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Abstract 

The Coronavirus Disease 2019 (COVID-19) pandemic necessitated a swift and coordinated 

global response, with genomic surveillance playing a crucial role in tracking the evolution and spread 

of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). This study presents a 

comprehensive retrospective analysis of genomic surveillance data, drawing from multiple sources, 

including the Global Initiative on Sharing Avian Influenza Data (GISAID), Our World in Data (OWID), 

and national datasets. By leveraging genomic data, this research highlights the importance of 

surveillance in strengthening outbreak preparedness and public health responses.  The thesis is 

structured into five key chapters. Chapter One presents a detailed literature review, contextualising the 

pandemic and highlighting the significance of genomic surveillance. Chapter Two, a published 

manuscript, retrospectively compares the performance of the Illumina MiSeq and Ion Torrent S5 

sequencing platforms in detecting the Delta variant during its early emergence. It assesses their 

efficiency, accuracy, and suitability for genomic surveillance, while addressing challenges in comparing 

data generated by different sequencing technologies. Chapter Three conducts a retrospective trend 

analysis of 6,089 SARS-CoV-2 genomes from KwaZulu-Natal, South Africa. It examines genomic 

surveillance trends across urban and rural districts, focusing on lineage distribution and transmission 

dynamics. The study aims to identify surveillance gaps and propose strategies to enhance epidemic 

preparedness in localised settings.  Chapter Four expands on this analysis by comparing South Africa’s 

genomic surveillance strategies with global initiatives, identifying strengths and areas for improvement. 

It evaluates data-sharing practices and pandemic response frameworks, highlighting successes and 

challenges relative to countries with similar or higher socioeconomic contexts and their impact on 

timely public health interventions.  The final chapter synthesises the key findings, emphasising the need 

for sustained investment in genomic monitoring, technological advancements, and global collaboration 

to enhance preparedness for future public health threats. The study reveals that, while South Africa has 

made significant progress in genomic surveillance, disparities in sequencing coverage, particularly in 

rural areas and low-income countries, pose challenges to comprehensive outbreak monitoring. The 

comparative analysis of sequencing platforms offers critical insights into the reliability and efficiency 

of different methodologies, essential for optimising genomic surveillance systems. Additionally, the 

global comparison demonstrates the importance of international collaboration in genomic data sharing, 

providing strategic recommendations to strengthen surveillance efforts.  In conclusion, this study 

demonstrates that genomic surveillance is indispensable for real-time pandemic response, variant 

tracking, and public health decision-making. By advocating for improvements in sequencing 

infrastructure, equitable data access, and enhanced global cooperation, this research contributes to 

building a more resilient and effective approach to managing future infectious disease outbreaks. 

Keywords: COVID-19, SARS-CoV-2, genomic surveillance, GISAID, next-generation 

sequencing, KwaZulu-Natal, South Africa, public health, pandemic preparedness.
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Thesis Outline 

This thesis comprises five chapters.  

Chapter One presents a review of relevant literature, establishing the background and significance of 

the study. It offers an in-depth overview of the SARS-CoV-2 pandemic from global to local 

perspectives, addressing achievements, challenges and limitations in genomic surveillance.  

Chapter two is a publication titled “Reflective Evaluation of Next-Generation Sequencing Data during 

Early Phase Detection of the Delta Variant”.  This chapter retrospectively analyses data from Illumina 

MiSeq and Ion Torrent S5 platforms used in early Delta variant detection. It emphasises Genome 

Detective and NextClade tools in assessing data variability and discusses considerations for comparing 

data from different sequencing technologies (Ramphal et al., 2024). 

Chapter Three is a manuscript titled “Retrospective Analysis of SARS-CoV-2 Genomic Surveillance 

Trends in KwaZulu-Natal from 2020 to 2023,” and examines genomic surveillance trends in urban and 

rural districts within KwaZulu-Natal. It examines SARS-CoV-2 lineage distribution and transmission 

trends within a well-documented province. The goal is to identify surveillance gaps and suggest 

improvements to existing strategies for future epidemic preparedness in localised settings. 

