAPTER 3 ........................................................................................................................ 28 

METHODOLOGY ................................................................................................................ 28 

3.1 OVERVIEW OF THE METHODOLOGY .................................................................... 28 

3.2 METHODOLOGY ...................................................................................................... 28 

3.2.1 STUDY ETHICS STATEMENT ........................................................................... 28 

3.2.2 STUDY POPULATION AND SAMPLE COLLECTION ......................................... 28 

3.2.3. STOOL SAMPLES ANALYSIS ........................................................................... 29 

3.2.4 SALIVA SAMPLES ANALYSIS ........................................................................... 31 

3.2.5 STATISTICAL ANALYSIS ................................................................................... 33 

CHAPTER 4 ........................................................................................................................ 35 

RESULTS ........................................................................................................................... 35 

4.1 NOROVIRUS PREVALENCE .................................................................................... 35 

4.2 HNoV GENOGROUPS AND GENOTYPES DISTRIBUTION ..................................... 37 

4.3 CLUSTALW ANALYSIS ON HNOV STRAINS CIRCULATING IN VHEMBE DISTRICT, 

SOUTH AFRICA. ............................................................................................................. 39 

4.4 PHYLOGENETIC ANALYSIS .................................................................................... 41 

4.5 HBGAS PHENOTYPE AND NOROVIRUS DISTRIBUTION ...................................... 44 

4.6 HBGA GENOTYPES AND NOROVIRUS INFECTIONS ............................................ 46 

4.7 HNOVS GENOGROUPS AND GENOTYPES IN HBGA PROFILES .......................... 48 

4.8 CORRELATION OF NOROVIRUS PRESENCE WITH HBGAS PROFILES .............. 49 

CHAPTER 5 ........................................................................................................................ 51 

DISCUSSION...................................................................................................................... 51 

CHAPTER 6 ........................................................................................................................ 61 

CONCLUSION AND RECOMMENDATIONS ...................................................................... 61 

REFERENCES ................................................................................................................... 63 

APPENDICES ..................................................................................................................... 89 

A. TABLE 1: CT-VALUES OF SYMPTOMATIC SAMPLES .......................................... 89 

B. TABLE 2: CT-VALUES FOR ASYMPTOMATIC SAMPLES ..................................... 90 

C. DATA MANAGEMENT PLAN .................................................................................. 91 

D. ETHICAL CLEARANCE – PROVINCIAL ................................................................. 93 

E. ETHICAL CLEARANCE – DISTRICT ...................................................................... 94 

F. ETHICAL CLEARANCE – UNIVERSITY OF VENDA .............................................. 95 



vi 
 

G. ENGLISH CONSENT FORM ................................................................................... 96 

H. VENDA CONSENT FORM .................................................................................... 100 

I. XITSONGA CONSENT FORM .............................................................................. 107 

J. STUDY OUTPUTS ................................................................................................ 111 

 

 

 

 

 

 

 

 

 

 

  



vii 
 

List of tables 

Table 4.1 Demographic characteristics, clinical features, and HNoV prevalence among 

children with AGE from Vhembe district, South Africa in 2019-2021. ........................... 36 

Table 4.2 Distribution of HNoV genogroup and genotype in children from Vhembe 

district, South Africa. ........................................................................................................ 39 

Table 4.3 Summary of HBGA phenotypic profiles and distribution of norovirus 

observed in children in the Vhembe district, South Africa. ........................................... 45 

Table 4.4 FUT2/3 genes in norovirus infections ............................................................. 47 

Table 4.5 FUT3 SNP profiles ............................................................................................. 48 

Table 4. 6 Distribution of norovirus genogroups and genotypes in secretor and non-

secretor children ............................................................................................................... 49 

  



viii 
 

List of figures 

Figure 2.1 Norovirus round particles first visualized under electron microscopy by 

Kapikian and colleagues at the size of 27nm per each particle (Kapikian et al., 1972). 11 

Figure 2.2 Evolution of norovirus updated genogroups and genotypes including both 

VP1 and RdRp types (Chhabra et al., 2019)..................................................................... 12 

Figure 2.3 Genome structure and organization of human and murine norovirus, 

(Thorne and Goodfellow, 2014; Ludwig‐Begall et al., 2021) ........................................... 13 

Figure 2.4 The Caliciviridae genera including norovirus genus with respective 

genogroups and their hosts (Ludwig‐Begall et al., 2021). .............................................. 14 

 

Figure 4.1 ClustalW alignment for NoV sequence similarity analysis. .......................... 40 

Figure 4.2 Phylogenetic analysis of HNoV nucleotide sequences circulating in the 

Vhembe district (South Africa) between 2019 and 2021, based on dual typing 

(polymerase and capsid junction) region, 570bp with [MON431/G2SKR]. .................... 42 

Figure 4.3 Phylogenetic analysis of the HNoV nucleotide sequences from the Vhembe 

district (South Africa) between 2019 and 2021, focusing on the partial typing of the 

340bp capsid region with [G2SKF/R]. .............................................................................. 43 

Figure 4.4 Phylogenetic tree based on 380bp [with COG2F/G2SKR] capsid/RdRp 

junction region of HNoV nucleotide sequence circulating in Vhembe district (South 

Africa) in 2019-2021. ......................................................................................................... 44 

Figure 4.5 Correlation of HBGAs secretor profiles and norovirus ................................ 50 

Figure 4.6 Correlation of HBGAs non-secretor profiles and norovirus ......................... 50 

 

  



ix 
 

EXECUTIVE SUMMARY 

Human norovirus (HNoV) are the leading aetiological agents of viral acute 

gastroenteritis (VAGE) worldwide. Approximately 685 million cases of VAGE and 

219 000 deaths associated with norovirus infection are recorded each year. The 

burden is more severe in developing nations such as those in Africa, and children 

below the age of five are the most vulnerable. Noroviruses are commonly transmitted 

from person-to-person via the faecal oral route and contaminated fomite, food and 

water. Norovirus are extremely prevalent and exhibit great genetic diversity and rapid 

rates of evolution. 

Studies have shown that histo-blood group antigens are essential genetic 

susceptibility factors for HNoV infection. Histo-blood group antigens (HBGAs) are a 

class of carbohydrates antigens found in the surface of red blood cells and bodily fluids 

or tissues. HNoVs recognize and bind to HBGAs for attachment to human epithelial 

cells in the gastrointestinal tract. The synthesis of HBGAs is mediated by 

fucosyltransferase and glycosyltransferase, which are genetically regulated by FUT2 

(Secretor), FUT3 (Lewis) and ABO (H) genes. Individuals with functional FUT2 gene 

are termed secretors; they express HBGAs in gut epithelial cell surface and body 

fluids. Natural variability and inability to express HBGAs (due to mutations) plays a 

role in population genetic susceptibility to norovirus infection and genotype distribution. 

Approximately 20% of VAGE are caused by norovirus. Recently, global prevalence of 

norovirus was reported at 16%. In African countries, the range of reported prevalence 

was between 13% and 20%. However, higher prevalence has been reported, 

particularly in Ghana and South Africa. Previous data in South Africa have 

demonstrated the occurrence of norovirus, with higher number of cases reported in 

rural communities. There are limited or no studies to explain the elevated prevalence 

of enteric HNoVs in rural communities of Limpopo, South Africa.  

Various factors including genetic, geographical, meteorological and socio-economic 

may play a role in the epidemiology of enteric viruses. A potential interaction between 

human and viral genetic diversity has been demonstrated via association of population 

secretor profiles and viral genotype susceptibility and distribution. Therefore, this 

study, aimed to investigate the prevalence and norovirus host genetic susceptibility 
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profiles in paediatric population under five years, within rural communities of South 

Africa. 

To achieve the aim of this study, the following objectives were set: 1) To determine 

molecular characteristics of HNoV strains circulating in the rural communities of 

Vhembe district, South Africa; 2) To determine host phenotypic profiles of HBGAs 

(ABO/H and Lewis system) in HNoV infections among children from rural communities 

of Vhembe district, South Africa; 3) To determine the host genotypic profiles of HBGAs 

(FUT2/FUT3) in HNoV infections among children from rural communities of Vhembe 

district, Limpopo Province (South Africa) and 4) To assess the correlation between 

circulating HNoV genotypes and HBGAs profiles in young children from rural 

communities of Vhembe district, Limpopo Province (South Africa).  

To achieve the study objectives, a cross-sectional survey in children with (200) and 

without (100) diarrhoea, below the age of five was performed. Co-paired stool (300) 

and saliva (300) samples were collected from October 2019 to September 2021, in 

South African healthcare institutions (clinics and hospitals) within the Vhembe district 

of Limpopo province. 

Objective 1: HNoVs were detected from stool samples using real-time RT-PCR, then 

amplified by conventional RT-PCR, and further genotyped by Sanger sequencing. 

Norovirus strains from this investigation were compared to the worldwide circulating 

strains by phylogenetic analysis using MEGA11. ClustalW software was used to 

compare nucleotide similarity among strains genotyped in this study and those 

previously obtained within the same study region.  

Objective 2: HBGAs phenotypic profiles were determined from saliva samples by 

ELISA assays. Monoclonal antibodies including A, B, Le-a, and Le-b were used to 

determine HBGAs phenotypic profiles in saliva samples. In samples where the 

phenotypic status was inconclusive, the secretor and non-secretor phenotypes were 

further confirmed using the Ulex europaeus agglutinin (UEA-1), which is specific for 

Fucα1-2Gal-R present in secretor, but not in non-secretor saliva. 

Objective 3: Genotypic characterization of HBGAs were determined by Touch-Down-

PCR using the Platinum Taq DNA Polymerase High Fidelity enzyme. The primers 
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used to detect SNPs were also used for nucleotide sequencing of both FUT2 and 

FUT3 partial genes of selected samples (100).  

Objective 4: Statistical analysis was performed using Graphpad 10.0 for the 

association of HNoV prevalence and HBGAs profiles. 

The results indicate that HNoVs were still highly prevalent in children from Vhembe 

district, with a confirmed significant difference (p < 0.0001) between symptomatic 

(37%) and asymptomatic (14%). Genogroup II noroviruses predominated children with 

AGE (80%), whereas genogroup I norovirus were high in children without AGE. 

Genotype GII.4 Sydney 2012 [P31] were dominant throughout the study period. The 

detected strains were phylogenetically closely related to the worldwide circulating 

norovirus strains but showed low nucleotide similarity when compared to other HNoV 

strains previously characterized in Vhembe region.  

Elisa assay findings showed diversity of HBGA phenotypic profiles including Lewis and 

ABO type amongst study participants. Both Lewis negative and positive phenotypes 

were identified with the latter being the predominant and mostly infected with HNoV. 

All ABO phenotypes were also identified within the study population. The highest 

occurring was type O, which also represented the primarily norovirus infected group, 

followed by type A. Overall, majority of children had secretor phenotypes (81%) over 

non-secretors (19%), similarly, higher cases on HNoV were detected in children with 

secretor phenotype (93%). 

Amongst the selected samples for FUT2 genotyping, only 42 could be amplified and 

of those, 36 (36%) were successfully genotyped. Majority of FUT2 secretors were 

homozygous mutations (64%) compared to heterozygous (28%). However, only 8% 

were determined as non-secretor with homozygous nonsense mutation on the G428A 

position. FUT3 genes were also associated with norovirus positivity. The G508A SNP 

was the most common and predominant among positive norovirus cases. Interestingly, 

2 mutant SNPs were detected. Although non-secretor was the lowest in HBGAs 

genotypic profiles and is often related to resistance to infection, norovirus GII.4 Sydney 

2012 [P31] were identified in two samples from hospitalized children. 

Overall, the data revealed correlation between the presence of HNoV and the 

population HBGAs profiles. Individuals expressing HBGAs of secretor status were 



xii 
 

highly infected with norovirus, whereas non-secretor individuals demonstrated 

protection or less susceptibility towards norovirus infection. The GII.4 Sydney 2012 

[P31] recombinant strain was dominant, followed by the GII.4 Sydney 2012 variant in 

all the secretor profiles.  

This study concludes that the prevalence and susceptibility of human norovirus 

infection in symptomatic and asymptomatic children from rural communities of 

Vhembe District is related to their HBGAs genetic profiles. The dominance of GII.4 

Sydney 2012 [P31] in AGE children may be explained by the strain’s epidemiological 

fitness, and genetic susceptibility related to the prevalence of secretor profiles. 

Population’s genetic profiles may potentially drive human norovirus genetic diversity 

and evolution. This has implications for vaccine formulation in the current era of 

vaccine development. Further surveillance on impoverished communities where 

preventive strategies will most likely have greater impact is needed to monitor 

distribution of the virus and overall population HBGAs status. 

Keywords: Human norovirus (HNoV), Viral acute gastroenteritis (VAGE), Histo-blood 

group antigens (HBGA), secretor, Non-secretor, Susceptibility 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

Acute gastroenteritis (AGE), which is the condition leading to the inflammation of the 

gastrointestinal tract, is a globally frequent ailment affecting people of all ages and 

socio-economic backgrounds (Unicef, 2013). This condition is commonly 

accompanied by symptoms such as diarrhoea, vomiting, abdominal cramps, and 

sometimes fever (Graves, 2013). Acute diarrheal disease typically improves on its own 

over a short period of time, although it can cause serious complications for young, 

elderly or immunocompromised individuals (King et al., 2003). The burden of AGE 

including diarrheal disease is significantly felt globally, especially in underdeveloped 

nations where access to clean water and sanitary facilities is scarce (WHO, 2023).  

There have been substantial improvements in several parts of the world, however, 

billions of people still live in conditions with inadequate drinking water quality, 

sanitation and hygiene (WASH) services, which poses a major health concern (Wolf 

et al., 2023). The risk of diarrheal diseases is significantly increased with poor WASH 

conditions. According to recent World health Organisation (WHO) estimates, 60% (54-

65%) of deaths occurring in the low-and-middle income countries are attributed to poor 

WASH services and practice (WHO, 2019). Annually, approximately 829 000 deaths 

in these nations are due to unsuitable drinking-water (35%), sanitation (31%) and 

hygiene (12%) (WHO, 2019). 

A variety of aetiological agents can lead to AGE including bacteria, viruses and 

parasites, however, majority of AGE are caused by viral pathogens (Elliott, 2007). Viral 

gastroenteritis is one of the leading causes of death globally and is amongst the most 

common cause of morbidity from infectious diseases (Bányai et al., 2018, Liu et al., 

2015, Fischer Walker et al., 2012). Enteric viruses are the most common aetiological 

agents of viral acute gastroenteritis, contributing about 70% of cases since their 

discovery in the early 1970s (Bányai et al., 2018). Viruses frequently linked to acute 

gastroenteritis include rotavirus, norovirus, sapovirus, astrovirus and adenovirus 

(Flynn et al., 2024, Bányai et al., 2018, Chhabra et al., 2013). Although there are 
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various routes of transmission, enteric viruses are mainly transmitted via the faecal 

oral route (Bányai et al., 2018, Bishop and Kirkwood, 2014). 

In countries where rotavirus vaccine coverage is high, norovirus has surpassed 

rotavirus as the leading cause of paediatric AGE (Stuempfig and Seroy, 2018, McAtee 

et al., 2016). Currently, human norovirus (HNoV) is the main leading cause of sporadic 

and epidemic viral acute gastroenteritis (VAGE) in both community and healthcare 

settings worldwide (Winder et al., 2022, Robilotti et al., 2015).  Norovirus outbreaks in 

people of all ages have been reported around the world in different settings. 

The most vulnerable population with reported severe cases is primarily children under 

the age of five years followed by immunocompromised adults (Riera-Montes et al., 

2018, Lindsay et al., 2015). Globally, approximately 20% of viral diarrheal diseases, 

685 million cases and 219 000 deaths are associated with HNoV infection (Farahmand 

et al., 2022, Troeger et al., 2017). Higher proportions of children’s death due to 

diarrheal diseases are reported in the Sub-Saharan Africa and South-Asia, as 

compared to developed countries (Elbashir et al., 2022, Mans, 2019).  

The emergence and prevalence of viruses among populations is dependent on many 

factors including mutation, recombination, replication efficiency and host interactions 

(LaTourrette and Garcia-Ruiz, 2022, Domingo, 2010). Research has advanced our 

knowledge about the influence of host factors on the prevalence of NoV. Norovirus 

recognize polymorphic carbohydrates known as histo-blood group antigens (HBGAs) 

for binding during attachment step (Nordgren and Svensson, 2019, Kambhampati et 

al., 2016). HBGAs are known as HNoV receptors that play a huge role in genetic 

susceptibility of the virus. Human population genetic makeup and diversity impact the 

expression of HBGAs phenotypes on enteric epithelial cells, based on the individual 

HBGAs genotypic profile (Le Pendu and Ruvoën-Clouet, 2020).  

1.2 PROBLEM STATEMENT 

Data shows that Sub-Saharan Africa and South Asia accounted for the slowest 

progress in decline of child mortality, according to the “all-cause and cause-specific 

mortality findings from the Global Burden of Disease Study in 2019” (Paulson et al., 

2021). Diarrhoea is responsible for the deaths of more than 80% of young children in 

African and South Asian populations (Liu et al., 2015). In South Africa (SA), 
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approximately 20% of deaths in children below the age of five years is attributed to 

diarrhoea (Lehohla, 2015). Furthermore, water related diseases including diarrhoea 

are a major health concern in young children, especially in rural communities where 

previously, an estimated 9.8% children death rate was caused by poor WASH 

conditions (Lewin et al., 2007). According to a recent study, poor WASH conditions 

still persist even in healthcare facilities (Potgieter et al., 2021). The difference in 

access to clean water is associated with high risk of norovirus gastroenteritis. Water-

related diseases have a significant impact on human health on a global scale.   

According to a previous report, norovirus mortality in young children from developing 

countries ranges up to 212 000 deaths per year (Pires et al., 2015). Despite a rise in 

norovirus gastroenteritis research in developing countries, developed nations provide 

the vast majority of the data used for estimating the global prevalence of HNoV 

(Nguyen et al., 2017). Several investigations have demonstrated the occurrence of 

norovirus in acute gastrointestinal cases reported in South Africa in both urban and 

rural communities (Page et al., 2017, Kabue et al., 2016). However, there is still limited 

data to estimate the actual prevalence of human norovirus circulating within the 

country.  

Factors that govern genetic diversity, transmission, and persistence of norovirus (NoV) 

infection are not all well understood. Existing evidence suggests that the contribution 

of different pathogens to diarrhoea varies significantly across regions, depending on 

local meteorological, geographic, ethnicity, socioeconomic conditions, as well as host 

genetic susceptibility and immunologic factors (Nordgren and Svensson, 2019, 

Nordgren et al., 2013, Bruggink and Marshall, 2010, Reither et al., 2007). Pathogens 

including norovirus, are selective in host cell molecules recognized during infection, 

and most of these molecules are oligosaccharides synthesized by glycosytransferase 

(Ferrer-Admetlla et al., 2009). 

The interaction of NoV with HBGAs has been established as a factor that increase 

susceptibility to infection, however majority of studies have been performed primarily 

on Caucasians (Bucardo et al., 2009). Interestingly, a directly proportional relationship 

between the number of individuals with HBGAs secretor status on a country-level and 

norovirus prevalence has been established (Arrouzet et al., 2020). Different 

populations are composed of different genetic polymorphisms that are involved in 
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determining the presence or absence of HBGAs. Histo-blood group antigens, 

particularly FUT2, FUT3 and ABO genes restrict or advance norovirus infection, even 

to the extent of genotypic strain selection (Nordgren and Svensson, 2019). 

There is limited data on HBGAs as NoV susceptibility factors, specifically in South 

Africa (Rossouw et al., 2021), and only a small number of studies have attempted to 

explore how this could influence susceptibility to NoV infection in African populations 

(Nordgren et al., 2013).  

1.3 STUDY RATIONALE 

In the post rotavirus vaccine era, norovirus (NoV) plays an increasingly important role 

in epidemic and sporadic non-bacterial gastroenteritis among children. Previously it 

was thought that the clinical outcome of an infection was mainly due to the virulence 

factors of the microorganism, however recent knowledge acknowledges the role of 

host genetic factors in enhancing NoV infection (Nordgren and Svensson, 2019). 

Several findings demonstrate that HBGAs comprising (ABO, Hh, secretor and Lewis 

systems) play an essential role as host genetic factors associated with susceptibility 

to human NoV and other enteropathogens (Kambhampati et al., 2016, Shirato, 2011). 