Chapter Four is a manuscript titled “Unveiling South Africa's Triumphs: An Exploration of SARS-

CoV-2 Genome Sharing Trends and Impacts, 2020–2024”. This chapter examines South Africa's 

genomic data sharing in comparison to global efforts, identifying areas for improvement. It highlights 

successes and challenges relative to countries with similar or higher socioeconomic levels, showing 

differences in pandemic responses and impacts on timely public health interventions. 

Chapter Five synthesises key findings from Chapters two to four, drawing conclusions, situating them 

within the context of existing literature, discussing limitations and suggesting future research directions.
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Chapter One: Background and Literature Review 
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1.1 Background  

The novel Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) was initially 

reported in Wuhan, China in late 2019 (Wu et al., 2020). This marked the beginning of a global health 

crisis, later termed the Coronavirus Disease 2019 (COVID-19) pandemic. While the earliest cases were 

mainly detected in Wuhan, subsequent investigations have revealed that the virus may have originated 

simultaneously in multiple countries (Liu et al., 2021). This hypothesis was supported by retrospective 

analyses of stored biological samples, which have detected SARS-CoV-2 RNA in specimens collected 

prior to the recognised outbreak in Wuhan (Liu et al., 2021).  

Over the next few months, the World Health Organisation (WHO) and the Centres for Disease 

Control and Prevention (CDC) undertook extensive efforts to understand and mitigate the spread of the 

virus (Figure 1.1). The WHO declared the outbreak a Public Health Emergency of International Concern 

(PHEIC) on 30 January 2020, subsequently naming the disease COVID-19 and identifying the virus as 

SARS-CoV-2 (Gorbalenya et al., 2020; Hu et al., 2021). On 11 March 2020, the WHO elevated its 

assessment, declaring the COVID-19 outbreak a global pandemic.    

Figure 1.1: Chronology of Major Events in the COVID-19 Pandemic (Hu et al., 2021) 

These declarations underscored the urgent need for coordinated global action to address the 

rapidly escalating health crisis (Sohrabi et al., 2020).  In the subsequent weeks, the rate of SARS-CoV-

2 transmission surged exponentially across the globe, resulting in >70 million cases within the first year 

of the pandemic (Worldometers, 2025). Globally, as of 5 January 2025, there have been over 777 million 

confirmed cases of COVID-19, including 7,083,246 deaths, reported to WHO (World Health 

Organisation, 2025). In South Africa, as of 5 January 2025, over 4,1 million confirmed cases of COVID-
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19 were reported and over 103,000 associated deaths (Mathieu et al., 2024; World Health Organisation, 

2025).   

The emergence of SARS-CoV-2 has had profound and lasting impacts on global health, 

economies and societies (Nicola et al., 2020; Mofijur et al., 2021). It has highlighted the importance of 

international collaboration, robust public health infrastructure and ongoing research for future 

pandemics. The lessons learned from this unprecedented crisis continue to shape the global health 

landscape, driving innovations in vaccine technology, infectious disease surveillance and public health 

strategies. The emergence of SARS-CoV-2 prompted global public health responses, including the 

establishment of genomic surveillance systems to monitor and track its evolution. In this context, 

genomic surveillance emerged as a key tool in the fight against SARS-CoV-2 (Robishaw et al., 2021). 

By analysing the genetic structure of the virus, researchers gained valuable insights into its evolution, 

transmission patterns and potential impact on public health. This knowledge allowed for the 

development of effective strategies to control the spread of the virus, adapt public health measures and 

optimise vaccine development (Akande et al., 2023). 