Due to the well-established disease and economic burden of norovirus in high and 

low-and-middle income countries, the need for an effective vaccine has become more 

mandatory (Winder et al., 2022). A successful norovirus vaccine design would require 

understanding the prevalence of norovirus disease worldwide, as well as the genotype 

diversity, dominant strains, and patterns of strain replacement. Furthermore, to better 

direct these developments, a comprehensive understanding of the relationship that 

exists between variables facilitating the severity and susceptibility is crucial (Armah et 

al., 2023). Thorough research on the interactions between viral pathogens and histo-

blood group antigens (HBGAs) in different populations could prove more effective on 

targeted and regionalized interventions (Arrouzet et al., 2020). 

Norovirus is a notorious pathogen that exhibits high infectivity around the globe 

infecting various hosts (Chhabra et al., 2019). Studies have shown that susceptibility 

to norovirus is genotype dependent and despite this, some human hosts demonstrate 

resistance to norovirus infection (Reyes et al., 2022, Nordgren and Svensson, 2019) . 

Genetic susceptibility is largely mediated by presence or absence of HBGAs genes, 
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which are significantly diverse amongst different populations. Furthermore, conflicting 

reports indicate the resistance of non-secretors to GII.4 strains, whereas others 

demonstrate secretor independence during infection by the same strain (Jin et al., 

2013, Carlsson et al., 2009). Similarly, more data is still needed to establish the pattern 

of norovirus infection with regards to Lewis status.    

South Africa is a multicultural country with different ethnic groups, therefore viral and 

population genetic studies are crucial to explain the pattern of norovirus occurrence 

within the country. Previous report demonstrated high prevalence of HNoV in rural 

communities of Limpopo, S.A (Kabue et al., 2016). More recently, our study showed 

that after approximately five years, norovirus was still predominantly circulating 

amongst children from rural Limpopo (Khumela et al., 2023). Rossouw and colleagues 

associated norovirus infection with FUT2 secretor status, in hospitalized children from 

South African urban areas (Rossouw et al., 2021). However, no study has investigated 

the reason for elevated norovirus prevalence in rural Vhembe. Extensive research is 

required to determine the role and source of viral agents linked to diarrhoea in various 

African settings, as well as the effect of HBGAs interaction in NoV infection.  

Various expressions of blood group antigens contribute to the increased or decreased 

rate of infection. Several phenotypes are associated with host genetic resistance to 

infection, furthermore, point mutations in the genes are population specific (Ferrer-

Admetlla et al., 2009). The high degree of genetic diversity amongst RNA viruses 

accounts for their adaptability and widespread presence (De Graaf et al., 2016, Barr 

and Fearns, 2016).   

1.4 OBJECTIVES OF THE STUDY  

The primary objective of this study was to investigate the host phenotypic and 

genotypic profiles of HBGAs in NoV infections among children less than 5 years of 

age from rural communities of Vhembe district, Limpopo Province (South Africa). This 

was further subdivided into 4 secondary objectives which are further explained. 
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1.4.1 OBJECTIVE 1 

• To determine molecular characteristics of NoV strains circulating in the rural 

communities of Vhembe district, South Africa  

For the past 3 decades, norovirus GII.4 strains and variants have been the most 

predominant and responsible for multiple pandemics (Bucardo et al., 2017). 

Recombinant strain GII.4 Sydney 2012 [P31] strains has been increasingly reported 

in the past years (Ai et al., 2021, Duan et al., 2021, Zhu et al., 2021). The characteristic 

of dominance by a viral strain or variant in a geographical area is known as 

epidemiological fitness (Domingo et al., 2019, Wargo and Kurath, 2012, Domingo, 

2010). Some of the features that defines the epidemiological fitness of a strain 

encompass viral and host characteristics, and overall they cannot be easily quantified 

(Wargo and Kurath, 2012). Observational data such as change in prevalence, 

distribution and composition of viral genotypes may be used to quantify 

epidemiological fitness of a virus (Domingo, 2010).  

Recently, GII.4 Sydney 2012 [P31] strain was reported in children hospitalized with 

AGE from a South African urban area (Rossouw et al., 2021). Similarly, Kabue et al. 

(2016) described high prevalence of norovirus GII.4 strains in outpatients from a rural 

area in South Africa. Rural communities are still faced with poor WASH (water, 

sanitation, and hygiene) facilities (Potgieter et al., 2021), which may aid the spread of 

pathogens. Understanding epidemiological fitness of prevalent viral genotypes is 

critical for therapeutic interventions and preventive strategies to minimize the spread. 

Therefore, continuous surveillance is critical in this era of vaccine development to 

provide up-to-date genetic information and understanding of norovirus epidemiology 

in areas with history of high norovirus prevalence where preventive measures would 

have enormous impact (Tan, 2021). The study aimed to give an update on norovirus 

prevalence and genetic characteristics in children within the rural communities of the 

Vhembe district in South Africa. 
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1.4.2 OBJECTIVE 2 

• To determine host phenotypic profiles of HBGAs (ABO/H and Lewis system) 

in NoV infections among children from rural communities of Vhembe district, 

Limpopo Province (South Africa). 

A vital step for a successful infection of cells by viruses is recognition of cell surface 

glycans for viral attachment (Tenge et al., 2021). HBGAs phenotypes including ABO 

(H), secretor (FUT2) and Lewis antigens (FUT3) secreted in blood, saliva and 

epithelial cells are important for norovirus infection as either ligands or restriction 

factors (Nordgren et al., 2013, Lindesmith et al., 2003, Marionneau et al., 2002) . The 

expression of HBGAs on the cell surface is determined by the fucosyltransferase 2 

(FUT2) gene which encode alpha (1,2) fucosyltransferase to generate H-antigen. The 

H-antigen produced will then be catalysed to generate A or B blood group antigen 

(Kambhampati et al., 2016).  

Individuals carrying functional FUT 2 are termed secretors, hence can express the A 

and B blood group antigen as well as Lewis b (Leb) antigen on mucosa and in 

secretion. Studies have shown high norovirus susceptibility in secretors worldwide 

(Sharma et al., 2020, Lindesmith et al., 2003). Individuals without functional FUT 2 

gene are referred to as non-secretors, meaning they do not secrete or express HBGAs 

(Shirato, 2011, Atmar et al., 2008)Atmar, 2010). FUT 3 enzymes catalyse the 

expression of Lewis antigens including Lewis a (for non- secretor), Lewis b (for 

secretors) (Henry et al., 1995). Non-secretors are generally known to be partially 

protected from NoV (Tan et al., 2008; Thorven et al., 2005).  

Population ethnicity and host genetics drive the diversity of HBGAs profiles, and 

consequently the evolution and diversity of norovirus (Arrouzet et al., 2020). Different 

studies have shown diversity of HBGAs and norovirus in various populations (King et 

al., 2018; Nordgren et al., 2016; Currier et al., 2015). Recently, a study in South Africa 

demonstrated norovirus susceptibility in HBGA secretors and non-secretor, with the 

later less infected (Rossouw et al., 2021). High norovirus prevalence has been 

reported in South African rural communities of Vhembe district (Khumela et al., 2023; 

Kabue et al., 2016), however data on host genetic factors involved in the expression 

of pathogen-specific receptors are still missing. Therefore, this study aimed to assess 
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interaction between host population HBGA phenotypes and norovirus infection in rural 

communities of Vhembe district, South Africa. 

1.4.3 OBJECTIVE 3 

• To determine the host genotypic profiles of HBGAs (FUT2/FUT3) in NoV 

infections among children from rural communities of Vhembe district, 

Limpopo Province (South Africa). 

The susceptibility and possible distribution of norovirus strains is determined by 

population genetic polymorphisms. It has been established that the single nucleotide 

genetic polymorphisms of HBGAs are mediated by FUT2 gene (Lindesmith et al., 

2020). The polymorphisms in FUT2 gene are significantly associated with ethnic 

specificity (Ferrer-Admetlla et al., 2009). Furthermore, the prevalence of HBGAs in 

specific geographic regions or demographic groups may influence the regional burden 

of norovirus and the occurrence of outbreaks. The outcomes of pandemics and the 

transmission of viruses within the human population are determined by host genetic 

diversity and pre-exposure histories (Lindesmith et al., 2020). Variations in HBGAs 

among individuals contribute to differences in susceptibility to norovirus infection, 

affecting the prevalence and impact of the virus within human populations.  

1.4.4 OBJECTIVE 4 

• To assess the correlation between circulating NoV genotypes and HBGAs 

profiles in young children from rural communities of Vhembe district, 

Limpopo Province (South Africa). 

The correlation between circulating norovirus (NoV) genotypes and histo-blood group 

antigens (HBGAs) profiles is a complex and dynamic interaction that plays a crucial 

role in the susceptibility, transmission, and epidemiology of norovirus. Norovirus, 

particularly genogroups I and II, exhibits strain-specific interactions with HBGAs. 

Different NoV genotypes may preferentially bind to specific HBGAs on the surface of 

host cells. Each NoV genotype may display distinct preferences for certain HBGAs. 

This variability contributes to the diversity in norovirus binding and infection patterns. 

The correlation between NoV genotypes and HBGAs profiles has implications for the 

dynamics of norovirus outbreaks. Understanding the prevalent HBGAs in a population 
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can help predict the likelihood and severity of outbreaks associated with particular NoV 

genotypes. Statistical methods are used to investigate the correlation or association 

between categorical variables, such as circulating norovirus (NoV) genotypes and 

histo-blood group antigens (HBGAs) profiles. 

1.5 RESEARCH QUESTION AND HYPOTHESIS 

Are there any associations between NoV infections and HBGAs in young children from 

rural communities of Vhembe district, Limpopo Province, (South Africa)?  

H0: There is no association between host genetic receptors of children from Vhembe, 

and norovirus infection. 

H1: The expression of host genetic receptors in young children from rural communities 

of Vhembe district is associated with the susceptibility of NoV infection. 

1.6 RESEARCH APPROACH 

This was a cross-sectional research study. Data was gathered after phenotyping and 

genotyping HBGAs in saliva samples, norovirus detection and genotyping in stool 

samples for statistical analysis to confirm our hypothesis. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 BACKGROUND 

Norovirus is responsible for numerous acute gastroenteritis pandemics (Bull et al., 

2010), despite this, norovirus biology is poorly understood due to difficulties in 

developing in-vitro models (Ludwig-Begall et al., 2021) and viral diversity (van Beek et 

al., 2018). Improvement in the diagnostic and analytical techniques has led to the 

notable advances in norovirus research. A few of those include updated classification, 

insights in the role of viral proteins and host attachment factors, potential reservoirs 

and transmission routes, understanding immune response as well as the progress in 

vaccine development stages (Lucero et al., 2021, Ludwig-Begall et al., 2021) which 

will be discussed in this chapter.   

2.2 EVOLUTIONARY HISTORY AND STRUCTURE OF NOROVIRUS  

Human norovirus was first described as a causative agent of an illness they called 

“winter vomiting illness” in 1929, due to its association with cases of vomiting occurring 

during winter season (Zahorsky, 1929). Later in 1968, norovirus was the first enteric 

virus identified as an aetiological agent of viral gastroenteritis (Kapikian et al., 1972). 

This follows the occurrence of AGE outbreak in Norwalk, Ohio, hence the virus was 

initially known as the Norwalk virus. Viral particles visualization was first made possible 

by the use of immunoelectron microscope, which led to the description of a 27nm 

round particle (Figure 2.1) (Kapikian et al., 1972). Norovirus description was limited 

to physical characteristics as a result of difficulties in in-vitro propagation (Robilotti et 

al., 2015). 
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Figure 2.1 Norovirus round particles first visualized under electron microscopy by Kapikian and 
colleagues at the size of 27nm per each particle (Kapikian et al., 1972). 

The genus norovirus belongs to the Caliciviridae family, which is composed of small 

non-enveloped, positive sense, single stranded RNA viruses infecting a wide range of 

species (Knipe et al., 2013). The family has eleven genera, including norovirus (Figure 

2.2; Figure 2.4). Previously, norovirus was classified into six genogroups, and based 

on the VP1 amino acid clustering they were further characterized into more than forty 

genotypes (Kroneman et al., 2013). Currently, the classification of norovirus has been 

updated to ten genogroups (GI-GX) and forty-nine genotypes (Chhabra et al., 2019). 

The genogroups which infect humans are shown in (Figure 2.2 and Figure 2.4). 

Additionally, two tentative genogroups (GNA1 and GNA2) and three genotypes were 

proposed. Dual typing nomenclature which considers the recombination of ORF1 and 
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ORF2 is now names the virus by first listing capsid genotype, then the p-type group in 

put into brackets (Chhabra et al., 2019).  

 

Figure 2.2 Evolution of norovirus updated genogroups and genotypes including both VP1 and 
RdRp types (Chhabra et al., 2019). 

2.3 GENOME ORGANIZATION, GENETIC DIVERSITY AND 

EVOLUTION OF HUMAN NOROVIRUS  

Human norovirus genome comprises a linear, positive-sense and single stranded RNA 

genome that is approximately 7.5 kb in length. Along with the sub-genomic RNA found 

in viral particles, they are covalently linked to a viral protein (VPg) at the 5’ end and 

polyadenylated at the 3’ end (Knipe et al., 2013). Untranslated regions (UTRs) are on 

the edges of norovirus genomes (Knipe et al., 2013). The single stranded RNA 

genome consists of 3 open reading frames, ORF1, ORF2 and ORF3, however, murine 

noroviruses contain a fourth ORF (Lee et al., 2019); Figure 2.3). ORF1 encodes a 

large polyprotein that is processed by a virus encoded protease into 6 non-structural 

proteins (NS1/2 - 7). The non-structural proteins are involved in various functions 

including formation of replication complex by NS1/2, NS3 and NS4, genome linkage 

by NS5 and VPg, NS6 is involved in processing the polyprotein, lastly NS7 and RdRp 

in genome replication (Thorne and Goodfellow, 2014, Thorne et al., 2012). 
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The structural components of the virion are encoded by ORF2 and ORF3. ORF2 

encodes the major structural protein (VP1). VP1 contains the shell (S) and the 

protruding P domains (P1 and P2) wherein the P domain, particularly P2 is linked to 

the S domain by a flexible hinge. Viral RNA is surrounded by shell domain (Bányai et 

al., 2018, Knipe et al., 2013). The P2 subdomain is highly variable and harbours major 

neutralization epitopes, furthermore it is where interaction with HBGAs takes place 

(Donaldson et al., 2010, Hutson et al., 2003). VP2 is the minor structural protein 

encoded by ORF3. It is found inside the viral particle and has been suggested to be 

involved in capsid assembly and genome encapsulation (Kroneman et al., 2013).  

 

Figure 2.3 Genome structure and organization of human and murine norovirus, (Thorne and 
Goodfellow, 2014; Ludwig‐Begall et al., 2021) 

Human norovirus are genetically and antigenically diverse pathogens infecting a wide 

range of species. Recombination in ORF1 and ORF2 of norovirus is common and 

increases diversity of the virus. GII.4 variants have been predominantly circulating for 

the past two decades, with eight variants replacing one after the other (van Beek et 

al., 2018). The emerging norovirus strains are antigenically divergent due to 

immunogenic pressures, indicating that it plays a role in evolutionary journey of the 



14 
 

strains (Donaldson et al., 2010, Lindesmith et al., 2008). The newly emerged strains 

are characterized by high rates of mutation and evolution (Lindesmith et al., 2008). 

Various pandemics caused by GII.4 strains have been reported since the mid-90s 

including US 1995/1996, Farmington Hills 2002, Hunter 2004, Den Haag 2006b, New 

Orleans 2009 and the currently circulating Sydney 2012 (van Beek et al., 2018, 

Lindesmith et al., 2008). Amino acid mutations are able to change norovirus binding 

specificity, which occurs on the P2 subdomain with HBGAs thus leading to increased 

prevalence of GII.4 strains (De Graaf et al., 2016). Norovirus strains adapt to diverse 

pressures in different host populations such as pre-existing immunity, health and age 

leading to possibly unique epidemiology trends in each community that may influence 

norovirus genotype evolution (De Graaf et al., 2016).  

 

Figure 2.4 The Caliciviridae genera including norovirus genus with respective genogroups and 
their hosts (Ludwig‐Begall et al., 2021). 
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2.4 CLINICAL FEATURES OF HUMAN NOROVIRUS INFECTION 

Norovirus pathogenesis involves its entry into the body through ingestion or contact, 

followed by attachment and invasion of gastrointestinal cells (Karst, 2010). The virus 

replicates within these cells, causing damage and triggering inflammation, leading to 

symptoms such as vomiting, diarrhea, and abdominal discomfort (Donaldson et al., 

2008). Norovirus infection is usually demonstrated by acute watery non-bloody 

diarrhoea and vomiting which generally takes a short period of time (Shane et al., 

2017). Typically, norovirus incidents levels peaks in cold and dry seasons (Ahmed et 

al., 2013, Lopman et al., 2009). Clinical symptoms normally show up between 24 to 

48 hours of incubation and typically last two to three days (Shane et al., 2017). Severe 

and prolonged cases are not common in healthy individuals as in younger children 

and immune-compromised victims, but may occur occasionally (Robilotti et al., 2015). 

Immunocompromised people tend to experience more of persistent NoV infection, 

they may continue to shed the virus for years (Davis et al., 2020). Normally, individuals 

infected with norovirus shed the virus for at least four weeks post clinical 

manifestations (Atmar et al., 2008).  

There are other symptoms that have been associated with NoV infection including 

abdominal pain, fever and headaches (Tseng et al., 2011). Asymptomatic norovirus 

infection is a common issue in both developed and developing world, especially in 

children (Khumela et al., 2023, Kabue et al., 2016, Frange et al., 2012, Bucardo et al., 

2010, García et al., 2006). Epidemiological studies have shown that clinically healthy 

individuals shed detectable amounts of norovirus, just as much as the symptomatic 

patients. Outbreaks which involve GII.4 strains are mostly associated with severe 

outcomes including mortality (Burke et al., 2019, van Beek et al., 2018, Desai et al., 

2012). 

2.5 EPIDEMIOLOGY OF HUMAN NOROVIRUS 

Due to improvements made with sensitive diagnostic molecular methods and 

introduction of rotavirus vaccine, acute gastroenteritis epidemics caused by norovirus 

have been well-documented on a global scale and in vastly diverse geographical 

regions (Lecero et al., 2021; Robilotti et al., 2015). At least 20% of all viral acute 

diarrheal diseases have been linked to norovirus infection. Nearly 685 million cases 
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and 219 000 deaths occur due to the virus, annually (Farahmand et al., 2022). In high-

income countries such as the United States (US) with good surveillance systems, 

approximately 19 to 21 million norovirus morbidity rates are documented yearly 

including 900 mortalities, 103 000 hospital admissions, 460 000 emergency 

departments consultations and 2.6 million consultations by outpatients (Burke et al., 

2021).  

Although majority of norovirus infections predominantly affect young children under 

the age of five years old, norovirus can occur in people of all ages. Individuals at the 

extremes of age are mainly affected by morbidity and mortality (Riera-Montes et al., 

2018, Lindsay et al., 2015, Green, 2014). Norovirus affect people of all socioeconomic 

standards in both low-and-middle income countries and high-income countries, 

however, the risk of infection rate and severity is mostly beard by the low 

socioeconomic population (Lucero et al., 2021, Nguyen et al., 2017).  

The global pooled prevalence rate of norovirus has been reported at a range between 

16% and 18% (Farahmand et al., 2022, Liao et al., 2021, Ahmed et al., 2014). 

Similarly, approximately 17% of norovirus was detected in AGE cases reported in 

developing countries (Nguyen et al., 2017). In another study, norovirus prevalence 

ranged 11% to 15% in low-income countries and low-and-middle income countries 

amongst symptomatic patients, and 8% to 9% in asymptomatic individuals(Mans, 

2019). High norovirus was reported particularly in Africa, pooled rates within the 

continent reaching up to 20.2% (Afework et al., 2022). Furthermore, prevalence of 

norovirus over 35% has been reported in Africa (Lartey et al., 2020) and South Africa 

particularly (Khumela et al., 2023, Kabue et al., 2016).  

Circulating norovirus strains have demonstrated high genetic diversity in various 

populations and study locations, however, the widely distributed genogroup is GII 

followed by GI (Cannon et al., 2021, Li et al., 2021, Mathew et al., 2019). Globally, 

norovirus genogroup II genotype 4 (GII.4) are the most prevalent cluster, which 

evolves every year (Cannon et al., 2021). They are thought to modify their binding 

interactions with different types of HBGAs (Lindesmith et al., 2012, Lindesmith et al., 

2008). The GII.4 noroviruses have dominated outbreaks over the past decade, which 

may be explained by their strong HBGA binding mechanisms and fondness for Lewis 
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HBGAs (Le Pendu and Ruvoën-Clouet, 2020). They are responsible for the most 

severe outcomes and hospitalizations worldwide (Calderwood et al., 2022). 

2.6 DIAGNOSIS OF NOROVIRUS INFECTION 

Norovirus samples require proper collection and handling for quality diagnostic 

interpretation. For example, the optimal specimen is diarrhoeal stool, which must be 

collected within 48 hours of symptoms and kept in a closed container at 4°C or -20°C 

depending on time for testing (Hall et al., 2011). Norovirus can be identified in other 

matrices including food (Schultz and Myrmel, 2013), water (Hill et al., 2010) or 

environmental specimen (Park et al., 2017).   

Enzyme Immunoassays (EIAs) which have demonstrated specificity and sensitivity 

are commercially available for the detection of NoV GI/GII antigens in stool samples. 

Studies have shown that EIA methods are more effective when used in outbreaks than 

in sporadic cases (Costantini et al., 2010, Gray et al., 2007). Factors such as viral load 

and type of genotypes present in specimen play a role in these tests. Although EIAs 

may be easier to perform, there is a global increase in use of molecular methods. 

Conventional RT-PCR is still widely used. Vinje and colleagues demonstrated some 

challenges regarding primer design which would be inclusive of NoV genotypes in note 

of NoV diversity (Vinjé et al., 2003). Most of the limitations were covered by the 

introduction of real-time RT-PCR. Both conventional and real-time PCR use specific 

primers and probes to typically target the conserved junction region of ORF1/ORF2 in 

norovirus (Stals et al., 2012). Moreover, PCR assays are multiplexed, able to 

subsequently detect multiple genogroups at the same time.  

Sequencing (Sanger sequencing/next-generation sequencing (NGS)) has revealed 

that the conserved region at the polymerase-capsid junction of NoV (ORF1-ORF2) is 

an effective target for detection (Kageyama et al., 2003). RT-PCR assays are now 

widely available and are currently the most sensitive methods for detection of NoV in 

clinical samples. Although PCR assays are able to rapidly detect the amount of nucleic 

acid in a sample, they do not indicate viability of the tested viral particles. While they 

are still widely used, improved PCR assays that will include the assessment of viral 

viability test prior detection of nucleic acid have been proposed (Razafimahefa et al., 
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2021, Karim et al., 2015). This will give a more accurate description of norovirus 

infection burden. 

2.7 TRANSMISSON OF NOROVIRUS 

Human NoV infection transmission occurs by three general routes: person to person, 

foodborne, and waterborne. Person to person transmission might occur directly 

through the faecal oral route by ingestion of aerosolized vomitus or indirect exposure 

via fomites or contaminated environmental surfaces (Lopman et al., 2012). Norovirus 

particles are mainly shed from stool or vomit of both symptomatic and asymptomatic 

individuals for a period of seven days (median) to at least a month, however in 

immunocompromised patients shedding may continue for years. Recently, Ghosh et 

al. demonstrated that enteric viruses replicate in salivary glands and are able to cause 

infection through saliva (Ghosh et al., 2022). On different dosages, norovirus circulate 

between the hosts and environment via person to person contact or consumption of 

contaminated food or water (de Graaf et al., 2017).  

Norovirus are highly resistant to most virucidal treatments and remain infectious for at 

least a month after being exposed to the environment (Zonta et al., 2016). High 

norovirus prevalence is dispersed through improperly treated sewage water aided by 

floods to other water bodies such as coast areas (Hassard et al., 2017). Water bodies 

are also linked with contamination of food which leads to foodborne outbreaks.  

Foodborne related outbreaks are a great threat to public health. In these incidences, 

majority of healthy individuals are exposed to the virus. In 2015, WHO reported 

norovirus as the number one cause of foodborne outbreaks (WHO, 2015). Food 

production and food preparations are the two major steps which have been implicated 

in norovirus contamination. Consumption of raw food (fruits, vegetables, and shellfish) 

imposes a high risk of pathogen transfer primarily from water sources (Tian et al., 

2011). Approximately 61% of food related outbreaks were associated with seafood 

(Hardstaff et al., 2018). Moreover, seafood such as molluscs contain carbohydrate 

structures that aid in norovirus attachment subsequently introducing the pathogen to 

consumers. Food may directly be exposed to faecal matter or lack of hygiene by food 

handlers as well as ill food handlers contributes to food contamination (Kuo et al., 

2009).  
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There are some NoV strains which have been linked with particular routes of 

transmission, such include GII.4, which seemed to be most likely associated with 

person to person especially healthcare facilities. Nosocomial transmission of norovirus 

is of concern to hospitalized patients who may develop chronic infection since they are 

immunocompromised (Sukhrie et al., 2012). Although some inpatients become 

asymptomatic shedders, majority of nosocomial norovirus transmission are caused by 

symptomatic shedders, who consequently if they become chronically ill, they harbour 

various strains and variants and act as reservoirs (Sukhrie et al., 2012, Sukhrie et al., 

2010). GII.12 and GI.7 were linked with foodborne diseases (Vega et al., 2014). GI 

strains have been mostly associated with waterborne transmission that GII (Lysén et 

al., 2009). 

Human norovirus strains have been detected in different host species including cattle, 

pigs, goats and dogs, suggesting transmission between hosts (Matamoros et al., 2023, 

Summa et al., 2018, Di Felice et al., 2016). Furthermore, human norovirus GII.4 strain 

was thought to be the cause of gastroenteritis in dogs, due to strain similarity to HNoV 

and close relationship between the two hosts (Matamoros et al., 2023, Summa et al., 

2012). Moreover, human and canine seroprevalence to HNoV are related (Caddy et 

al., 2015). However, no evidence of animal norovirus infecting humans have been 

produced thus far. Interestingly, veterinarians who are often in close contact with 

animals have been found with high content of serum antibodies against canine and 

bovine norovirus compared to general population (Widdowson et al., 2005). Recently, 

norovirus with high viral load were detected in stool samples of birds and rodents, 

suggesting that may be new carriers involved in transmission of the virus (Summa et 

al., 2018).  

2.8 NOROVIRUS IMMUNITY, CONTROL AND PREVENTION 

There is not a specific treatment or vaccine for norovirus and as such, humans are 

primarily dependent on their immune system to restrict pathogenic infections. Innate 

immune response is able to partially restrict the replication process of human norovirus 

(Hosmillo et al., 2020). The innate immune response involves the production of 

proinflammatory and anti-inflammatory cytokines that limit norovirus replication in 

human intestinal epithelial cells (Mboko et al., 2022). Adaptive immunity has been 

shown to last for up to 2 years in human challenge studies, however, available data 
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indicate that seropositivity for norovirus does not reflect full protection as most of these 

antibodies only partially neutralize the virus (Debbink et al., 2012). 

Primary treatment given to patients with NoV gastroenteritis is supportive, for example 

rehydration and electrolyte replenishing are used to help reverse dehydration effect 

(Robilotti et al., 2015). There is presently no specific therapy for NoV gastroenteritis, 

however, administration of nitazoxanide was linked with reducing the time of illness on 

patients with viral gastroenteritis including NoV infected individuals (Rossignol and EL‐

GOHARY, 2006). Antiviral therapies target stages of viral replication, furthermore, 

efforts are directed into preventing viral attachment and entry steps wherein the 

targeted steps include inhibition of HBGA binding and use monoclonal antibodies for 

passive immunotherapy (Chen et al., 2013).   

In 2011, a guideline for healthcare facilities in prevention and control NoV 

gastroenteritis outbreaks was published (MacCannell et al., 2011, Hall et al., 2011). 

An appropriate measure for hand hygiene is a primary step to minimise the spread of 

norovirus. It is recommended that patients showcasing symptoms of diarrhoea and 

vomiting should be in isolated rooms to minimise contact with other patients (Robilotti 

et al., 2015, Kambhampati et al., 2015).   

2.9 VACCINE DEVELOPMENT 

Norovirus is a major health and economic burden. It has been implicated in both 

sporadic and outbreaks settings (Hall et al., 2013). Due to its public health importance, 

norovirus vaccines are under development. There have been challenges with vaccine 

development due to norovirus genetic diversity leading to periodically mutated strains 

and emerging variants (Zhou et al., 2021). Other challenges are the lack of proper cell 

lines and animal model to advance norovirus research. It is important to note 

populations with higher risk of infection transmission when developing vaccines 

(Aliabadi et al., 2015). Younger children are primarily affected by NoV, however, 

elderly people are also vulnerable (Mans, 2019).   

Norovirus are genetically diverse but majority of cases globally are caused by GII.4 

with variants that emerge and replace the previous one every 2 to 4 years (Singh et 

al., 2015). Changes are induced by mutation and recombination (Dingle, 2004). 

Studies show that antibodies may be protective against NoV infection. The presence 
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of antibodies increases with age as demonstrated by (Nurminen et al., 2011) which 

should be considered as there could be possibilities for robust response in adults.  

Protection duration is still to be determined.  

Despite the challenges, interest in developing effective norovirus vaccines remains 

high, with three main types currently in development: nonreplicating virus-like particles 

(VLPs), recombinant adenoviruses, and P particles (Omatola et al., 2024). VLPs mimic 

wild-type viruses and can elicit specific antibody responses without infection risk, using 

cost-effective platforms like the Venezuelan equine encephalitis and baculovirus 

replicon systems, though these have some limitations (Esposito and Principi, 2020). 

P particles, derived from the norovirus's polymerized capsid domain, are highly 

immunogenic and trigger robust immune responses but are less balanced compared 

to VLPs (Omatola et al., 2024, Tan and Jiang, 2012). The recombinant adenovirus 

platform, expressing norovirus capsid proteins, induces specific immune responses 

when administered intranasally (Zhang et al., 2021). Various clinical trials have shown 

that oral recombinant adenovirus type-5 (rAd5) norovirus vaccine tablets can generate 

strong mucosal immune responses and potentially prevent norovirus entry into the 

host or lessen the severity of illness (Braun et al., 2023). This oral vaccine platform 

using rAd5 could significantly contribute to lowering the worldwide incidence of 

norovirus infections (Braun et al., 2023). While some vaccines have been discontinued 

in preclinical stages, many candidates are advancing through clinical trials.  

Promising vaccine candidates are viral like particle (VLP) based. In numerous studies, 

doses of oral and intranasal preparations of GI.1 VLP vaccine were tested and found 

elevated IgG and IgA responses (El-Kamary et al., 2010). Phase I trial of a bivalent 

adjuvant GI.1/GII.4 intramuscular vaccine given to adults up to 49 years old also 

showed a robust antibody-secreting cell response (Sundararajan et al., 2015). Current 

vaccines under development have been tested in healthy adult populations with only 

modest protection from clinical infection and disease cases (Aliabadi et al., 2015). 

Recent development also showed results of safety in young children (Masuda et al., 

2018). Data from other studies have shown potential for cross-protective activity of 

multivalent vaccines (Aliabadi et al., 2015). Further studies will need to clarify vaccine 

safety and efficacy in these latter age populations.  
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2.10 HOST SUSCEPTIBILITY FACTORS 

2.10.1 HISTO-BLOOD GROUP ANTIGEN   

The idea of susceptibility and resistance to norovirus infection came about a long time 

ago after a challenge study determined that although there is high infectivity and rapid 

transmission of norovirus, a subpopulation of individuals does not develop 

symptomatic disease or become infected after exposure (Parrino et al., 1977). It was 

later determined that different response to norovirus exposure was due to the 

presence of inherited histo-blood group antigens (HBGAs) mainly the types controlled 

by the FUT2 (Secretor), FUT3 (Lewis), and ABO genes (Nordgren and Svensson, 

2019). Histo-blood group antigens are the complex carbohydrates receptors 

expressed on the surface of red blood cells and mucosal epithelium of respiratory, 

genitourinary and digestive tracts (Ravn and Dabelsteen, 2000). They can also be 

found in biological fluids including saliva, intestinal content, milk and blood. 

HBGAs are determinants of both ABO and Lewis blood group system (Shirato, 2011). 

The expression of HBGAs on the cell surface is determined by the fucosyltransferase 

2 (FUT2) gene which encode alpha (1, 2) fucosyltransferase in order to generate H-

antigen. FUT 2 enzymes synthesize H-antigen from the precursor chain by the addition 

of a fucose group. The H-antigen produced will be then catalysed to generate A or B 

blood group antigen (Kambhampati et al., 2016). Individuals carrying functional FUT 

2 (expression alpha 1, 2 fucosyltransferase 2) are termed secretors. They are able to 

express the A and B blood group antigen as well as Lewis b (Leb) antigen on mucosa 

and in secretion. Individuals without functional FUT 2 gene are referred to as non-

secretors (Shirato, 2011, Atmar, 2010). FUT 3 enzymes catalyse the expression of 

Lewis antigens including Lewis a (for non- secretor), Lewis b (for secretors) (Cooling, 

2015). 

2.10.2 NOROVIRUS HOST INTERACTIONS  

The most important step during microbial host infection is the ability of a pathogen to 

attach to host receptor cells, in the case of norovirus infection, they particularly target 

histo-blood group antigens (Heggelund et al., 2017). Sequence analysis of the NoV 

binding region indicates that the polymorphic human HBGAs are likely to have been a 

driving force for the divergence of human NoV genotypes (Tan and Jiang, 2010). The 
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major capsid protein VP1 is involved in the recognition of the host receptor (Tan and 

Jiang, 2010). The P2 ligand of the viral capsid is the natural binding site with human 

HBGA, which may be the point of initial viral attachment (Donaldson et al., 2008). 

There is now some evidence that small genetic change in the capsid region can have 

a big influence on NoV virulence; using an infectious cDNA clone of the attenuated 

virus, Bailey et al. (2008) restored murine NoV in vivo virulence by a glutamate-to-

lysine substitution at position 296 in the capsid protein (VP1) (Bailey et al., 2008). 

Antigenic drift and receptor switching may act synergistically in GII.4 NoV infection to 

overcome human herd immunity (Bull and White, 2011, Lindesmith et al., 2008).  

Norovirus (NoV) infection involves the lamina propria in the promixal portion of the 

small intestine (Hutson et al., 2002). Most NoV genotypes recognize the type 1 and 2 

carbohydrates cores of the HBGAs (Shirato, 2011), expressed on the surfaces of red 

blood cells and commonly in the gut (Hutson et al., 2002). Thus, differing host HBGA 

genotypes can determine susceptibility of NoV infection (Lindesmith et al., 2003). The 

host genetic susceptibility to NoV infection may be strain specific (Kambhampati et al., 

2016). The strain-specific binding and the variable expression of the HBGA receptors 

may explain the unpredictable host susceptibility observed in NoV outbreaks (Huang 

et al., 2005, Huang et al., 2003, Hutson et al., 2002) and confound investigation 

relating to the NoV immunity, since people without antibodies to a particular NoV may 

lack genetic susceptibility to the infection (Patel et al., 2009).  

The interaction between HBGAs and human NoV was first observed in human 

volunteer studies in which the O individuals had higher infection rate compared to 

other blood type in a group of volunteers after challenge with Norwalk virus. The 

HBGA-binding profiles were comparable to the norovirus infection rates of the 

volunteers (Hennessy et al., 2003, Hutson et al., 2002). Lindesmith and colleagues 

reported a natural resistance of non-secretor to Norwalk virus challenge and an 

absence of binding of Norwalk VLPs (Virus like particles) to saliva sample from non-

secretor (Lindesmith et al., 2003). In culture, G.II 4 strains which are the predominant 

strains worldwide have been found infecting enteroids derived from secretor but not 

non-secretor individuals (Ettayebi et al., 2016). The HBGAs binding interfaces with 

Human NoV have been identified in P domain of viral capsid, in which group of amino 
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acids interacts with distinct oligosaccharides residues of the HBGA receptors (Tan and 

Jiang, 2010, Cao et al., 2007).  

The discovery of ABO blood groups and the potential role of blood groups in infectious 

diseases have spiked an on-going interest in epidemiological studies (Cooling, 2015). 

The genetic polymorphism of blood groups among different individuals and 

populations makes them a frequent target on current epidemiological investigations. 

Blood groups serve as ligands or restriction factors for many viruses, parasites, 

bacteria and toxins (Cooling, 2015). 

2.10.3 ABO SEROLOGY 

Two antigens (A and B) make up the ABO histo-blood group system, which consist of 

4 phenotypic blood types expressions (A, B, AB and O). Antigens A and B are 

produced by ABO gene and are autosomal co-dominant (Reid et al., 2012). Phenotype 

O is autosomal recessive due to homozygous inheritance of null ABO alleles. There 

are no O antigens, and therefore, the O type phenotype expresses the H antigen, 

which is the biosynthetic precursor of A and B antigens (Dean et al., 2012). Distribution 

of ABO blood groups vary between different ethnic groups, but O type is commonly 

the most prevalent. ABH antigens are widely expressed in tissues and secretions 

including intestinal mucosa, endothelium, kidney, heart, and other organs (Cooling, 

2015, Cooling et al., 2005). 

ABO typing can be affected by several conditions, which may be genetic, 

developmental or clinical (Ewald and Sumner, 2016). This effect has epidemiological 

implications. The expression of ABO in epithelial tissues is heavily dependent on FUT2 

gene/secretor (Azad et al., 2018, Ewald and Sumner, 2016). 

2.10.4 ABO AND LEWIS GENETICS FUT1 AND FUT2 AND ABO (H) ANTIGEN 

SYNTHESIS 

ABH are carbohydrate antigens expressed in glycoproteins. About a million of ABH 

antigens can be found in each normal mature red cell (Ravn and Dabelsteen, 2000). 

Synthesis of ABH antigens is based on sequential addition of carbohydrates to an 

oligosaccharide backbone (Mattos, 2016). H antigen is synthesized by the FUT1/H 

gene in red cells; α1,2fucosyltransferase adds a terminal fucose to lactosamine and 

form fucaα-2Galß1-4GlcNAc-R (Mattos, 2016, Cooling, 2015). The H antigen then 
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serves as a substrate for ABO. It can add either N-acetylgalactosamine (GalNAc) for 

the A antigen or galactose (Gal) for the B antigen in an α1,3 linkage to the same 

subterminal galactose (Yamamoto et al., 2003). ABH can be expressed in different 

oligosaccharide backbones that are tissue and species specific. The oligo backbone 

plays a role in recognition of ABH by antibodies or microorganisms. The difference 

between type 1 and type 2 structures is the galactose linkage (Reid et al., 2012). Type 

1 structures are richly found in gastrointestinal epithelial cells and bodily fluids such as 

saliva, plasma and mucus. The synthesis of type 1 chain is dependent on FUT2 gene 

(Nordgren and Svensson, 2019).  

Both FUT1 and FUT2 genes are located in chromosome 19q13 due to gene 

duplication (Matzhold, 2010). FUT1 is relatively specific for type 2 chain substrates 

and responsible for the expression of ABH in erythrocytes. FUT1 mRNA is widely 

found in most tissues except in salivary and parotid glands which only express FUT2. 

FUT2 is responsible for synthesis of type 1 chain ABH and Le(b) antigens(Cooling, 

2015). FUT2 is highly expressed in salivary glands and intestinal mucosa. Individuals 

that inherit at least one functional FUT2 allele are termed secretors because they 

express ABH substances in saliva, milk, blood and other body fluids (Nordgren and 

Svensson, 2019, Nordgren et al., 2013).  

Homozygous individuals that inherit FUT2-null alleles are non-secretors and that 

exhibit only Le(a) in their secretions. In Caucasians, se428 (Trp143stop) is the most 

common non-secretor allele and is often used in genomic studies (G428A; rs601338) 

(Azad et al., 2018). The se428 allele is also common among Africans, Iranians, and 

Turks (Koda et al., 2003). FUT3 is called the Lewis gene, it is an _1,3/4-

fucosyltransferase capable of utilizing both type 1 and type 2 chain substrates to 

generate Lea, Leb (Matzhold, 2010). This gene is located on chromosome 19p13.3. 

FUT3 is tissue restricted and correlates fairly well with FUT2 expression. The strongest 

FUT3 mRNA expression is observed in the trachea, intestine, bladder, and lower 

female reproductive tract (Matzhold, 2010).  