The collection of ongoing genomic surveillance data is important in improving our 

understanding of SARS-CoV-2 and its epidemiology. By integrating genomic data with individual level 

metadata, researchers are able to identify demographic variables influencing transmission patterns (Hill 

et al., 2021, 2023). Such information is valuable in understanding the transmission trends within 

communities and populations (Schriml et al., 2020). Ongoing surveillance data has also lead to the 

improvement of existing systems, procedures and technologies, thereby increasing the effectiveness of 

genomic epidemiology of SARS-CoV-2 (Hill et al., 2021).  Publicly accessible databases, such as the 

Global Initiative on Sharing All influenza Data (GISAID), facilitated the sharing of over 16.7 million 

SARS-CoV-2 sequences from more than 215 countries worldwide (Khare et al., 2021). This repository 

provided an excellent opportunity for evaluating trends and conducting comparative analyses on 

existing data from small communities and regions with those of national and international levels (Potdar 

et al., 2021).  By leveraging existing genomic surveillance data, we can improve our knowledge and 

approach for future epidemic and pandemic preparedness. Such data aids in understanding current viral 

dynamics and informs the development of surveillance systems capable of early detection and rapid 

response to emerging infectious diseases (Ling-Hu et al., 2022). The consensus on genomic surveillance 

is that its ongoing evolution and refinement are essential for addressing future public health threats, 

thereby strengthening global health resilience (Akande et al., 2023; Hill et al., 2023).  

1.1.1 Study significance and rationale 

This study utilises existing genomic surveillance data from South Africa to identify gaps and 

challenges in current initiatives, aiming to strengthen strategies for future disease outbreaks. By 

analysing data at local, national, and global levels, it provides insights to strengthen public health 
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practices and outcomes. The primary objective is to use existing surveillance data effectively for 

comparative analysis, enabling meaningful conclusions that could inform public health policies and 

possibly improve outbreak response strategies.  By identifying critical areas for improvement, this study 

underscores the role of genomic surveillance in strengthening public health preparedness and informing 

data-driven decision-making for future outbreaks.   

1.1.2 Study goal and objectives 

The overarching goal of this thesis is to utilise genomic data to uncover valuable insights into 

local trends, to understand South Africa's pandemic response and derive lessons to inform preparedness 

for future outbreaks. The study comprises three key analyses: first, a comparison of genomic data from 

two sequencing platforms, representing publicly available data and metadata used by researchers to 

detect trends and address surveillance limitations; second, an evaluation of sampling strategies in a 

well-annotated province to assess data representation and trends; and third, a global comparison of local 

genomic data with international datasets to evaluate data quality, quantity, and timeliness across various 

socioeconomic contexts.  

These objectives directly address the gaps identified in the literature review, particularly the 

limited comparative evaluation of genomic data quality, the unevenness of surveillance across regions, 

and the need for contextualising South Africa’s genomic response within the global surveillance 

framework. 

1.1.3 Study Considerations 

Considering COVID-19's transition to endemic status and the cessation of pandemic 

containment measures, the study employs past tense throughout chapter one to clarify the initial stages 

of the pandemic and accurately depict these activities as historical events. This tense usage also reflects 

the current status of COVID-19, locally and globally.  Traditional and Generative AI tools were 

employed in this thesis. For transparency, the specific prompts used to generate responses or visual 

content have been documented in Appendix D. These prompts guided the AI tools to refine language, 

resolve coding errors, and create visual materials while adhering to the principles of academic integrity.
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1.2 Literature Review 

The following literature review provides an overview of SARS-CoV-2, encompassing its virol-

ogy, classification, epidemiology, and current prevention strategies, as well as highlighting key achieve-

ments and challenges during the pandemic. There have been many lessons that we learned to enable 

better preparation for future challenges.  This review examines SARS-CoV-2 within the study's objec-

tives, highlighting the role of genomic data in understanding processes, local trends, assessing South 

Africa's experience, and guiding future epidemic preparedness.   

1.2.1 SARS-CoV-2 History and Classification 

 SARS-CoV-2, belonging to the family of coronaviruses (CoVs), is the largest group of the 

order Nidovirales (Sofi, Hamid and Bhat, 2020).  The order Nidovirales is classified within the 

Coronaviridae family, which is a group of enveloped, positive-sense, single-stranded RNA (ssRNA) 

viruses known to infect mammals and birds (Dhama et al., 2020).  This subfamily, Coronavirinae, is 

classified into four genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus and 

Deltacoronavirus (Figure 1.2) (Shahzad et al., 2020; Sofi, Hamid and Bhat, 2020; Wang et al., 2020). 

Figure 1.2: The taxonomy of the order Nidovirales (Sofi, Hamid and Bhat, 2020) 

SARS-CoV-2 falls under the Betacoronavirus genus, which also includes the other notable 

human coronaviruses, MERS and SARS-CoV (Sofi, Hamid and Bhat, 2020).  Within the 

Betacoronavirus genus, SARS-CoV-2 was classified as a lineage B betacoronavirus (Li et al., 2021). 

The lineage B betacoronaviruses is further divided into four distinct subgenera: Sarbecovirus, 

Merbecovirus, Nobecovirus and Hibecovirus (Dhama et al., 2020). SARS-CoV-2, belonging to the 

Sarbecovirus subgenus, also includes the closely related bat coronaviruses, such as RaTG13 and 
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RmYN02, identified in horseshoe bats (Rhinolophus affinis and Rhinolophus malayanus, respectively) 

(Andersen et al., 2020; Hu et al., 2021). The bat coronaviruses share a high genetic similarity with 

SARS-CoV-2, emphasising potential zoonotic origin as previously mentioned (Ye et al., 2020). Similar 

to Middle East Respiratory Syndrome Coronavirus (MERS-CoV) and Severe Acute Respiratory 

Syndrome Coronavirus (SARS-CoV), such zoonotic viruses were also known for their ability to cause 

respiratory illnesses in both humans and animals (Figure 1.3) (Fadaka et al., 2020; Hu et al., 2021).    

Figure 1.3: Possible transmission routes of coronaviruses from carrier to human (Fadaka et al., 2020) 

 SARS-CoV-2 shares genetic similarities, origins, transmission mechanisms and clinical 

manifestations with MERS and SARS-CoV (Lu et al., 2020). SARS-CoV was the virus responsible for 

the 2002-2003 Severe Acute Respiratory Syndrome outbreak and MERS-CoV was the virus responsible 

for the Middle East Respiratory Syndrome outbreak in 2012 (Yang and Leibowitz, 2015; Yin and 

Wunderink, 2018). Considering the effects of MERS and SARS, the emergence of SARS-CoV-2 

elicited considerable apprehension within the scientific community due to its swift progression (Fadaka 

et al., 2020). 

The classification of SARS-CoV-2 at the variant level is based on the genetic variations 

observed in its genome (Koyama, Platt and Parida, 2020). Like most viruses, SARS-CoV-2 

continuously evolves to adapt to the changes in the environment via random genomic mutations that 

are mostly focused on natural selection (Huang and Wang, 2021). The majority of mutations are neutral 

or damaging to the virus itself (Harvey et al., 2021).  However, some mutations were found to provide 

advantageous effects, such as viral escape to the host immune system, resistance to antivirals and 

increased viral fitness (Perez-Gomez, 2021; Abbasian et al., 2023; Carabelli et al., 2023).  Due to the 

latter, an increase in the transmission of SARS-COV-2 was observed and this allowed for easy detection 

at a population level (Pritchard et al., 2022).     
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The WHO and CDC have played crucial roles in the classification and monitoring of SARS-

CoV-2 variants, which were important in understanding the evolution and spread of the virus 

(Chakraborty et al., 2021). These organisations have implemented rigorous and systematic approaches 

to identify and categorise the different variants based on their genetic characteristics and potential 

impact on public health (Chakraborty et al., 2021).  The WHO established the SARS-CoV-2 Virus 