2.11 SUMMARY OF LITERATURE REVIEW 

The literature review provides an extensive overview of various aspects of norovirus, 

covering its biology, epidemiology, diagnosis, transmission, immunity, prevention, and 
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vaccine development. Norovirus is a significant cause of acute gastroenteritis and 

presents challenges in research due to limited in-vitro models and viral diversity 

(Ludwig-Begall et al., 2021). The genetic diversity of norovirus remains a highlight 

propelling continuous spread worldwide, particularly the currently predominant of GII.4 

strains causing pandemics(van Beek et al., 2018, De Graaf et al., 2016). Norovirus 

infections typically manifest as acute gastroenteritis, with symptoms including 

vomiting, diarrhoea, and abdominal discomfort, impacting different age groups and 

socioeconomic populations (Lucero et al., 2021, Nguyen et al., 2017). Various 

diagnostic methods, including enzyme immunoassays (EIAs) and molecular 

techniques like RT-PCR and sequencing have improved norovirus research, however, 

there are still challenges in primer design and the need for improved assays (Pang 

and Lee, 2015). Norovirus typically spreads through person-to-person contact, 

contaminated food, and water and the mechanisms of transmission are enhanced by 

environmental persistence and foodborne outbreaks (De Graaf et al., 2016, de Graaf 

et al., 2017). Innate and adaptive immune responses to norovirus, as well as treatment 

options and preventive measures such as hand hygiene and isolation protocols, are 

employed to control norovirus disease (Lopman et al., 2016). Challenges in vaccine 

development are due to genetic diversity, however, promising vaccine candidates, 

including viral-like particle (VLP)-based vaccines development are underway (Tan, 

2021). There is need for further research on safety and efficacy, particularly in high-

risk populations. The role of histo-blood group antigens (HBGAs) in host susceptibility 

to norovirus infection, including ABO and Lewis blood group systems emphasize that 

genetic polymorphisms affect susceptibility and resistance to infection (Nordgren and 

Svensson, 2019). 

The current study acknowledges previously published data highlighting high 

prevalence of enteric pathogens in the study area and explores the role of host 

genetics in susceptibility to norovirus. To the best of my knowledge, it is the first study 

to investigate host genetics’ impact in susceptibility to norovirus in South African rural 

communities. Furthermore, there is high cultural diversity in S.A and limited data to 

explain how this may impact host susceptibility.  

HBGAs possess population specific mutations that may drive epidemiology of 

pathogens (Arrouzet et al., 2020). Therefore, this study will provide insight with regards 
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to population level genetics potential in distribution of pathogens. Africa faces the 

highest disease burden and therefore, interventions to control and minimize the 

infectious diseases will have the most impact. HBGAs are potential drivers of norovirus 

genotype distribution, which may impact vaccine development to be population 

specific. 
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CHAPTER 3 

METHODOLOGY 

3.1 OVERVIEW OF THE METHODOLOGY 

To reach the objectives of this study, a cross sectional investigation on children under 

five years of age was conducted. A pair of stool and saliva specimens were randomly 

collected from each participant from different healthcare centres (clinics and hospitals) 

situated within the rural communities of Vhembe district in Limpopo province, South 

Africa. At least 30 clinics and 4 hospitals (Tshilidzini, Elim, Siloam and Donald Fraser 

Hospital) were the designated sampling sites for this study. All samples were 

processed in the University of Venda microbiology laboratory for norovirus detection, 

HBGAs phenotyping and DNA extraction for genotyping of FUT2/3 genes from saliva 

specimen. Statistical analysis was performed using GraphPad prism 10, to assess the 

relationship between norovirus infection and HBGAs profile. 

3.2 METHODOLOGY 

3.2.1 STUDY ETHICS STATEMENT 

The study protocol and consent procedures were approved by ethics committees of 

the department of Health in the Limpopo province (Ref: LP-2018-07-016; appendix 

D/E) and University of Venda (Ref: SMNS/18/MBY/07/2505; appendix F). Written, 

informed consent (appendix G, H, I) was obtained from the parents or child guardian 

before samples (stool & saliva) were collected. 

3.2.2 STUDY POPULATION AND SAMPLE COLLECTION 

Stool and Saliva samples. 

The study population was subdivided into 2 groups including symptomatic (children 

with AGE symptoms) and asymptomatic (children without any AGE symptoms for at 

least one month). Inclusion criteria for AGE children was as follows: children passing 

at least 3 or more loose stools within 24 hrs and samples were collected between 2019 

and 2021. Other symptoms considered were dehydration, fever, vomiting and 

abdominal pain. Non-bloody diarrhoeal stool samples (n=200) were randomly 

collected in different primary health care facilities (clinics and hospitals) within Vhembe 
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district. Additionally, 100 stools samples from healthy controls were simultaneously 

collected in the same facilities within the Vhembe region.  

In a similar manner, saliva samples were obtained concurrently from each of the 

participants. A sterile cotton swab was used to collect saliva and epithelial cells from 

each study participant, provided he/she was not breastfed for an hour prior collection. 

The swab was rubbed inside of the cheek for at least a minute and then stored in PBS. 

Clinical data and personal details including living conditions (e.g. water source, 

presence of livestock) of the patients were obtained on pre-printed investigation forms. 

In hospitalized cases, only children admitted within 24 hours were considered for 

sampling this investigation. All specimens were transported to the University of Venda 

Microbiology Laboratory and stored at −20◦C until further analysis.  

3.2.3. STOOL SAMPLES ANALYSIS 

3.2.3.1 RNA EXTRACTION AND HUMAN NOROVIRUS DETECTION 

Viral nucleic acid extraction from stool samples was carried out using the Boom 

method (Boom et al., 1990). RNA extracts were stored at -20°C until norovirus 

detection. Norovirus genogroups I and II were detected and differentiated by 

RIDAGENE real-time RT-PCR kits, viral stool panel (PG1415) from r-Biopharm AG, 

Darmstadt, Germany, following the procedure outlined (Khumela et al., 2023). The 

assay is highly sensitive and specific at the estimated rate of 98% and includes an 

internal control for monitoring extraction efficiency and amplification inhibition. The 

Rotor-gene Corbett 6000 platform was used for quantitative PCR (qPCR). A threshold 

cycle value of ≤37 (Ct) was considered indicative of norovirus positivity for GII, while 

a threshold of ≤35 was for norovirus GI.  

3.2.3.2 NOROVIRUS RT-PCR AND GENOTYPING, CLUSTALW ALIGNMENT 

AND PHYLOGENETIC ANALYSIS 

The RNA extracts positive for norovirus were subjected to PCR amplification using a 

genogroup-specific polymerase-capsid (PC) assay, as previously outlined (Chhabra 

et al., 2019). The Qiagen one-step Reverse Transcription-PCR kit (Qiagen, 

Germantown, MD, USA) was used to generate amplicons for nucleotide sequencing. 

The primers previously established for GI: MON432/GISKR (579bp) were used 

(Kageyama et al., 2003, Kojima et al., 2002). PCR conditions were as follows: reverse 
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transcription at 42°C for 30 minutes, activation of Taq polymerase at 95°C for 15 

minutes, and 40 cycles of PCR amplification at 95°C, 50°C, and 72°C for 1 minute 

each. The final step was extension at 72°C for 10 minutes and cooling down to 4°C. 

GII primers MON431/GIISKR (570bp) were used with a minor adjustment in the PCR 

conditions, specifically annealing at 56°C. 

Norovirus-positive extracts that failed to amplify under initial conditions and primers 

underwent an additional round of amplification via semi-nested PCR approach. This 

involved the use of COG2F/G2SKR (GII) and COG1F/G1SKR (GI) primers, generating 

390pb and 380pb fragments, respectively, as detailed (Cantelli et al., 2020). 

Subsequently, the amplicons that still did not produce an amplification band were 

further subjected to reverse transcription-polymerase chain reaction (RT-PCR) using 

GISKR/F and GIISKR/F primers. This step produced fragments of 330bp and 344bp, 

respectively. 

The norovirus amplicons were electrophoresed on a 2% agarose gel stained with 

ethidium bromide to visualize specific-sized bands on a UV light transilluminator. All 

target sized amplicons size were selected for partial Sanger sequencing. The 

sequencing process was conducted using the 3730XL Genetic Analyzer POP7TM 

from Thermo-Scientific at Inqaba BiotecTM (SA). The identical primers employed in 

the conventional PCR were also used in the Sanger sequencing.  

The obtained sequences were read and edited using Finch TV (version 1.4) from 

Geospiza in Seattle, USA. The edited nucleotide sequences were subsequently 

compared to reference strains from the NCBI Blast tool at http://www.ncbi.nlm.nih.gov. 

Genotyping of sequences was done using the online NoroNet platform at 

http://www.rivm.nlm/norovirus/typingtool and the Human Calicivirus Typing Tool 

(HuCaT) based in Atlanta, USA, at https://norovirus.ng.philab.cdc.gov.  

All successfully genotyped sequences obtained during this investigation were 

submitted to NCBI Genbank and have been assigned the following accession 

numbers: OM948743-OM948745, OM961396-OM961399, OM970798-OM970802, 

OM985015-OM985018, OM993270-OM993272, ON005452, ON008179, OP257195-

OP257196, OP600464-OP600468, and OQ048857-OQ048862. 

http://www.ncbi.nlm.nih.gov/
http://www.rivm.nlm/norovirus/typingtool
https://norovirus.ng.philab.cdc.gov/
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We explored the nucleotide percent identity of nucleotide sequences using the 

ClustalW alignment tool. The comparison was between this study’s sequences (n = 

34) and previously documented norovirus sequences (n = 14) from the same study 

area. ClustalW provided a nucleotide similarity percentage representation of across 

all sequences. 

To explore the genetic relationships between the norovirus strains identified in this 

study and those circulating globally, phylogenetic analysis was conducted. Reference 

strains from GenBank, showing the best hit of >90% similarity to the study's query 

sequences, were randomly selected for the analysis using MEGA 11. Additional 

strains were included based on their geographical locations to thoroughly investigate 

the relatedness of globally circulating strains over time. 

3.2.4 SALIVA SAMPLES ANALYSIS 

3.2.4.1 PHENOTYPING HBGAs IN SALIVA 

Detection of HBGAs phenotypes including ABO(H) and Lewis in saliva samples was 

performed as previously described (de Moraes et al., 2019) with slight modifications. 

Briefly on day one, ELISA plate was coated with diluted saliva samples (1:100 in 

carbonate bicarbonate) then incubated for 2 hours at 37°C, followed by overnight 

incubation at 4°C. On each plate, four wells were coated with the same saliva sample.  

On day two, the plate was washed 4 times with PBST (PBS containing 0.05% of tween 

20). In 100 μL, monoclonal antibodies including α-A, α-B, α-Lea and α-Leb were 

applied each per well per sample. The anti-A, anti-Lea and anti-Leb mAbs were diluted 

1:5000 and the anti-B mAbs were diluted 1:2500 in PBST containing 5% of fetal bovine 

serum (FBS). The plate was incubated for 1 h and 30 min at 37°C, washed as 

described previously. A dilution 1:10 000 of horseradish peroxidase conjugated goat 

anti-mouse IgG (heavy plus light chain) was added, and the plate was incubated for 

another 1 hr and 30 min at 37 °C. The plate washed again four times, the reaction was 

developed using 3,3′,5,5′-Tetramethylbenzidine (TMB) Substrate Systems (Sigma-

Aldrich®, St.Louis, USA) and stopped by addition of 2 M H2SO4. The absorbance was 

measured at 450nm.  

Samples which were negative for mAb anti-Lea, Leb, A and B were further tested for 

the detection of H antigen. H antigen is the precursor for ABO synthesis, and is 
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encoded by 1,2 fucosyltransferase. The dilution for H antigen was 1:1000. Various 

known HBGAs phenotypes were determined and categorized as follows, ABO (A, B, 

AB, O), H (H positive, H negative), secretor (secretor, non-secretor) and Lewis 

[Le(a+b−), Le(a−b+), Le(a+b+) and Le(a−b−)]. A sample was considered secretor if A, 

B, AB or Lewis B was positive, and non-secretor if Lewis A was positive. Weak 

secretors were defined as those able to secrete both Lewis A and B positive. 

Individuals expressing O and Lewis negative secretory status was determined by 

detecting the presence of H antigen. HBGA synthesized from H type 1 precursor are 

present in saliva, other body fluids and tissues. FUT2 and FUT3 genetically control the 

expressions of these carbohydrates by individuals known as secretors. Non-secretors 

only express these antigen in blood cells. 

After using H-antigen in Lewis-negative, weak secretors and type O saliva samples, 

results showed some discrepancy and were therefore inconclusive to establish 

secretor phenotype. To confirm the secretor phenotype, we further used lectin 

following the protocol described by (Nordgren et al., 2014), with established secretors 

and non-secretor samples as control. The Ulex europaeus agglutinin (UEA-1) is 

specific for the detection of Fucα1-2Gal-R present in secretor, but not in non-secretor 

saliva. ELISA plates (NUNC 96F Maxisorp; Thermo Fisher Scientific) were coated with 

these saliva samples, diluted at 1:500 in (0.1 M carbonate–bicarbonate buffer, pH 9.6) 

and then incubated for 2 h at 37°C followed by 4°C overnight. 

On the following day the plates were washed as previously described and then blocked 

for 1 h at 37°C with 3% FBS in PBS, followed by the addition of HRP-conjugated Ulex 

europaeus agglutinin (UEA-I, Sigma Aldrich, Sweden) diluted 1:3200 (1mg/ml) and 

incubated for 1 h 30 minutes at 37°C. The reaction was developed using 3,3′,5,5′-

Tetramethylbenzidine (TMB) Substrate Systems (Sigma-Aldrich®, St.Louis, USA) and 

stopped by addition of 2M H2SO4. With reference to the control samples, the cutoff 

value for secretor positive samples was taken as two times the absorbance value of 

the negative controls. 
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3.2.4.2 DNA EXTRACTION FROM SALIVA SAMPLES, DETECTION AND 

GENOTYPING OF FUT2/3  

A total of 100 samples (symptomatic and asymptomatic including norovirus positive 

and negative) with various phenotypic profiles as determined by ELISA assay were 

randomly selected for FUT2 and FUT3 genotyping. Prior to this procedure, saliva 

samples were subjected to DNA extraction using Qiagen DNA mini kit as per 

manufacturer’s instructions.  

DNA extracts were amplified by Touchdown-PCR technique, using the platinum Taq 

DNA polymerase high fidelity enzyme (Thermo Fisher Scientific, Waltham, MA, USA). 

Conditions used during the TD-PCR were as follows: 65 °C -55 °C (annealing), 26+19 

(cycles) and 68 °C (elongation), previously described for FUT2 (de Moraes et al., 

2019) and FUT3 primers outlined (Nordgren et al., 2013, Elmgren et al., 1996). After 

TD-PCR, the amplicons were purified and sequenced using an ABI Prism BigDye 

Terminator 3.1 Cycle Sequencing Ready Reaction Kit and ABI Prism 3730 Genetic 

Analyser® (Applied Biosystems®, Foster City, CA, USA). The chromatograms and 

FUT2/3 gene encoding nucleotide sequences were analysed using the free tracer 

viewer Chromas 2.4® (Technelysium Pty Ltd.®, South Brisbane, QLD, AUS).  

3.2.4.3 FUT2 AND FUT3 SNPs 

For the analysis of FUT2 SNPs, the G428A position was analysed to investigate the 

homozygous (se/se or SESE) and heterozygous (SE/se) mutations. The G428A SNP 

is common amongst African populations for non-secretor status. FUT3 sequences 

were genotyped to analyse the most common mutations including C314T, G508A, 

T1067A, T59G and T202C. 

The sequences were aligned using BioEdit software and the following reference 

sequences were used to identify the common and new SNPs (NM_000149 

NG_007482). 

3.2.5 STATISTICAL ANALYSIS 

Data were captured on Microsoft excel spreadsheet. Pearson’s correlation values and 

statistical significance including Chi-square and Fisher’s exact test (p-values) were 

determined using Graphpad prism 10 (Inc, USA). A p-value ≤ 0.05 was considered 
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significant at 95% confidence level. Data management plan to ensures data integrity, 

facilitate data sharing, and enhance the reproducibility and transparency of this 

research findings is attached (appendix C).  

 

  



35 
 

CHAPTER 4 

RESULTS 

4.1 NOROVIRUS PREVALENCE 

This investigation showed norovirus trends within in the rural communities of Vhembe 

District South Africa, between 2019 and 2021 (Table 1). There prevalence of HNoV 

was high ranging up to 37% (74/200) among symptomatic individuals and 14% 

(14/100) among asymptomatic individuals. Importantly, the difference in HNoV 

prevalence between symptomatic and asymptomatic cases was demonstrated to be 

statistically significant (p < 0.0001). Furthermore, HNoV had a notable impact on 

hospitalized patients, affecting 60% (44/74) significantly more than outpatients at 41% 

(30/74) during the investigation (p = 0.0125). 

In terms of gender distribution, majority of study participants were males (58%) 

compared to females (42%), similarly, a higher prevalence of HNoV was recorded in 

males (66%) than in females (34%). Among different age groups, children aged 6–23 

months were predominantly affected by HNoV (65%), followed by children aged 0–5 

months (20%). 

In the majority of children (76%), diarrhoea was manifested with other symptoms and 

consequently HNoV infection was mostly associated with diarrhoea and other 

symptoms. Amongst the symptoms, norovirus presence was predominantly 

characterized by dehydration (82%), vomiting (79%) and fever (49%). Norovirus 

associated diarrhoea typically lasted for 3 days and was mainly presented in watery 

than formed stools (Table 4.1).   

Most of the rural community members now have access to municipal treated water, 

however a small portion still use untreated water sources to cover their basic needs 

(Table 4.1). Norovirus was detected in both these groups (65%; 71%) with an alarming 

high rate in people with access to clean water. However, the only source referred to 

for norovirus detection in this study was the stool sample. Some of the data included 

under consideration as living conditions were inconsistent, however, individuals with 

domestic animals in their yards had high chances of norovirus infection. The 
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distribution of norovirus in flush and pit toilets was slightly higher in people using pit 

toilets (Table 4.1). 

Table 4.1 Demographic characteristics, clinical features, and HNoV prevalence among children 
with AGE from Vhembe district, South Africa in 2019-2021.  

 Symptomatic Asymptomatic 

 Total (%) HNoV + (%) Total (%) HNoV + (%) 

Detection rate (%) n=200 n=74 (37) n=100 n=14 (14) 

Setting     

Outpatients 104 (52) 30 (41) 100 (100) 14 (14) 

Hospitalized 96 (48) 44 (59) 0 0 

Gender     

Males 116 (58) 49 (66) 53 (53) 8 (57) 

Females 84 (42) 25 (34) 47 (47) 6 (43) 

Age in month     

0-5 49 (25) 15 (20) 21 (21) 2 (14) 

6-23 124 (62) 48 (65) 59 (59) 10 (71) 

24-60 27 (14) 11 (15) 20 (20) 2 (14) 

Symptoms     

Diarrhoea only 48 (24) 8 (11)   

Diarrhoea and other 
symptoms 

152 (76) 66 (89)   

Other symptoms seen together with diarrhoea 

Dehydration  132 (66) 61 (82)   

Vomiting 119 (60) 54 (73)   

Fever 79 (40) 36 (49)   

Abdominal pain 29 (15) 15 (20)   

Stool appearance     

Watery 103 (52) 46 (62)   

Formed 97 (49) 28 (38) 100 (100) 14 (14) 
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Duration of diarrhoea     

3 days 163 (82) 62 (84)   

>3 days 36 (18) 12 (16)   

Interval     

1-3 days 161 (81) 61 (82)   

3 days + 39 (20) 13 (18)   

Living conditions     

Treated water 131 (66) 48 (65) 73 (73) 10 (71) 

Untreated water 37 (19) 11 (15) 13 (13) 4 (29) 

Mixed  32 (16) 15 (20) 14 (14)  

Pit toilets 111 (56) 41 (55)   

Flush toilets 89 (46) 33 (45)   

Breastfeeding 130 (65) 51 (69) 63 (63) 10 (71) 

Not-breastfed  70 (35) 23 (31) 37 (37) 4 (29) 

Livestock  67 (34) 29 (39) 32 (32) 3 (21) 

No Livestock  21 (11) 9 (12) 7 (7) 1 (7) 

 

Breastfeeding was common in the study population, intriguingly norovirus was 

predominantly detected in children who are breastfed than non-breastfed in both AGE 

and control groups (63%; 71%), respectively. 

4.2 HNoV GENOGROUPS AND GENOTYPES DISTRIBUTION 

There was a rise in the distribution of norovirus genogroup II (GII) infections over the 

years, increasing from 2019 (3/59), 2020 (15/59) to 2021 (41/59) among children with 

AGE. In overall range, GII infections were dominant, constituting 80% (59/74) in 

children with AGE, while GI infections accounted for 12% (9/74). Conversely, in 

children without AGE, GI infections were more prevalent at 64% (9/14) compared to 

GII at 36% (5/14) (Table 4.2). The dominance of GII was more pronounced in 

hospitalized patients (86%) than in outpatients (70%). Co-infection with both GI and 

GII was infrequent in this study. 
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The median Cycle threshold (Ct) values for GII was slightly different between 

symptomatic (32.25) and asymptomatic (35.02) cases. Similarly, the mean GI Ct value 

was 32.16 in the symptomatic group and 32.50 in the asymptomatic group. Additional 

data for CT values of all samples is attached (appendix A). 

Among the HNoV GII cases identified in symptomatic children, we were able to 

successfully genotype 54% (32/59). In asymptomatic participants, genotyping was 

successful for 40% (2/5) of GII strains. Notably, GII.4 Sydney 2012 [P31] recombinants 

and capsid genotype GII.4 Sydney 2012 were the only genotypes identified. The GII.4 

Sydney 2012 [P31] recombinants were dominant in both symptomatic (59%; 19/32) 

and asymptomatic HNoV infections (40%; 2/5). Moreover, the strain dominance was 

further observed among hospitalized children, wherein the GII.4 Sydney 2012 [P31] 

genotype account for 74% (14/19), compared to outpatients at 26% (5/19). GII.4 

Sydney 2012 genotype prevalence between inpatients and outpatients were similar. 

Unfortunately, HNoV GI group and other GII positive samples could not be typed, 

possibly due to low viral load and the impact of electricity load shedding on laboratory 

storage facilities. 
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Table 4.2 Distribution of HNoV genogroup and genotype in children from Vhembe district, South 
Africa. 

 Symptomatic Asymptomatic 

  Outpatients In-patients  

 n=200 (%) n=104 (%) n=96 (%) n=100 (%) 

Total HNoV + 74 (37) 30 (41) 44 (60) 14 (14) 

Genogroups     

GI 9 (12) 4 (12) 5 (11) 9 (64) 

GII 59 (80) 21 (70) 38 (86) 5 (36) 

Mixed 5 (7) 2 (7) 3 (7)  

GII Genotypes 32    

GII.4 Sydney 2012 [P31] 19 (59) 5 (26) 14 (74) 2 (40) 

GII.4 Sydney 2012 13 (41) 6 (46) 7 (54)  

 

4.3 CLUSTALW ANALYSIS ON HNOV STRAINS CIRCULATING IN 

VHEMBE DISTRICT, SOUTH AFRICA. 

The ClustalW percentage identity matrix (Figure 4.1) shows nucleotide similarity 

between aligned sequences at a given time. Comparison between norovirus strains 

documented in the study area previously (Kabue et al., 2017) and those identified in 

the current survey (Khumela et al., 2023) revealed a markedly low similarity, 

measuring less than 50% in nucleotide sequences. This implies that there has been 

notable change in nucleotide sequences over a period of approximately 4 to 5 years 

between the study periods. Upon analysis of HNoV sequences obtained from this 

investigation, it was observed that they exhibited high similarity, with a nucleotide 

percent identity surpassing 90%. 

 



40 
 

 

 

Figure 4.1 ClustalW alignment for NoV sequence similarity analysis. 
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4.4 PHYLOGENETIC ANALYSIS 

The nucleotide sequence identity of norovirus strains obtained through blast in this 

study demonstrated above 95% similarity, however other strains were included based 

on geographical location to evaluate possible relatedness. The phylogenetic analysis 

of HNoV GII.4 Sydney 2012 [P31] sequences in Vhembe revealed multiple clades, as 

illustrated in Figure 4.2. These clades predominantly clustered together, suggesting a 

close relationship among the circulating HNoV strains in the area. Within these 

clusters, we observed that the main ancestor is more related to the GII.4 Sydney 2012 

[P31], which later gave rise to the rest of the strains including to the novel GII.4 San 

Francisco. The closely related strains to our strains within the clusters were mostly 

those from Brazil, China and Australia. In comparison to the novel GII.4 San Francisco, 

few South African strains showed close relatedness to strains from UK than those from 

Johannesburg South Africa. There was close relationship between strains from within 

other African countries.  

In Figure 4.3, the main ancestor seemed to carry first strains that were previously in 

South Africa from 2013. In a cluster with multiple strains characterized during this 

investigation, most related strain was from Ghana and more interesting the novel GII.4 

San Francisco from USA. Once more the novel South African strains were distant 

when compared to UK.   

In contrast, norovirus from Vhembe showed close relatedness to novel GII.4 San 

Francisco strains, mostly the one characterized in South Africa then the USA strain 

found 2017 carried the ancestral branch (Figure 4.4). The nearby clades carried 

strains from other African countries, however, other distant strains were also from 

within the continent but clustered with those from countries like Japan and South 

Korea. 
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Figure 4.2 Phylogenetic analysis of HNoV nucleotide sequences circulating in the Vhembe 
district (South Africa) between 2019 and 2021, based on dual typing (polymerase and capsid 
junction) region, 570bp with [MON431/G2SKR]. 
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Figure 4.3 Phylogenetic analysis of the HNoV nucleotide sequences from the Vhembe district 
(South Africa) between 2019 and 2021, focusing on the partial typing of the 340bp capsid region 
with [G2SKF/R]. 

 

The phylogenetic trees were created through the Neighbor-Joining method. HNoV 

genotypes obtained during this study are represented by black circles, squares and 

triangles for Figures 4.2, 4.3 and 4.4, respectively. The reference sequences were 

randomly chosen from GenBank due to their high similarity with our study sequences. 

Each sequence is also described with respective accession numbers. Any positions 

containing gaps or missing data were excluded from the analysis. Evolutionary 

distances were calculated using the p-distance method and are expressed as the 

number of base differences per site. The analyses were conducted using MEGA 11 

(10.0.5), and bootstrap tests (1000 replicates) were performed based on the Kimura 

two-parameter model. Only bootstrap values exceeding 65% are displayed. 
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Figure 4.4 Phylogenetic tree based on 380bp [with COG2F/G2SKR] capsid/RdRp junction region 
of HNoV nucleotide sequence circulating in Vhembe district (South Africa) in 2019-2021.  

 

4.5 HBGAS PHENOTYPE AND NOROVIRUS DISTRIBUTION 

Amongst the study participants, distribution of Lewis positive phenotypes was higher 

than Lewis negative in both symptomatic and asymptomatic category (Table 4.3). 

Likewise, norovirus infections were predominant in Lewis positive children. Lewis 

phenotypes were grouped into (Lea-b+, Lea+b+, Lea-b- and Lea+b-). The most 

common Lewis phenotypes were Lea-b- (38%; 32%) and Lea-b+ (37.5%; 46%) in both 

symptomatic and asymptomatic children, and norovirus predominantly infected 

individuals with these phenotypes. The non-secretor phenotype Lea+b- was the least 

common with lowest norovirus infections for both groups.  
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In ABO phenotypic profiles, type O was the most frequent (59.5%; 45%), followed by 

A positive children (25.5%; 39%) in AGE and healthy participants, respectively. The 

most rare phenotype was AB (1.5%; 1%) followed by the relatively low B (13.5%; 15%). 

Similarly, norovirus infections were rare in AB profiles (0%; 7%) and higher on O (55%; 

57%) and A (28%; 21%) phenotypes, in symptomatic and asymptomatic children, 

respectively. 

Table 4.3 Summary of HBGA phenotypic profiles and distribution of norovirus observed in 
children in the Vhembe district, South Africa. 

 Symptomatic Asymptomatic 

Lewis phenotypes Frequency 200 

(%) 

NoV+ 74 (%) Frequency 100(%) NoV+ 14 (%) 

Lewis- 76 (38) 28 (38) 32 (32)   3 (21) 

Lewis+ 124 (62) 46 (62) 68 (68) 11 (79) 

Le a/b profiles 

Lea-b+ 75 (37.5) 35 (47) 46 (46) 8 (57) 

Lea-b- 76 (38) 28 (38) 32 (32) 3 (21) 

Lea+b+ 35 (17.5) 10 (14) 10 (10) 2 (14) 

Lea+b- 14 (7)   1 (1) 12 (12) 1 (7) 

ABO phenotypes 

A 51 (25.5) 21 (28) 39 (39) 3 (21) 

B 27 (13.5) 12 (16) 15 (15) 2 (14) 

AB 3 (1.5) 0 (0) 1 (1) 1 (7) 

O 119 (59.5) 41 (55) 45 (45) 8 (57) 

HBGAs phenotypic summary 

nSe 32 (16) 5 (7) 16 (16) 1 (7) 

Se 168 (84) 69 (93) 74 (74) 13 (93) 

 



46 
 

Overall distribution of secretor and non-secretor HBGAs profiles was similar in both 

symptomatic and asymptomatic. Likewise, norovirus positivity was higher in secretor 

individuals of both groups than non-secretors (Table 4.3). 

4.6 HBGA GENOTYPES AND NOROVIRUS INFECTIONS 

Of the 100 saliva samples randomly selected for FUT2 analysis, 36% successfully 

generated sequences used to further confirm secretor and non-secretor status based 

on the G428A mutation. Upon analysis, majority of FUT2 secretor sequences carried 

the homozygous GG Single Nucleotide Polymorphisms (SNPs) on the G428A position 

(23/36; 64%), followed by the heterozygous (GA) secretors (10/32; 28%).  Only 8% 

(3/36) were non-secretors homozygous carriers of the FUT2 G428A nonsense 

mutation (AA). 

Norovirus genogroup I infection was rare in FUT2 genotyped children while genogroup 

II was dominant. High prevalence of HNoVs was found in children with homozygous 

GG for FUT2 gene (64%), followed by the heterozygous GA (28%). Amongst the only 

3 children genotyped as non-secretor, 2 were infected with norovirus GII.4 Sydney 

[P31] strain and only 1 was negative. 

FUT3 sequences were genotyped to analyse the most common mutations including 

C314T, G508A, T1067A, T59G and T202C. Out of a total of 100 randomly selected 

samples for FUT3 analysis, 40 were successfully amplified and of those, 20 were 

successfully genotyped. Although not all selected samples were norovirus positive, 

norovirus GII and genotype GII.4 Sydney 2012 [P31] were the most commonly 

detected among positively genotyped FUT3 sequences. Based on this data, norovirus 

could be associated with the HBGAs Lewis profile in this study, and particularly those 

with G508A SNP (Table 4.4). The C314T and T1067A SNPs were not detected, and 

this could potentially be due to low quality sequence which could not yield conclusive 

results. 
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Table 4.4 FUT2/3 genes in norovirus infections 

 FUT2 

n= 100 

NoV + GI  GII GI/GII GII.4 

S2012 

GII.4 P31 

FUT2 

amplified 

42       

FUT2 

sequenced 

36  27 4 19 4 3 10 

Homo  23 17 2 13 2 3 5 

Hetero 10  7 1 4 2 0 3 

NSe 3 3 1 2 0  2 

FUT3 

amplified 

40       

FUT3 

sequenced 

19 11 2 9 0 1 4 

T59G 3 1 0 1 0 0 1 

T202C 1 1 0 1 0 - - 

C314T 0 0 0 0 0 0 0 

G508A 16 8 2 8 0 1 3 

T1067A 0 0 0 0 0 0 0 

 

Analysis of FUT3 SNPs showed that the most prevalent SNP was G508A, and was 

also the most commonly associated with infections that occurred in this study. Table 

4.5 details the distribution of FUT3 SNPs profile. Majority of the FUT3 genes were 

homozygous wild types, followed by those with heterozygous SNPs. Mutant 

heterozygotes occurred in the G508A position and consisted of 1 TG and 2 GT 

nucleotides in the same position. 
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Table 4.5 FUT3 SNP profiles 

FUT3 SNP Homozygous 

wild type 

Heterozygous Mutant  

Heterozygous 

Total 

T59G 2 1 0 3 

T202C 0 1 0 1 

C314T 0 0 0 0 

G508A 8 5 3 16 

T1067A 0 0 0 0 

 

4.7 HNOVS GENOGROUPS AND GENOTYPES IN HBGA PROFILES  

We further investigated the distribution of norovirus genogroups and genotypes among 

the study participants based on HBGA susceptibility profiles (Table 4.6). The 

combined prevalence of all participating children with secretor status was (84%) to 

(16%) of non-secretors. Only (29%; 88/300) of this population was norovirus positive. 

Interestingly, 93% of these infected children were secretor positive compared to the 

7% of non-secretors. Although detected, norovirus infection was less common in 

children with the non-secretor profiles. Overall distribution of norovirus genogroup 

showed higher prevalence of GII (74%) compared to GI (20%), mainly in children with 

Se status. Co-infection contributed only 6% in norovirus positivity and was only found 

in secretor profiles. Only 39% and GII strains in norovirus positive cases were 

successfully genotyped, and the recombinant GII.4 Sydney 2012 [P31] was the most 

prevalent (24%). In all HBGAs profiles, only two children with non-secretor status were 

infected with this recombinant strain. Our data is however limited to conclude on 

genotype-dependance based on HBGA profiles due to the minimal norovirus 

genotypes obtained.  
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Table 4. 6 Distribution of norovirus genogroups and genotypes in secretor and non-secretor 
children 

  NoV +  GI GII GI/GII GII.4 2012 GII.4 2012 

[P31] 

Total  300 88 (29) 18 (20) 65 (74) 5 (6) 13 (15)  21 (24) 

Se 252 (84) 82 (93) 15 (83) 62 (95) 5 (100) 13 (100) 19 (90) 

nSe  48 (16)   6 (7)   3 (17)   3 (5) 0 (0) 0 (0)   2 (10) 

 

4.8 CORRELATION OF NOROVIRUS PRESENCE WITH HBGAS 

PROFILES 

There was positive correlation between HBGAs secretor profiles (Lewis and ABO) and 

the distribution of norovirus genogroups and genotypes indicating the linear increase 

in both norovirus positivity (which depicts genogroup and genotype distribution) and 

secretor status. Although the P-value was not significant for both GI and GII (0.1580; 

0.0747), the r-value representing more correlation was found in GII (r = 0.9253) than 

GI (r = 0.8420), meaning GII are strongly correlated with secretor status. Similarly, 

both GII.4 Sydney 2012 and GII.4 Sydney 2012 [P31] variant were positively 

correlated (r = 0.8665; 0.9374) with HBGAs secretor status. However the data 

regarding genotypes is limited due to most norovirus positive samples that could not 

be typed (Figure 4.5). 
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Figure 4.5 Correlation of HBGAs secretor profiles and norovirus 

When comparing the non-secretor HBGAs profiles and norovirus distribution, the 

correlation was negative for both GI, GII and genotype distribution (r = -0.8441; r = -

0.9991; r = -0.9991). Figure 4.6 demonstrate that the increase in non-secretor profiles 

is associated with low norovirus positivity and genogroup distribution. Although p-

values for genogroup II and genotype GII.4 Sydney 2012 [P31] were statistically 

significant (0.0269; 0.0269), they were negatively correlated with the non-secretor 

profiles. 

 

Figure 4.6 Correlation of HBGAs non-secretor profiles and norovirus 
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CHAPTER 5 

DISCUSSION 

Human norovirus is a global public health issue linked to diarrheal illness worldwide. 

In this work, we investigated the prevalence and genotype distribution of noroviruses 

in children with gastrointestinal diseases, in an effort to understand epidemiological 

fitness of different strains. Furthermore, we analysed the impact of local genetic 

profiles role in susceptibility and distribution of norovirus infections among South 

African children under five years of age.  

In rural communities of Venda, South Africa, there has previously been evidence of 

high prevalence of HNoV (Kabue et al., 2016). After approximately 5 years since the 

previous report on norovirus, we present more recent data indicating that within the 

same study area, HNoV strains continue to circulate at a high rate (37%) (Khumela et 

al., 2023). Similarly high rate (36%) has been reported in an African country, 

particularly Ghana (Lartey et al., 2020). This prevalence rate is higher than the recently 

documented pooled prevalence of norovirus strains (20.2%) in Africa (Afework et al., 

2022) which is as well higher than the global rate (Farahmand et al., 2022, Liao et al., 

2021). This data emphasizes the increased and evidenced occurrence of diarrheal 

diseases and norovirus associated AGE in African countries, moreover in rural based 

areas. The burden in these hotspots is not well documented and as such overall 

estimates omit considerable amount of data that could direct interventions.  

In South Africa, other studies have reported lower prevalence on norovirus ranging 

around 15% (Rossouw et al., 2021, Page et al., 2017). However, these studies 

focused only on hospitalised children and with participants based in urban areas. Our 

data includes both hospitalised and outpatients from rural community-based settings, 

which could explain the elevated prevalence rate. Recent reviews however indicate 

that the norovirus prevalence rate decreases from community based, outpatients to 

hospitalised (Afework et al., 2022, Liao et al., 2021). Interestingly, when the rate 

between hospitalised and outpatients was evaluated, inpatients had high norovirus 

infections (59%) compared to outpatients (41%). This may indicate an increased role 

of norovirus in  the severity of diarrhoea disease. More studies including both rural and 

urban areas with varied settings are needed to establish a pattern. 
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The setting-based difference in infection was statistically significant in this study, 

highlighting the potential role of norovirus in the development of AGE symptoms and 

diarrhoea (P = 0.0129). Furthermore, among the crucial symptoms associated with 

HNoV infection, dehydration was on the lead. A recent study conducted in urban South 

Africa found that hospitalized children infected with norovirus presented severe 

diarrhoea (Rossouw et al., 2021). Similarly, we evaluated our study population and 

found a high vesikari score indicating the association of norovirus with severe AGE 

(Kabue et al., 2023). The severity and complications of norovirus have been previously 

documented in other nations, such as Qatar and Taiwan, respectively (Mathew et al., 

2019, Wang et al., 2016). Co-infection with other pathogens that cause gastroenteritis 

may play a role in severity, however only the presence of norovirus was evaluated in 

this study.  

The increased prevalence rate could be further explained by the fact that nowadays 

norovirus has become the primary cause of AGE globally (Ludwig-Begall et al., 2021), 

particularly in areas where rotavirus vaccination has been implemented (Godfrey et 

al., 2020). This study was carried out in South Africa's rural Vhembe district, where 

rotavirus vaccinations have been implemented since 2009. 

The rate of HNoV infections varied significantly (P<0.0001) between the symptomatic 

(37%) and asymptomatic (14%), groups. There was no statistically significant 

difference between the symptomatic and asymptomatic subgroups in a prior norovirus 

survey conducted in this area (Kabue et al., 2016). This finding suggests that norovirus 

currently plays a significant role in AGE symptoms among children from the Vhembe 

district. Norovirus is actively involved with AGE in the area, which is consistent with 

observations from other low- and middle-income nations (Omore et al., 2023, Cohen 

et al., 2022). 

During this study, male children exhibited a higher infection rate compared to females. 

Prior research has consistently shown that viral infections tend to be more prevalent 

among males than females (Duan et al., 2021, Jaillon et al., 2019). According to Jaillon 

and colleagues, females are believed to possess stronger immunity relative to males 

due to the presence of certain genes crucial for immune response located on the X 

chromosome (Jaillon et al., 2019). 
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HNoV was more common in children aged 6 to 23 months in this study (Table 4.1). 

According to recently released data, the majority of African countries' norovirus 

disease burden is experienced at this age range (Omore et al., 2023). The MALED 

group study reported a similar finding, indicating that norovirus infection peaked after 

six months (Rouhani et al., 2016). This is a crucial age for the development of the 

immune system in young individuals which comes with increased exposure. Data 

available indicated that children, particularly those under two years old, were highly 

susceptible to infection (Lartey et al., 2020, Rouhani et al., 2016). Children are 

believed to have lost their mother's antibody protection at this age (Papaventsis et al., 

2007), and are more likely to engage in physical activities that could expose them to 

more environmental factors. Our results corroborate prior research suggesting that 

younger populations should be prioritised when developing vaccines. 