Evolution Working Group in June 2020, in collaboration with various global networks to monitor and 

evaluate the emergence and significance of different variants (Subissi et al., 2022; World Health 

Organisation, 2023c). The group analysed data from genomic sequencing and other sources to identify 

genetic changes in the virus. The WHO developed a comprehensive classification system that 

categorises variants into different lineages and provides standardised nomenclature. They assigned 

Greek letters to different Variants of Concern (VOC) and some Variants of Interest (VOI) lineages only, 

to facilitate global communication and prevent stigmatisation of specific countries or regions (Konings 

et al., 2021; Centres for Disease Control and Prevention, 2023).  The CDC in the United States was also 

actively involved in monitoring and classifying SARS-CoV-2 variants.  

The agency uses a variant classification system that includes four categories: VOIs, VOC, 

Variants of High Consequence (VOHCs) and Variants Under Monitoring (VUM) (Salehi-Vaziri et al., 

2022; Centres for Disease Control and Prevention, 2023). This classification was based on several 

factors, including evidence of increased transmissibility, potential reduction in neutralisation by 

antibodies and increased severity of disease.   Notable VOCs (Figure 1.4) were the Alpha variant 

(B.1.1.7) (Wise, 2020), the first VOC identified in the United Kingdom; the Beta variant (B.1.351) 

(Tegally et al., 2021), first identified in South Africa; the Gamma variant (P.1) (Faria et al., 2021), first 

identified in Brazil; the Delta variant (B.1.617.2) (Cherian et al., 2021), first identified in India; and the 

Omicron variant (B.1.1.529), first reported to WHO from South Africa  (Salehi-Vaziri et al., 2022; 

Viana et al., 2022).  It was essential to recognise that identifying variants in a particular country did not 

automatically suggest that these variants originated or evolved in that region (Choi et al., 2023).  The 

WHO and the CDC consistently revise their variant classifications in the light of emerging data (Ramesh 

et al., 2021).  It is important to note that while differences in transmissibility and immune escape 

between VOCs are well established, evidence for intrinsic differences in severity is more variable, with 

Delta representing the clearest example of reliably increased severity across multiple adjusted analyses. 
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Figure 1.4:  WHO-designated SARS-CoV-2 Variants of Concern (VOCs) with comparative evidence 

on transmissibility, immune escape and intrinsic severity. Evidence consistently supports increased 

transmissibility across all VOCs and strong immune escape for Beta and Omicron. The most robust 

signal of increased intrinsic severity is associated with Delta, whereas Omicron demonstrates lower 

intrinsic severity than Delta when controlling for prior immunity, age, and vaccination status. Severity 

estimates remain context-dependent due to differences in population immunity and healthcare capacity. 

Created on Biorender.com (Cele et al., 2021; Davies et al., 2021; Wolter et al., 2021; Jassat et al., 2022; 

Pulliam et al., 2022; Salehi-Vaziri et al., 2022; Viana et al., 2022) 

1.2.2 Scientific and Lineage-based Nomenclature Initiatives 

The nomenclature initiatives for SARS-CoV-2 have been crucial in facilitating clear 

communication and coordination among the global scientific and public health communities (Rambaut 

et al., 2020). These initiatives aimed to standardise the naming of the virus and its variants, ensuring 

that discussions regarding the virus and its mutations were precise and universally understood, thereby 

avoiding confusion and stigmatisation. The Coronaviridae Study Group's classification efforts and 

recommendations have been foundational, helping streamline communication in identifying and 

discussing new isolates (Gorbalenya et al., 2020). Various lineages and sublineages are identified within 