The current study did not find any statistically significant protection against HNoV 

infection in breastfed children, despite the fact that breastfeeding has been linked to 

infection prevention (McCormick et al., 2022, North et al., 2022, Labayo et al., 2020) 

(P = 0.3732). The outcomes concur with current research (Vielot et al., 2022, Haddadin 

et al., 2021). However, Ghosh et al. have shown that during breastfeeding, enteric 

viruses can be transmitted from the baby's salivary glands to the mother's mammary 

glands, increasing the flow of maternal milk secretory IgA antibodies (Ghosh et al., 

2022). While various viral pathogens have been identified in breastmilk (Diaz et al., 

2018, Van de Perre et al., 2021), these pathogens seldom cause infections or 

diseases in infants (Henrick et al., 2017, Lanzieri et al., 2013). Since it is known that 

breastfeeding boosts an infant's immunity by introducing maternal antibodies, the 

World Health Organisation and UNICEF continue to recommend exclusive 

breastfeeding for the first six months of life in relation to AGE protection. A recent study 

recommending breastfeeding further stated that additional research is required to 

clearly emphasize risk or benefit ratio of breastfeeding for some known or emerging 

maternal infections and to analyze how the bioactive components cooperate in 

mediating the antiviral action of breastmilk (Francese et al., 2023).  

While only the clinical samples underwent testing, the broader data on living conditions 

did not yield statistically significant findings. Nonetheless, the detection of HNoV in 

both pit/flush toilets, treated water, and among children residing with domestic animals 
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suggests inadequate hygiene practices within the study area. Previous studies 

conducted in the same area have revealed faecal contamination in various water 

sources, including tap water and household storage containers, which raises concerns 

about distribution networks and unhygienic behaviours (Luvhimbi et al., 2022). 

Additionally, Ayukekbong et al. documented the presence of norovirus in tap water in 

Cameroon (Ayukekbong et al., 2014), suggesting a potential resistance to chlorine 

treatment, as previously observed (Duizer et al., 2004). 

Due to the lockdown restrictions imposed by the Covid-19 pandemic, seasonal 

distribution trends could not be included in the investigation. Nevertheless, throughout 

the study duration, HNoV infections displayed an annual increase, reaching the 

highest number of cases in 2021. This trend aligns with the forecasted surge in 

norovirus incidents following the easing of Covid-19 restrictions,  (O’Reilly et al., 2021). 

Evidence exists regarding both the escalation and reduction of norovirus cases during 

the Covid-19 pandemic (Lu et al., 2022, Lennon et al., 2020). Additionally, norovirus 

outbreaks were reported in China and Japan during the Covid-19 pandemic (Pham et 

al., 2022, Zhu et al., 2021). 

GII infections of HNoV were more prevalent among symptomatic cases, particularly 

among hospitalized children, which supports the notion of prioritizing them in vaccine 

development efforts (Table 4.2). Our results align with previous studies highlighting 

the significant role of GII in symptomatic infections (Mathew et al., 2019, Kreidieh et 

al., 2017, Page et al., 2017). Genogroup II strains have been linked to the majority of 

outbreaks globally (Cornejo-Sánchez et al., 2023, Robilotti et al., 2015). In contrast, 

the GI group was more commonly observed among control cases in our study. These 

findings are consistent with other research indicating that GI viruses tend to cause 

milder infections, whereas GII viruses are often associated with symptomatic illness 

(Kabue et al., 2016, Kitajima et al., 2012). However, a recent review found that 

norovirus GII was prevalent mainly in asymptomatic individuals (Wang et al., 2023). 

Symptomatic and asymptomatic individuals may shed the similar viral load and other 

shedding characteristics, and both have the potential to cause outbreaks (Utsumi et 

al., 2017, Teunis et al., 2015). 

In this study, the GII.4 Sydney 2012 [P31] variant was prevalent, especially among 

symptomatic inpatients (Table 4.2). Initially identified in Australia, the GII.4 Sydney 
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2012 strain has since spread globally, with new variants emerging approximately every 

two to three years (van Beek et al., 2018). The majority of norovirus outbreaks are 

attributed to GII.4 genotypes, which led numerous pandemics since the mid-90s (Noel 

et al., 1999). In 2000 and 2004, the US95/96 strain was succeeded by two new GII.4 

variants, Farmington Hills and the Hunter GII.4 variant (Widdowson et al., 2004, 

Fankhauser et al., 2002). Additional strains emerged in 2006 and 2009 (Parra et al., 

2023).  

The GII.4 Sydney 2012 [P31] variant has become predominant in many countries, 

including South Africa. Previously, Kabue et al. reported the predominance of 

GII.Pe/GII.4 Sydney 2012 variant between 2014 and 2015 in the study area (Kabue et 

al., 2017). Although without the data to account for the years between 2015 to 2019, 

we may speculate that the variant may have remained dominant to be the leading 

cause of AGE in this region.  In Shanghai, this particular variant emerged as the 

dominant genotype from its onset in 2012 until 2019 (Lu et al., 2019), indicating the 

dominance characteristic since it has circulating. Most of the severe outcomes are in 

fact linked with GII.4 strains (van Beek et al., 2018, Desai et al., 2012). Similarly, our 

study findings indicate an increase in GII norovirus strains associated with dehydrating 

diarrhoea from 2019 to 2021. 

The GII.4 Sydney 2012 [P31] strain, has emerged as the dominant and persistent 

epidemiological force, evolving through mutations and recombination (van Beek et al., 

2018). The rapid evolution of GII.4 variants, particularly in the capsid region, 

contributes to their epidemiological fitness (Bull et al., 2012). Upon further examination 

of GII.4 Sydney 2012 [P31] nucleotide sequences in this study, substantial changes 

and potential mutations in the strains over time were observed. Comparing the 

nucleotide sequences of HNoV GII.4 strains obtained in this study to previously 

published data revealed less than 50% similarity (Figure 4.1). The genetic variation 

observed in HNoV strains over time underscores the ongoing impact of HNoV on 

vulnerable communities globally, with the potential emergence of new variants in the 

foreseeable future (Pham et al., 2022, Zhu et al., 2021). The variability in sequence 

nucleotides may elucidate the viral adaptability and epidemiological dominance in the 

region (Bull et al., 2010). Molecular analysis of GII.4 Sydney [P31] strains during an 
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outbreak in China suggested ongoing evolution, potentially leading to the emergence 

of novel variants (Zhu et al., 2021). 

It remains unclear what factors might have specifically contributed to the 

epidemiological fitness and spread of the HNoV GII.4 Sydney 2012 [P31] strain during 

the Covid-19 pandemic in the study area. However, reports indicate the circulation of 

the same strain in Japan and China amidst the Covid-19 outbreak (Pham et al., 2022, 

Zhu et al., 2021). The characteristics determining epidemiological fitness are difficult 

to quantify (Wargo and Kurath, 2012). To comprehend the prevalence of the norovirus 

GII.4 Sydney 2012 [P31] strain, more extensive data encompassing various viral, host, 

and environmental factors are required. Recent data have highlighted the 

predominance of the GII.4 Sydney 2012 [P31] strain in norovirus-related diarrhoea (Ai 

et al., 2021, Duan et al., 2021), suggesting that this genotype may persist as the 

dominant strain for a considerable period due to its adaptability across different 

populations. We could not characterize other genotypes in this study, potentially due 

to the adverse effects of the South African national electricity load-shedding schedule 

on laboratory cold storage units, which may have favoured the survival of GII.4 Sydney 

2012 [P31] and GII.4 Sydney 2012 strains. Furthermore, it is unclear how the 

heightened hygiene practices imposed during this pandemic may have impacted 

norovirus strains circulation. 

Phylogenetic analysis unveiled the close relatedness among circulating norovirus 

GII.4 Sydney 2012 [P31] recombinants (Figure 4.2) within the study region. A similar 

pattern was observed for GII.4 Sydney 2012 strains (Figures 4.3 and 4.4), all of which 

demonstrated phylogenetic affinity to one another. Notably, the GII.4 Sydney 2012 

[P31] strains showed close genetic links to norovirus strains circulating in Australia, 

India, Brazil, China, and Japan. In instances where norovirus strains exhibit close 

genetic relationships with strains circulating outside Africa, the distribution is likely due 

to population movement preceding the Covid-19 pandemic lockdown.  

Sequence analysis indicated that GII.4 Sydney 2012 strains (Figure 4.3 and 4.4) are 

most closely related to HNoV strains from South African and countries within African 

continent. The circulation of closely related strains across different countries, 

particularly those within the same continent, may be attributed to border proximity. 
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GII.4 variants have become predominant in outbreaks since the early 1990s, 

continuing through the presently circulating GII.4 Sydney 2012 variant. 

Of note, the GII.4 Sydney strain circulating in Vhembe, (particularly in figure 4.3 and 

4.4) showed phylogenetic relatedness with the novel GII.4 San Francisco variant 

recently described (Chhabra et al., 2024). In their report they highlighted that novel 

strains when compared to the Sydney sequences in the 5’end of ORF2 exhibit 

maximum identities of up to 91-95%. Furthermore, the RdRp region of the novel strains 

were typed as GII.P31, this may explain the close phylogenetic relationship between 

our GII.4 strains and the novel norovirus variants. The dominance of the GII.4 Sydney 

2012 [P31] may be influence by the fact that the emerging strains are similar. There is 

minimal data to determine the pandemic potential of the novel strain.  

Over the past years, HBGA profiles have gained much attention as important viral 

attachment receptors that facilitate susceptibility to norovirus infection in different 

populations (Nordgren and Svensson, 2019). This study further investigated the 

association between norovirus prevalence and HBGA profiles among children less 

than five years. Our study confirms the role of population HBGAs profiles in norovirus 

infections. This study demonstrates genetic susceptibility in both symptomatic and 

asymptomatic groups (Table 4.3). 

Study population consisted of more children with HBGAs secretor phenotypes 

compared to non-secretors. The distribution of secretor and non-secretor is variable 

among populations. Though most likely demonstrated for the first time in rural based 

population, the ratio of high secretor to non-secretor is not new in South African 

population (Rossouw et al., 2021, MacDonald et al., 2020) and oversees countries 

(Peña-Gil et al., 2021, Nordgren and Svensson, 2019, Cooling, 2015). In African 

populations, secretors are estimated to reach about 75-80%, whereas non-secretors 

can reach up to 30%, our trend is similar to this, although slightly higher most likely 

due to the limited number of samples used for this investigation. This is markedly 

different from the observations made in Asian populations, wherein non-secretors 

contribute approximately 5% (Parker et al., 2019).  

In ABO groups, O positive children were highly infected followed by type A (Table 4.3). 

In symptomatic children, all GI infections were detected in children with type O 
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phenotype, as well as majority of asymptomatic NoV positive children. Group O 

phenotype has been associated with notably higher infectivity rate, particularly with GI 

(Nordgren et al., 2013, Rockx et al., 2005, Hutson et al., 2002). Contrary to this, 

another report demonstrated low infectivity of individuals with type O, however this 

was only based on norovirus GII strains (Tan et al., 2008). Predominant norovirus 

genogroup in ABO subgroups were GII, this could be explained by the fact that 

Genogroup II norovirus demonstrate no preference in blood type during infection 

(Rockx et al., 2005, Huang et al., 2003). 

This study found considerable infection rate associated with type A phenotype. 

Contrary to this, a recent study could not establish a positive association between type 

A and norovirus infection (Liao et al., 2020). Moreover, the role of type A in HNoV 

infection could be considered neutral based on genetic characteristics of prevalent 

strains, binding patterns to histo-blood group antigens and the level of susceptibility 

across population and age group (Liao et al., 2020, Mallory et al., 2019, Chan et al., 

2015). 

The rate of susceptibility in blood type B was second to the least infected AB group. 

Studies have demonstrated partial protection to HNoV infection in people with blood 

type B and AB, especially with GI (Nordgren et al., 2010, Rockx et al., 2005, 

Marionneau et al., 2002). Thus, our results confirm this finding as no GI virus was 

detected in children in either B or AB phenotype. In-fact, only GII was detected at a 

low rate in symptomatic and in asymptomatic group. With note, not many individuals 

in the study population possess this phenotype. More recently, Liao and colleagues 

(2020) found no association in the presence of norovirus with type B (Liao et al., 2020). 

With regards to AB individuals, who are generally the smallest group in populations, 

the influence of blood type AB on norovirus shedding patterns could be affected by the 

overall sample size.  

Based on this study’s findings in Lewis antigens, it is concluded that Lea-b+ is common 

amongst all populations, and Lea-b- is generally common amongst African individuals, 

although thought to be rare in Caucasians (Mattos, 2016, Nordgren et al., 2013, Henry 

et al., 1995, Oriol, 1995). We however did not include Caucasians in the study 

population. The relatively low detection of Lea+b+ in both symptomatic and 

asymptomatic individuals in this study could be due to the fact that this phenotype is 
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mostly found in Asians, however a study in Brazil associated majority of participants 

with this profile and norovirus positivity in asymptomatic individuals (Tonini et al., 

2020). We found high norovirus prevalence in children with Lea-b+ followed by Lea-b- 

profiles (Table 4.3), contradicting previous data suggesting that the presence of Lewis 

b is not necessary for norovirus infection. The suggestion was based on the high 

infectivity of Lewis b negative children (Nordgren et al., 2013, Bucardo et al., 2009). 

Two of the non-secretor children were particularly infected by GII.4 Sydney 2012 [P31] 

recombinant strain. Our findings are comparable with recent data reporting infection 

of non-secretors with GII.4 (Tarris et al., 2022, Lindesmith et al., 2020). Tarris et al 

demonstrated that GII.4 strains are able to interact with Lea antigens. Furthermore, 

non-secretors are commonly found in Caucasian population, due to the homozygous 

nonsense mutation in the G428A (Kindberg and Svensson, 2009, Thorven et al., 

2005).  

Significant change of HBGA phenotypic expressions in different populations, which 

may explain norovirus intra-species diversity. However, there is limited data to 

substantially elaborate on the role of Lewis phenotype in norovirus susceptibility. Our 

results demonstrate GI and GII infections were predominantly found in Lewis negative 

children, whereas elsewhere, in an African population with similar distribution of HBGA 

profiles (Lewis negative), Nordgren et al. found GI infections only in Lewis positive 

profile (Nordgren et al., 2013). GI infection on Lewis positive was very rare in our study. 

More studies including larger African populations are required to accurately estimate 

the overall distribution of HBGAs, particularly Lewis profiles and their distinguished 

roles in NoV susceptibility. 

FUT2 genotype results obtained during this research is consistent with known 

literature showing that individuals with functional FUT2 gene have increased 

susceptibility to norovirus (Hong et al., 2021, Ferrer-Admetlla et al., 2009). 

Furthermore, according to literature most of the non-secretor individuals have lower 

chances of susceptibility (Nordgren and Svensson, 2019). However, the GII.4 Sydney 

2012 [P31] strain found in such individuals is known to show limited selectivity during 

infection due to constantly evolving binding strategies on the HBGAs binding epitopes 

(Zhu et al., 2021). 
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The FUT3 gene G508A SNP was the most prevalent in children from Vhembe. This is 

consistent with the data illustrating that it is one of the most common SNPs in the 

African continent (Soejima et al., 2009). Moreover, heterozygote and mutant 

heterozygotes were also detected in this particular SNP (Table 4.5), this is consistent 

with data indicating its high diversity in African population (Soejima et al., 2009). 

Second to this was the T59G, which is known to be less common than T202C in Africa 

(Olivares et al., 2021). Previously, the T59G was amongst the prevalent SNPs in a 

study conducted in Brazil (Olivares et al., 2021). However, it is possible that the 

inconsistency may as well be due to limited number of quality sequence that could be 

genotyped.  

The predominant norovirus genotype in the study population was recombinant GII.4 

Sydney 2012 [P31], followed by GII.4 Sydney 2012 (Table 4.2). There is notable 

increase in binding capabilities of GII.4 to various HBGA profiles. Several studies 

demonstrated that higher evolution rate and binding capabilities of norovirus with 

different Lewis HBGA enables them to infect the symptomatic and asymptomatic 

groups (Liang et al., 2021, Singh et al., 2015). Moreover, GII.4 strains exhibit 

epidemiological fitness and persistence over the Covid-19 pandemic, where most 

strains could not be obtained. 

Pertaining to the HBGAs genotypes, the distribution of norovirus was strongly 

associated with homozygous GG secretor profile. According to literature, individuals 

with functional FUT2 gene are more prone to infection (Ferrer-Admetlla et al., 2009). 

Similarly, FUT3 genotypes were also associated with the presence of norovirus.  
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CHAPTER 6 

CONCLUSION AND RECOMMENDATIONS 

HBGAs profiles and norovirus infection studies are of paramount importance and 

being increasingly studied due to their implications in development of preventive 

measures such as vaccines and potential treatments. Understanding molecular 

interactions of these molecules in populations mostly burdened is crucial for 

prevention and control of outbreaks. Noroviruses continue to be a primary cause of 

sporadic illnesses and outbreaks of acute gastroenteritis, even in industrialized areas. 

This underscores the notion that enhanced hygiene and sanitation measures alone 

may not entirely be sufficient in managing norovirus. This study provides valuable 

insight in the dominance of GII.4 Sydney 2012 [P31] genotype and its genetic variation 

over time. More efforts are needed in the control of norovirus circulation and spread, 

especially in highly affected rural communities with inadequate WASH conditions. It is 

important to monitor genetic changes, epidemiological fitness of HNoV strains and 

possible emergence of new variants in this era of norovirus vaccine development. 

Overall, all secretor profiles were positively correlated with norovirus genogroup and 

genotype distribution in HBGAs profiles of children within Vhembe district. In non-

secretor population, Pearson’s correlation revealed that a population with high non-

secretors has low norovirus prevalence rate. Therefore, local population HBGAs 

profiles plays a role in the epidemiological patterns of norovirus in Vhembe district.  

To answer the research question, data obtained during this investigation indicates that 

there is association between norovirus infection and HBGAs profiles in children from 

Vhembe district of Limpopo, South Africa. High prevalence of norovirus was 

associated with children who had secretor HBGAs profiles. Therefore, we reject the 

null hypothesis. 

We recommend improved surveillance and targeted interventions. Systematic 

surveillance must be implemented in this area, continuous data will prove useful in the 

goals of lowering children death and diarrheal disease. 
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Thorough investigation in population genetics will advance the understanding of 

genetic susceptibility, epidemiology patterns and treatment development not only for 

norovirus AGE.  

Improve WASH conditions and community awareness. 

• Limitations of this study include: i) not able to provide seasonal distribution data 

of norovirus due to the Covid-19 lockdown restrictions during the study period 

that impacted sampling; ii) Other norovirus extracts could not be genotypes 

potentially due to minimal viral load, which may have been further enhanced by 

electrical power-cut in the laboratory cold storage units, due to national 

loadshedding; iii) This further impacted the provision of genetic diversity data; 

iv) Similarly, FUT2/3 genes could not be amplified in majority due to limited 

funds, and degradation of samples as a result of power-cut.  

Areas for Further Study 

• Longitudinal studies to track infection patterns over time. 

• Development of norovirus vaccines tailored to genetic profiles. 
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APPENDICES  

A. TABLE 1: CT-VALUES OF SYMPTOMATIC SAMPLES 

Sample ID Genogroup CT-Value Sample ID Genogroup CT-Value 

2 G1 32.16 130 G2 33.92 

6 G1 35.14 131 G2 36.29 

12 G1 24.62 132 G2 34.90 

16 G1 31.18 134 G2 35.62 

18 G2 25.91 135 G2 35.26 

24 G1 33.61 138 G1 32.27 

30 G2 32.47 139 G2 26.33 

32 G2 33.64 140 G2 36.68 

37 G2 28.91 141 G2 36.91 

40 G2 22.53 142 G2 34.98 

42 G2 33.24 144 G1 27.52 

51 G1 32.51 145 G2 36.14 

52 G1 35.81 148 G2 35.87 

66 G2 27.82 149 G1/G2 29.16/35.88 

67 G2 22.20 154 G2 35.46 

71 G2 29.87 157 G2 36.02 

74 G2 25.29 158 G2 33.11 

75 G2 26.25 159 G2 20.19 

82 G2 27.21 160 G2 35.98 

83 G2 35.17 163 G2 23.70 

84 G2 29.50 167 G2 34.43 

88 G1 35.28 169 G2 30.36 

90 G1/G2 21.91/21.91 171 G2 36.76 

96 G2 25.19 174 G2 35.18 

97 G2 30.79 176 G2 35.09 
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98 G2 22.93 177 G2 27.66 

103 G1 30.15 179 G2 35.33 

116 G2 33.78 180 G2 36.51 

117 G2 35.77 181 G2 30.47 

118 G2 32.38 183 G1/G2 34.70/36.47 

119 G2 34.43 184 G1/G2 30.27/34.49 

120 G2 31.12 185 G2 18.86 

121 G2 32.08 186 G2 36.21 

122 G2 18.22 188 G2 32.25 

123 G1/G2 35.39/17.81 192 G2 27.57 

124 G2 31.35 194 G1 27.23 

125 G2 32.12 200 G1 35.87 

126 G2 31.79    

127 G2 34.82 

128 G2 34.96 

129 G1/G2 30.59/34.09 

 

B. TABLE 2: CT-VALUES FOR ASYMPTOMATIC SAMPLES 

Sample ID Genogroup CT-Value Sample ID Genogroup CT-Value 

H002 G1 30.06 H070 G1 30.87 

H023 G2 36.68 H073 G1 32.81 

H029 G2 36.77 H080 G1 32.06 

H034 G1 35.96 H082 G1 34.20 

H039 G2 35.02 H085 G1 27.75 

H048 G2 30.44 H087 G1 36.47 

H053 G2 19.63 H101 G1 34.97 

H054 G1 32.50 H102 G1 29.50 
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C. DATA MANAGEMENT PLAN 

DATA MANAGEMENT PLAN 

Project Title: NOROVIRUS-HOST INTERACTIONS STUDIES: HBGA PHENOTYPIC 

AND GENOTYPIC PROFILES OF PAEDIATRIC PATIENTS WITH DIARRHOEA 

FROM RURAL COMMUNITIES OF LIMPOPO SOUTH AFRICA  

 

Principal Investigator: Ronewa Khumela 

Institution: University of Venda 

Date: 26/06/2024 

 

1. Introduction 

This Data Management Plan (DMP) outlines the procedures for handling data 

collected during the project " NOROVIRUS-HOST INTERACTIONS STUDIES: HBGA 

PHENOTYPIC AND GENOTYPIC PROFILES OF PAEDIATRIC PATIENTS WITH 

DIARRHOEA FROM RURAL COMMUNITIES OF LIMPOPO SOUTH."  

 

2. Data Creation and Collection 

2.1 Types of Data 

Clinical data: Information about the clinical characteristics of each participant. 

Phenotypic Data: Information on the phenotypic expression of HBGAs in children, 

secretor status. 

Genotypic Data: DNA sequences related to HBGAs and norovirus susceptibility, 

obtained from saliva samples. 

Epidemiological Data: Demographic information, health history, and environmental 

factors. 

Laboratory Data: Results from assays and experiments, including PCR, qPCR, ELISA, 

and sequencing data. 

2.2 Methods and Tools 

Data Collection Instruments: Questionnaires, stool and saliva collection kits. 

Software Tools: Microsoft excel for data entry and management, Graphpad prism 10 

for statistical analysis, and bioinformatics tools for sequence analysis. 

2.3 Metadata Standards and Documentation 

Metadata: Includes variable names, definitions, data types, and units of measurement. 

Documentation: Standard Operating Procedures (SOPs) for data collection, 

processing, and analysis. 

Data Dictionary: Provided in an Excel spreadsheet, detailing variable names and 

coding schemes. 

 

3. Data Storage and Security 

3.1 Storage Locations 

Short-term Storage: Data will be stored on secure institutional servers with regular 

backups. 

Long-term Storage: Data will be archived in repositories. 
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3.2 Security Measures 

Access Controls: Restricted access to authorized personnel only, using passwords 

and user permissions. 

Physical Security: Secure access to physical storage locations for biological samples. 

3.3 Backup Procedures 

Regular Backups: Automated daily backups of digital data. 

Off-site Storage: Copies of backups stored in a separate location to prevent data loss. 

 

4. Data Sharing and Access 

4.1 Data Sharing Policies 

Internal Sharing: Data will be shared among project members through secure 

institutional platforms. 

External Sharing: Data will be shared with third parties following ethical guidelines and 

data sharing agreements. 

4.2 Access Control Mechanisms 

Data Requests: External researchers must submit a data request form detailing their 

research questions and intended use of the data. 

Approval Process: Data requests will be reviewed and approved by the Principal 

Investigator and relevant stakeholders. 

Data Integrity Checks: Regular checks to ensure data has not been altered or 

corrupted. 

 

5. Ethical and Legal Compliance 

5.1 Ethical Considerations 

Informed Consent: All participants will provide informed consent for data collection and 

sharing. 

Privacy Protection: Personal identifiers will be removed or anonymized to protect 

participant privacy. 

6.2 Legal Requirements 

Compliance: Adherence to local and international regulations regarding data 

protection and privacy. 

 

6. Conclusion 

This Data Management Plan outlines the comprehensive approach to managing data 

for the project " NOROVIRUS-HOST INTERACTIONS STUDIES: HBGA 

PHENOTYPIC AND GENOTYPIC PROFILES OF PAEDIATRIC PATIENTS WITH 

DIARRHOEA FROM RURAL COMMUNITIES OF LIMPOPO SOUTH AFRICA." By 

following this plan, we aim to ensure data integrity, facilitate sharing and collaboration, 

and enhance the overall quality and impact of our research. 

 

Signature: 

Principal Investigator: _ ______________________ 

Date: _26/06/2024_____________________ 
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D. ETHICAL CLEARANCE – PROVINCIAL  
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E. ETHICAL CLEARANCE – DISTRICT 
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F. ETHICAL CLEARANCE – UNIVERSITY OF VENDA  
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G. ENGLISH CONSENT FORM 
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H. VENDA CONSENT FORM 
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I. XITSONGA CONSENT FORM 
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J. STUDY OUTPUTS 

- One article based on objective one of this study has been published (Khumela, 

R., Kabue, J.P., Moraes, M.T.B.D., Traore, A.N. and Potgieter, N., 2023. 

Prevalence of Human Norovirus GII. 4 Sydney 2012 [P31] between 2019 and 

2021 among Young Children from Rural Communities in South Africa. Viruses, 

15(8), p.1682). 

 

- For objective two and three, the following abstract has been accepted for oral 

presentation in the SASBMB Congress 2024 which will be held on the 7 - 10 

July 2024. 

HBGAs Phenotypic and Genotypic Profiles in Norovirus Infections Among 

Children from Rural Communities in the Vhembe District. 

Authors: Ronewa Khumela, Jean-Pierre Kabue, Afsatou Ndama, Natasha 

Potgieter  

Presenter: Ronewa Khumela 

Norovirus is a major cause of acute gastroenteritis globally, with cell surface 

glycans such as histo-blood group antigens (HBGAs) playing a crucial role in 

viral attachment to cells. These HBGAs, including ABO, secretor (FUT2), and 

Lewis antigens (FUT3), act as either viral attachment ligands or restriction 

factors. The diversity of HBGAs profiles, influenced by population ethnicity and 

host genetics, impacts the evolution and diversity of norovirus. This study aimed 

to investigate HBGAs as susceptibility factors for norovirus infections in children 

in the Vhembe district. Stool and saliva specimens were collected from 200 

children with acute gastroenteritis (AGE) and 100 without AGE. Stool samples 

were analyzed for norovirus using RT-PCR, RT-qPCR, and Sanger 

sequencing, while saliva specimens underwent HBGAs phenotyping and 

genotyping via ELISA and TD-PCR, respectively. Norovirus prevalence was 

significantly higher in symptomatic (37%) compared to asymptomatic (14%) 

individuals. GII infections were predominant (80%) in children with AGE, with 

GII.4 Sydney 2012 being the dominant genotype. High norovirus positivity was 

associated with secretor individuals compared to non-secretors. These findings 

confirm the influence of population HBGAs as susceptibility factors for norovirus 

infections in the study region. 

Keywords: Norovirus, Acute gastroenteritis (AGE), Histo-blood group antigens 

(HBGAs), susceptibility. 

 

- Article number two is in progress, which will outline key insights based on 

overall objectives and answer the research question. 
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Prevalence of Human Norovirus GII.4 Sydney 2012 [P31]
between 2019 and 2021 among Young Children from Rural
Communities in South Africa
Ronewa Khumela 1,* , Jean-Pierre Kabue 1 , Marcia Terezinha Baroni de Moraes 2, Afsatou Ndama Traore 1

and Natasha Potgieter 1

1 Department of Biochemistry and Microbiology, Faculty of Science, Engineering and Agriculture,
University of Venda, Private Bag X5050, Thohoyandou 0950, South Africa; kabuejeanpierre@yahoo.fr (J.-P.K.);
afsatou.traore@univen.ac.za (A.N.T.); natasha.potgieter@univen.ac.za (N.P.)

2 Laboratory of Comparative and Environmental Virology, Oswaldo Cruz Institute, Oswaldo Cruz
Foundation (FIOCRUZ), Avenida Brazil, 4365-Manguinhos, Rio de Janeiro 21040-360, RJ, Brazil;
marciaterezinha4@gmail.com

* Correspondence: ronewakhumela@gmail.com

Abstract: Acute gastroenteritis (AGE) accounts for considerable morbidity and mortality in the
paediatric population worldwide, especially in low-income countries. Human norovirus (HNoV),
particularly GII.4 strains, are important agents of AGE. This study aimed to detect and characterise
HNoV in children with and without AGE. Between 2019 and 2021, 300 stool samples (200 AGE
and 100 without AGE) were collected from children below 5 years of age referred to the healthcare
facilities of the rural communities of Vhembe District, South Africa. After detection using real-time
RT-PCR, HNoV positive samples were subjected to RT-PCR and Sanger sequencing. Partial nu-
cleotide sequences (capsid/RdRp) were aligned using the Muscle tool, and phylogenetic analysis was
performed using MEGA 11. The nucleotides’ percent identity among HNoV strains was compared
using ClustalW software. A significant difference in HNoV prevalence between AGE children (37%;
74/200) and non-AGE (14%; 14/100) was confirmed (p < 0.0001). Genogroup II (GII) HNoV was
predominant in AGE children (80%; 59/74), whereas most non-AGE children were infected by the
GI norovirus genogroup (64%; 9/14). GII.4 Sydney 2012 [P31] strains were dominant (59%; 19/32)
during the study period. A phylogenetic analysis revealed a close relationship between the HNoV
strains identified in this study and those circulating worldwide; however, ClustalW showed less
than 50% nucleotide similarity between strains from this study and those from previously reported
norovirus studies in the same region. Our findings indicate significant changes over time in the
circulation of HNoV strains, as well as the association between high HNoV prevalence and AGE
symptoms within the study area. The monitoring of HuNoV epidemiology, along with stringent
preventive measures to mitigate the viral spread and the burden of AGE, are warranted.

Keywords: norovirus; acute gastroenteritis (AGE); symptomatic; asymptomatic; GII and GI genogroups;
GII.4 Sydney 2012 [P31]; GII4 Sydney 2012

1. Introduction

Viral acute gastroenteritis (VAGE) is a common disease in both high- and low-income
countries [1]. Since its discovery, human norovirus (HNoV) has emerged and become the
common cause of VAGE worldwide, accounting for over 700 million cases and 219,000 deaths
annually [2–4]. Although norovirus affects people of all ages, it remains a significant
cause of paediatric morbidity and mortality [1], especially in low-income countries [5,6].
The global prevalence of norovirus ranges from 12% to 20.2% [7–9]; however, a higher
prevalence has also been reported in Africa [10,11]. The spread of norovirus is mainly
facilitated by the faecal oral route and poor hygiene practice [12].
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Norovirus is a genus in the Caliciviridae family composed of enveloped, positive
sense, genetically diverse viruses with an approximately 7.5 kb single-stranded RNA
genome [13,14]. The norovirus genome consists of three ORFs (open reading frames),
including ORF1, which encodes a large polyprotein that is cleaved by viral protease to
generate nonstructural proteins (NS1/2-7); ORF2, which encodes a major capsid protein
VP1; and ORF3, which encodes a minor structural protein VP2 [13,15]. The capsid protein
consists of the shell (S) domain and two protruding (P) subdomains. Norovirus vaccine
candidates currently in trial are VP1-based [16]. Amongst the 10 genogroups (GI-GX)
of norovirus, VAGE is mainly caused by GI, GII, and GIV, with GII being the most pre-
dominant genogroup worldwide. Based on VP1 amino acid sequences and partial RdRp
nucleotide sequences, norovirus genogroups are subdivided into 48 capsid genotypes and
60 P-types [17]. GII.4 is the most common genotype infecting humans worldwide and has
been implicated in serious pandemics for about three decades [18]. The majority of HNoV-
related deaths are predominantly reported in low-income countries [5,6], and over the
years, HNoV infections increasingly impose an enormous economic burden in developed
countries [19].

The predominance of GII.4 Sydney 2012 [P31] strains has been increasingly
reported [20–22]. The capacity of a viral strain or variant to remain dominant in a given
geographical area is defined as epidemiological fitness [23–25]. The features involved
can include viral and host characteristics, though they cannot be easily quantified [23].
Observational data, such as changes in the prevalence, distribution, and composition of
viral genotypes, may be used to quantify the epidemiological fitness of a virus [24].

In South Africa, the GII.4 Sydney 2012 [P31] strain was detected in children hospi-
talised with AGE from an urban area [26]. Kabue et al. [27] worked on outpatients from a
rural area in South Africa, who also showed a high prevalence of GII.4 norovirus strains.
There is poor WASH (water, sanitation, and hygiene) practice in rural communities [28],
which may aid the spread of pathogens. Understanding the epidemiological fitness of
prevalent viral genotypes is critical for therapeutic interventions and preventive strate-
gies to minimise the spread. Therefore, continuous surveillance is critical in this era of
vaccine development to provide up-to-date genetic information and understanding of
norovirus epidemiology in areas with a history of high norovirus prevalence where preven-
tive measures would have an enormous impact [16]. This study aimed to give an update on
norovirus prevalence and genetic characteristics in children within the rural communities
of Vhembe District in South Africa.

2. Materials and Methods
2.1. Ethics

The study protocol and consent procedures were approved by the ethics committees of
the Department of Health, Limpopo Province (LP-2018-07-016) and the Research Directorate
of the University of Venda (Ref. SMNS/18/MBY/07/2505). Written, informed consents
were given by the parents or children’s guardians before sample collection.

2.2. Study Population and Sample Collection

Between 2019 and 2021, a cross-sectional study on children under five years of age
living in the rural communities of Vhembe District, Limpopo, South Africa, was performed.
The study population was subdivided into 2 groups, symptomatic (children with AGE
symptoms) and asymptomatic (children without any AGE symptoms for at least one
month) [12]. Inclusion for AGE children was based on the passing of at least 3 or more
loose stools within 24 h [29]. Nonbloody diarrhoeal stool samples (n = 200) were randomly
collected at different primary healthcare clinics and hospitals within the district. For healthy
controls, 100 stools samples were collected in healthcare facilities within the same region.
Information relating to the personal details, clinical symptoms, and living conditions (e.g.,
water source, presence of livestock) of the patients was obtained on preprinted investigation
forms. In hospitalised cases, only children admitted within 24 h were considered for this
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investigation. All specimens were transported to the University of Venda Microbiology
Laboratory and stored at −20 ◦C for further analysis.

2.3. RNA Extraction and Human Norovirus Detection

Viral nucleic acid was extracted using Boom method [30] from pea-sized stools sus-
pended in 500 µL of phosphate buffer saline (PBS). This method is based on the lysis and
nuclease-inactivating properties of the chaotropic agent guanidium thiocyanate, together
with the nucleic acid-binding properties of silica particles. RNA extracts were stored
at −20 ◦C prior to norovirus detection. RIDAGENE real-time RT-PCR (r-Biopharm AG,
Darmstadt, Germany) kit’s viral stool panel (PG1415) was used to detect and differentiate
norovirus genogroup I and II. This assay, according to the manufacturers, is thought to
not cross-react with other common enteric pathogens. The assay has 98% sensitivity and
specificity [31] and includes internal control to monitor the extraction efficiency and ampli-
fication inhibition. The platform used for qPCR was Rotor-gene Corbett 6000. Norovirus
positivity threshold cycle value was considered up to ≤37 (Ct) for GII and ≤35 for GI, with
display of sigmoid curve [32,33].

2.4. Norovirus RT-PCR and Genotyping, ClustalW Alignment, and Phylogenetic Analysis

Norovirus positive RNA extracts were amplified with genogroup-specific polymerase–
capsid (PC) assay [32] using Qiagen OneStep Reverse Transcription-PCR kit (Qiagen,
Germantown, MD, USA) for the purpose of nucleotide sequencing. Previously described
primers [34,35] for GI MON432/GISKR (579 bp) were used for this assay under the follow-
ing PCR conditions: reverse transcription at 42 ◦C for 30 min, activation of Taq polymerase
at 95 ◦C for 15 min, and 40 cycles of PCR amplification at 95 ◦C, 50 ◦C, and 72 ◦C for 1 min
each, followed by 10 min at 72 ◦C and cooling down to 4 ◦C. MON431/GIISKR (570 bp) for
GII was used with one adjustment on the PCR conditions annealing at 56 ◦C. Norovirus
positive extracts that could not be amplified using previous conditions were subjected to
another round of amplification (seminested PCR) by the primers COG2F/G2SKR(GII) and
COG1F/G1SKR (GI), which generate 390 pb and 380 pb fragments, respectively [34,36].
The amplicons that still could not generate a band were subjected to OneStep Ahead
RT-PCR using GISKR/F and GIISKR/F primers that produce 330 bp and 344 bp, re-
spectively [34]. The norovirus amplicons were separated using electrophoresis on 2%
agarose gel stained with ethidium bromide and specific-sized band visualised using
UV light transilluminator. All amplicons visualised at the expected size were sent for
partial Sanger sequencing using 3730XL Genetic Analyzer POP7TM (Thermo-Scientific,
Waltham, MA, USA) at Inqaba BiotecTM (Pretoria, South Africa). The same primers for
conventional PCR were used during Sanger sequencing. Raw sequences were read and
edited via Finch TV (version 1.4) (Geospiza, Seattle, WA, USA). The edited nucleotide se-
quences were then compared with reference strain accessed on NCBI blast tool (accessed on
13 March 2023) at http://www.ncbi.nlm.nih.gov/. Edited sequences were genotyped using
the online noronet platform at http://www.rivm.nlm/norovirus/typingtool (accessed on
15 March 2023) and human calicivirus typing tool HuCaT (Atlanta, GA, USA) at https:
//norovirus.ng.philab.cdc.gov/ (accessed on 15 March 2023). The norovirus genotypes ob-
tained in this study were submitted to NCBI GenBank and have been assigned the following
accession numbers: OM948743-OM948745, OM961396-OM961399, OM970798-OM970802,
OM985015-OM985018, OM993270-OM993272, ON005452, ON008179, OP257195-OP257196,
OP600464-OP600468, and OQ048857-OQ048862.

The ClustalW alignment tool was used to compare aligned sequences’ nucleotide
percent identity between current genotyped norovirus (n = 34) and previously published
norovirus sequences (n = 14) in the same study area [37]. After sequence input, ClustalW is
able to show nucleotide similarities in percentages amongst all sequences.

Phylogenetic analysis was performed to investigate the genetic relationship between
norovirus strains detected in this study and others circulating worldwide. The reference
strains from GenBank with best hit of >80% similarity to the study’s query sequences were

http://www.ncbi.nlm.nih.gov/
http://www.rivm.nlm/norovirus/typingtool
https://norovirus.ng.philab.cdc.gov/
https://norovirus.ng.philab.cdc.gov/
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randomly selected for phylogenetic analysis using MEGA 11 [38]. Additional strains were
selected based on location to fully investigate the relatedness of worldwide circulating
strains over time.

2.5. Statistical Analysis

Data were captured on Excel spreadsheet. Statistical significance was determined
by calculating p-values using Chi-square and Fisher’s exact test on GraphPad Prism 9
(GraphPad Inc., San Diego, CA, USA).

3. Results
3.1. Human Norovirus Prevalence and Sample Characteristics

This study presented the prevalence of HNoV between 2019 and 2021 (Table 1) within
the rural communities of Vhembe District. The prevalence of HNoV was 37% (74/200)
in symptomatic and 14% (14/100) in asymptomatic individuals. The difference in symp-
tomatic and asymptomatic HNoV prevalence was proven to be statistically significant
(p < 0.0001). HNoV significantly (p = 0.0125) affected more hospitalised patients (60%;
44/74) than outpatients (41%; 30/74) during the investigation. The majority of study
participants were males (58%) compared to females (42%), and a higher HNoV prevalence
was recorded in males (66%) than females (34%). Children aged 6–23 months (65%) were
predominantly infected by HNoV, followed by children aged 0–5 months (20%).

Table 1. Demographic characteristics, clinical features, and HNoV prevalence among children with
AGE from Vhembe District, South Africa, in 2019–2021.

Symptomatic Asymptomatic

Total (%) HNoV+ (%) Total (%) HNoV+ (%)

Detection rate (%) n = 200 n = 74 (37) n = 100 n = 14 (14)

Setting

Outpatients 104 (52) 30 (41) 100 (100) 14 (14)

Hospitalised 96 (48) 44 (59) 0 0

Gender

Males 116 (58) 49 (66) 53 (53) 8 (57)

Females 84 (42) 25 (34) 47 (47) 6 (43)

Age in months

0–5 49 (25) 15 (20) 21 (21) 2 (14)

6–23 124 (62) 48 (65) 59 (59) 10 (71)

24–60 27 (14) 11 (15) 20 (20) 2 (14)

Symptoms

Diarrhoea only 48 (24) 8 (11)

Diarrhoea and
other symptoms 152 (76) 66 (89)

Other symptoms seen together with diarrhoea

Dehydration 132 (66) 61 (82)

Vomiting 119 (60) 54 (73)

Fever 79 (40) 36 (49)

Abdominal pain 29 (15) 15 (20)

Stool appearance

Watery 103 (52) 46 (62)

Formed 97 (49) 28 (38) 100 (100) 14 (14)
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Table 1. Cont.

Symptomatic Asymptomatic

Total (%) HNoV+ (%) Total (%) HNoV+ (%)

Duration of
diarrhoea

3 days 163 (82) 62 (84)

>3 days 36 (18) 12 (16)

Interval

1–3 days 161 (81) 61 (82)

3 days + 39 (20) 13 (18)

Living conditions

Treated water 131 (66) 48 (65) 73 (73) 10 (71)

Untreated water 37 (19) 11 (15) 13 (13) 4 (29)

Mixed 32 (16) 15 (20) 14 (14)

Pit toilets 111 (56) 41 (55)

Flush toilets 89 (46) 33 (45)

Breastfeeding 130 (65) 51 (69) 63 (63) 10 (71)

Not breastfed 70 (35) 23 (31) 37 (37) 4 (29)

Livestock 67 (34) 29 (39) 32 (32) 3 (21)

No Livestock 21 (11) 9 (12) 7 (7) 1 (7)

In addition, HNoV infections were mainly found in diarrhoea cases associated with
other related symptoms (89%) than diarrhoea alone (11%) amongst the study participants.
The most common norovirus infection symptoms included dehydration (82%), vomiting
(73%), and fever (49%), as shown in Table 1. There was an increase in HNoV in children
with dehydrating diarrhoea from 2019 (27%; 10/37) to 2020 (45%; 30/66) and 2021 (92%;
89/97). Children with watery diarrhoea had high infection (62%) compared to those
releasing formed stools (38%). The majority of HNoV-positive (82%) children reported
having diarrhoea that lasted no more than 3 days.

Children who reported coming from households using treated tap water showed a
higher prevalence of HNoV (65%; 71%) compared to those who depend on untreated river
water (15%; 29%) or mixed water sources (20%) in both the symptomatic and asymptomatic
groups, respectively. There was a slight difference in HNoV positivity amongst participants
who use pit toilets (55%) and flush toilets (45%). There was no statistical significance in
HNoV-positive breastfed children with AGE (69%) compared to nonbreastfed children
(31%) (p = 0.3732). Similarly, HNoV was detected in the majority of asymptomatic children
who were breastfed (71%) compared to those not breastfed (29%) (p = 0.4812). The presence
or absence of livestock data, as provided by participants, was inconsistent; however, people
who lived with animals had a high HNoV positivity rate (39%; 21%) compared to those
without (12%; 7%) in both the symptomatic and asymptomatic groups.

3.1.1. HNoV Genogroup and Genotype Distribution

We observed an increase in distribution of GII over the years from 2019 (3/59) to
2020 (15/59) and 2021 (41/59) in children with AGE. GII infections predominated (80%;
59/74) GI (12%; 9/74) in children with AGE. Children without AGE were infected with GI
HNoV (64%; 9/14) more than GII (36%; 5/14) (Table 2). The predominance of GII was most
common in hospitalised patients (86%) than in outpatients (70%). GI/GII coinfection was
less common in this study. The median of GII Ct values between the symptomatic (32.25)
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and asymptomatic (35.02) groups was slightly different. Similar findings were observed in
the mean GI Ct values in the symptomatic (32.16) and asymptomatic (32.50) groups.

Table 2. Distribution of HNoV genogroup and genotype in children from Vhembe District, South Africa.

Symptomatic Asymptomatic

Outpatients Inpatients

n = 200 (%) n = 104 (%) n = 96 (%) n = 100 (%)

Total HNoV+ 74 (37) 30 (41) 44 (60) 14 (14)

Genogroups

GI 9 (12) 4 (12) 5 (11) 9 (64)

GII 59 (80) 21 (70) 38 (86) 5 (36)

Mixed 5 (7) 2 (7) 3 (7)

GII Genotypes 32

GII.4 Sydney 2012 [P31] 19 (59) 5 (26) 14 (74) 2 (40)

GII.4 Sydney 2012 13 (41) 6 (46) 7 (54)

Out of 59 cases of HNoV GII detected in symptomatic children, 54% (32/59) were suc-
cessfully amplified and genotyped. In asymptomatic participants, 40% (2/5) of GII strains
were genotyped. Only GII.4 Sydney 2012 [P31] recombinants and the capsid genotype
GII.4 Sydney 2012 were successfully amplified and sequenced in this study. An analysis
of the junction region of ORF1/2 revealed the predominance of GII.4 Sydney 2012 [P31]
recombinants in symptomatic (59%; 19/32) and asymptomatic HNoV (40%; 2/5) infections.
The GII.4 Sydney 2012 [P31] genotype was more common in hospitalised children (74%;
14/19) compared to outpatients (26%; 5/19). The distribution of the GII.4 Sydney 2012
genotype in inpatients and outpatients was similar. The remaining positive amplicons
(41%; 13/32) could only be typed on the capsid fragment as GII.4 Sydney 2012 genotypes.
The HNoV GI group and other GII positive samples could not be typed, possibly due to
low viral load and the impact of electricity load shedding on our storage facilities.

3.1.2. Comparison of Nucleotide Sequences among HNoV Strains Circulating in Vhembe
District, South Africa

The ClustalW percent identity matrix (Data S1) between norovirus strains previously
reported in the study area [37] and those characterised from the current survey showed
a significantly low similarity of less than 50% in nucleotide sequences. The change in
nucleotide sequences was observed in a period of about 4 to 5 years. When comparing
HNoV sequences obtained only from this investigation, we noted that they were all similar,
with a nucleotide percent identity of more than 90%.

3.2. Phylogenetic Analysis

A phylogenetic analysis of HNoV GII.4 Sydney 2012 [P31] sequences from Vhembe
showed multiple clades (Figure 1), clustering mostly among each other, indicating a close
relatedness of the circulating HNoV strains in the area. Amongst these clusters, we observed
HNoV strains from India, Cameroon, and China sharing a common ancestor; however,
Australian strains from 2012 were in a very distant branch, indicating the existence of
a considerable difference with those that have been circulating recently. The nucleotide
sequence identity of norovirus strains obtained from this study showed 95% similarities.
Figure 2 showed that the most closely related strains were those from China and previously
characterised South African strains.
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Figure 1. Phylogenetic analysis of the dual typed (polymerase and capsid junction region, 570 bp
(with MON431/G2SKR)) HNoV nucleotide sequence circulating in Vhembe District (South Africa) in
2019–2021. Phylogenetic tree was set using neighbour joining method. Round black dots indicate
HNoV genotyped in this study, and reference sequences were randomly selected from GenBank, with
their respective accession numbers based on high similarity with our study sequences. All positions
containing gaps and missing data were eliminated. The evolutionary distances were computed using
the p-distance method and are in the units of the number of base differences per site. Evolutionary
analyses were conducted in MEGA 11 (10.0.5) and bootstrap tests (1000 replicates) based on the
Kimura two-parameter model. Only bootstrap values greater than 70% are shown.
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Figure 2. Phylogenetic tree based on 380 bp (with COG2F/G2SKR) capsid/RdRp junction region of
HNoV nucleotide sequence circulating in Vhembe District (South Africa) in 2019–2021. Neighbour
joining method was used in building the tree. Triangle black dots indicate the HNoV genotypes
obtained during this study, and reference sequences were randomly selected from GenBank, with
their respective accession numbers based on high similarity with our study sequences. All positions
containing gaps and missing data were eliminated. The evolutionary distances were computed using
the p-distance method and are in the units of the number of base differences per site. Evolutionary
analyses were conducted in MEGA 11 (10.0.5) and bootstrap tests (1000 replicates) based on the
Kimura two-parameter model. Bootstrap values higher than 70% are shown.

The GII.4 Sydney 2012 strains analysed in Figure 3 were mostly related to a norovirus
strain from Ghana. The neighbouring clades consisted of norovirus strains from Burk-
ina Faso and the other previously listed countries in Figures 1 and 2. There was no
significant difference in the capsid- and polymerase-protein-based phylogenetic analysis
(Figures S2 and S3) compared to the nucleotide-based trees. However, the capsid-protein-
based tree confirmed that strains from neighbouring countries (Botswana and Mozambique)
shared a common ancestor with the HNoV strains detected in this study (Figures S1 and S4),
reflecting the role of border proximity.
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Figure 3. Phylogenetic analysis of the partial typed 340 bp (with G2SKF/R) capsid region of HNoV
nucleotide sequence circulating in Vhembe District (South Africa) in 2019–2021. Phylogenetic tree was
set using neighbour joining method. Squared black dots indicate HNoV genotyped in this study, and
reference sequences were randomly selected from GenBank, with their respective accession numbers
based on high similarity with our study sequences. All positions containing gaps and missing data
were eliminated. The evolutionary distances were computed using the p-distance method and are in
the units of the number of base differences per site. Evolutionary analyses were conducted in MEGA
11 (10.0.5) and bootstrap tests (1000 replicates) based on the Kimura two-parameter model. Only
bootstrap values greater than 70% are shown.

4. Discussion

Human norovirus is a global public health problem associated with diarrhoea disease
worldwide. In this study, we attempted to understand the epidemiological fitness of
norovirus strains by analysing the change in prevalence, distribution, and composition of
norovirus genotypes. A high prevalence of HNoV was previously reported in the rural
communities of Venda, South Africa [27]. Table 2 shows that HNoV strains were still
circulating at a high rate (37%) within the study area. This rate is higher than the pooled
prevalence of norovirus strains in Africa [7] but comparable to what has been reported,
particularly in Ghana [10]. Norovirus has now emerged as the leading cause of AGE
worldwide [3], especially in regions where the rotavirus vaccine has been introduced [39].
This study was conducted in the rural communities of Vhembe District, South Africa, where
rotavirus vaccines have been introduced since 2009.

There was a significant difference (p < 0.0001) in the HNoV infection rate between
the symptomatic (37%) and asymptomatic (14%) groups. This observation indicated the
considerable role of norovirus in the symptomatic presentations of AGE in Vhembe District.
A previous norovirus survey in this study area did not find a statistical difference between
symptomatic and asymptomatic subgroups [27]. The findings suggest that norovirus
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is strongly associated with VAGE in this region, as reported in other low- and middle-
income countries [40,41]. HNoV infections level were higher (59%) in hospitalised patients
compared to outpatients (41%), suggesting that norovirus is actively involved in AGE
symptoms and diarrhoea disease (p = 0.0129). In a recent South African study within
urban areas, norovirus was associated with severe diarrhoea in hospitalised children [26].
Norovirus severity and complications have been previously described elsewhere in coun-
tries like Qatar and Taiwan, respectively [42,43]. However, our data did not include other
gastroenteritis-causing pathogens.

In this study, HNoV predominated among children between 6 and 23 months old.
Recently published data showed that norovirus disease burden is mostly experienced at
this age range in African countries [40]. A similar finding was observed in the MALED
group study, wherein norovirus infection peaked after 6 months [44]. This is a critical age
for individual and immune system development with increased exposure. Available data
showed high vulnerability to infection in children, especially those under 2 years [10,44]. At
this age, children are thought to have lost maternal antibody protection [45] and are more
engaged in increased physical activities, which could lead to more environmental exposure.
The results in this study support other findings which suggested that vaccine development
should prioritise and target the low age range around six months and above. Approximately
85% of children under 2 years could be protected with this implementation [10,44,45].

Although the breastfeeding of children has been associated with protection against
infections [46–48], no statistically significant protection against HNoV infection was seen
from the present study (p = 0.3732). The results agree with recent findings [49,50]. In
the first six months of life, the WHO and UNICEF still recommend exclusive breastfeed-
ing with its association to AGE protection because an infant’s immunity is boosted by
maternal antibodies through breastfeeding [51]. Furthermore, Ghosh et al. [52] recently
demonstrated the transmission of enteric viruses from infants’ salivary glands to mothers’
mammary glands during suckling, leading to an increased flow of maternal milk secretory
IgA antibodies.

Male children were more infected than females during this investigation. Previous
studies indicated that prevalence of viral infections is typically higher in males than fe-
males [21,53]. Jaillon et al. [53] reported that females are thought to have stronger immunity
compared to males, as some genes that aid during immune response are located in the X
chromosome.

Although only the clinical samples were tested, the overall living conditions data pro-
vided were not statistically significant. However, the presence of HNoV in both pit/flush
toilets, treated water, and in children living with domestic animals suggests poor hygiene
practices in the study area. Previous data in the study area have shown faecal contami-
nation of multiple water sources, including tap and household storage containers, with
implications in distribution networks and unhygienic practices [54]. Furthermore, Ayukek-
bong et al. [55] reported norovirus presence in tap water in Cameroon, implying possible
resistance to chlorine used in the treatment of water, as previously demonstrated [56].

Due to COVID-19 pandemic lockdown restrictions, no seasonal distribution data
could be provided during the investigation. However, throughout the study period,
HNoV infections showed a yearly increase, with the highest number recorded in 2021.
This observation was consistent with the prediction of the rise in norovirus cases upon
the relaxation of COVID-19 regulations, as demonstrated by O’Reilly et al. [57]. Data
indicating both the rise and decline in norovirus cases during the COVID-19 pandemic
were reported [58,59]. Furthermore, norovirus outbreaks occurred during the COVID-19
pandemic in China and Japan [22,60].

HNoV GII infections predominated in symptomatic cases, especially hospitalised
children, supporting the view that they should be prioritised during vaccine development.
Our findings are comparable with studies demonstrating the role of GII in symptomatic
infections [42,61,62]. Genogroup II strains have been associated with the majority of
outbreaks worldwide [15,63]. In contrast, the GI group was found to be more prevalent
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amongst control cases in this study. These findings agree with the other studies outcomes
suggesting that GI viruses are usually associated with mild infection, while GII viruses are
mostly associated with disease symptoms [27,64].

Although the outcome of norovirus epidemiology studies may vary in each region,
both GI and GII are epidemiologically important groups requiring continuous surveillance.
There was no significant difference between the norovirus GI viral load in symptomatic
and asymptomatic norovirus-positive samples. Similarly, in GII infections, the difference in
NoV Ct values was insignificant, although a slightly higher median was observed in the
asymptomatic group compared to the symptomatic group. Contrary to these findings, a
previous investigation in the study area found a significant difference in Ct values between
GI and GII groups [27].

The GII.4 Sydney 2012 [P31] variant predominated in this study, particularly among
symptomatic inpatients. The GII.4 Sydney 2012 strain was first detected in Australia and
later spread throughout the world, with new variants emerging almost every two to three
years [65]. The majority of HNoV outbreaks are caused by GII.4 genotypes, which have led
multiple pandemics since the mid-1990s [66]. In 2000 and 2004, US95/96 was replaced by
two new GII.4 variants, Farmington Hills and Hunter GII.4 variants [67,68]. Other strains
were also found in 2006 and 2009 [69]. The GII.4 Sydney variant dominates in most of
countries, including South Africa. GII.4 strains have been associated with severe outcomes
of norovirus infection and less asymptomatic infection [65,70]. Similarly, our study findings
indicate the increase in GII norovirus strains in dehydrating diarrhoea from 2019 to 2020
and 2021.

Since 2012 to date, the Sydney variant, particularly the GII.4 Sydney 2012 [P31] strain,
became epidemiologically dominant and persistent through mutations and recombina-
tion [65]. The ability of GII.4 variants to evolve at a faster rate on capsid accounts for
their epidemiological fitness [71]. Further analysis of GII.4 Sydney 2012 [P31] nucleotide
sequences in this study showed evidence of considerable change and possible mutations
in strains over time. We observed less than 50% similarity in the nucleotide sequences
of HNoV GII.4 strains obtained in this study compared to previously published data
(Data S1). The genetic variation of HNoV strains over the years ascertains how HNoV
may continue to affect vulnerable communities in different countries, with the possibility
of the emergence of new variants in the near future [22,60]. The variation of sequence
nucleotides could explain the viral adaptability and epidemiological fitness or dominance
in the area [72]. The molecular characteristics of GII.4 Sydney [P31] strains during an
outbreak in China suggested that the strains were undergoing evolution, which could lead
to the emergence of new variants [22].

It is unclear what may have selectively facilitated the epidemiological fitness and
spread of the HNoV GII.4 Sydney 2012 P31 strain amid COVID-19 in the study area.
However, the same strain was reported to be circulating in Japan and China during COVID-
19 [22,60]. The features of epidemiological fitness are not easily quantifiable [24]. More
data, including a vast category of viral, host, and environmental characteristics, are needed
to understand the dominance of the norovirus GII.4 Sydney 2012 [P31] strain. Recent data
reported the predominance of the GII.4 Sydney 2012 [P31] strain in norovirus-associated
diarrhoea [20,21], suggesting that this genotype may remain dominant for a while due to
its fitness capacity in different populations. Other genotypes were not characterised in this
study; this could be due to the devastating impact of the South African national electricity
load shedding schedule on laboratory cold storage units, which may have selectively
favoured the survival of GII.4 Sydney 2012 [P31] strains. Furthermore, the majority of
samples were amplified using one-step RT-PCR for the purpose of dual typing, which may
result in a high error rate during amplification compared to high-fidelity polymerases [73].
This could have limited our typing.

A phylogenetic analysis revealed the close relatedness among norovirus GII.4 Syd-
ney 2012 [P31] recombinants (Figure 1) circulating within the study region. A similar
observation was made for GII.4 Sydney 2012 strains (Figures 2 and 3), which were all phylo-
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genetically related to each other. We noted the GII.4 Sydney 2012 [P31] strains were closely
related to the NoV strains circulating in Nigeria, Gabon, Cameroon, China, and Japan.
Norovirus GII.4 Sydney 2012 [P31] from neighbouring countries such as Mozambique and
Botswana shared a common ancestor (Figures S1 and S4). The circulation of closely related
strains in different countries, especially those within the same continent, may be attributed
to border proximity. However, in some cases, norovirus strains were closely related to
other circulating strains outside of Africa, which is thought to have been due to population
movement prior to the COVID-19 pandemic lockdown. Sequence analysis showed that
GII.4 Sydney 2012 strains (Figures 2 and 3) are most phylogenetically related to the HNoV
strains recently reported in Japan [60] in sporadic cases and outbreaks and elsewhere in
countries such as China [74], Botswana [75], and Ghana [10]. The GII.4 variants became
predominant in outbreaks starting from the early 1990s until the current circulating GII.4
Sydney 2012.

Although the GII.4 Sydney strains shared a common ancestor, the data from the
present study suggested that there has been a change over the years in the predominant
GII.4 Sydney 2012 strains first detected in Australia (2012) compared to the recent circulating
variants (Figures 1–3) by distant clusters. This phenomenon is confirmed by the nucleotide
sequence variations observed in the present investigation between different norovirus
strains over the years.

5. Conclusions

HNoV continues to be responsible for VAGE outbreaks affecting various populations
worldwide. This study provides valuable insight into the dominance of the GII.4 Sydney
2012 [P31] genotype and its genetic variation over time. More efforts are needed in the
control of norovirus circulation and spread, especially in highly affected rural communities
with inadequate WASH conditions. It is imperative to monitor the genetic changes and
epidemiology fitness of HNoV strains and the possible emergence of new variants in this
era of norovirus vaccine development.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/v15081682/s1, Data S1: Percent Identity Matrix created by Clustal2.1.
Norovirus sequence numbers 1, 13–15, and 39–48 were obtained from previously conducted
studies in Vhembe District. The rest of the sequences were produced during this investigation.
Figures S1, S3 and S4: Capsid protein based phylogenetic tree of norovirus. Figure S2: RdRP proteins
based phylogenetic tree of norovirus.
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