SARS-CoV-2 variants, each characterised by the specific mutations and genetic signatures (Alkhatib et 

al., 2021; Franceschi et al., 2021; Chrysostomou et al., 2022). These variants were designated using 

different scientific and lineage-based nomenclature initiatives. The Phylogenetic Assignment of Named 
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Global Outbreak Lineages (Pangolin), GISAID and Nextstrain were all lineage-based nomenclature 

initiatives (O’Toole et al., 2021; Potdar et al., 2021). Each provides a detailed understanding of the 

virus's evolution and spread and are essential for genomic surveillance, research, and public health 

response. However, each initiative has a distinct role and characteristic.  

a) Pangolin is a bioinformatics framework and pipeline that assigns phylogenetic clades and 

lineages to viral sequences (Rambaut et al., 2020). It is primarily used for SARS-CoV-2 and other viral 

genomes. Pangolin assigned alphanumeric designations using a systematic approach to identifying and 

categorizing new lineages, critical for real-time epidemiological tracking of SARS-CoV-2 (O’Toole et 

al., 2021; McBroome et al., 2023).   

b) GISAID is an international initiative that promotes the sharing of influenza and other virus 

sequence data (Khare et al., 2021). During the COVID-19 pandemic, GISAID played a crucial role in 

collecting and sharing genetic data of SARS-CoV-2 from different countries and researchers. It provides 

an open-access platform for scientists to deposit and access viral genome sequences, facilitating global 

collaboration in monitoring the virus's genetic evolution and understanding its spread (Elbe and 

Buckland-Merrett, 2017; Shu and McCauley, 2017; Khare et al., 2021).   

c) Nextstrain is an open-source bioinformatics tool that visualises and tracks the genomic 

evolution of pathogens, including SARS-CoV-2 (Aksamentov et al., 2021). It uses phylogenetic 

analysis to create real-time visualisations of the virus's genetic diversity and spread. Nextstrain 

integrates genetic data from various sources, including GISAID and provides interactive phylogenetic 

trees and geographic visualisations. It assists researchers and public health officials in understanding 

the viral transmission patterns and how different lineages spread in specific regions (Hadfield et al., 

2018; Aksamentov et al., 2021).   

In summary, Pangolin is a pipeline for assigning standardised clade designations to virus 

genomes, GISAID is a platform for sharing viral sequence data and Nextstrain is a bioinformatics tool 

for visualising the genetic evolution and transmission of pathogens (Potdar et al., 2021). Together, these 

initiatives contribute to the global efforts in monitoring and understanding the dynamics of SARS-CoV-

2, as well as managing evolving public health challenges posed by SARS-CoV-2 variants.  

1.2.3 SARS-CoV-2 Replication Cycle 

SARS-CoV-2 infection begins when the viral spike (S) protein binds to the host angiotensin-

converting enzyme 2 (ACE2) receptor on epithelial cells of the respiratory tract. This interaction is 

facilitated by host proteases such as TMPRSS2, allowing membrane fusion and entry of the viral RNA 

genome into the cytoplasm (Hoffmann et al., 2020; Kakavandi et al., 2023). Once released, the positive-

sense RNA genome is directly translated to produce the non-structural proteins that assemble into the 

replication-transcription complex (RTC) (Malone et al., 2022; Mishchenko and Ivanisenko, 2022). The 
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RTC drives synthesis of new genomic RNA and a series of sub-genomic RNAs that encode the struc-

tural proteins (S, E, M, and N). These components are assembled in the endoplasmic reticulum-Golgi 

intermediate compartment (ERGIC), after which complete virions are transported to the cell membrane 

and released via exocytosis to initiate further rounds of infection (Hartenian et al., 2020; Klein et al., 

2020). This replication mechanism underpins viral proliferation and provides the substrate for genetic 

variation during transmission.  

1.2.4 Emergence and Transmission Dynamics 

The initial cases of SARS-CoV-2 were linked to a seafood market where live animals were 

sold (Li et al., 2020). Investigations revealed that the virus likely originated in bats and may have been 

transmitted to humans through an intermediate animal host (Zhou et al., 2020; Worobey et al., 2022). 

SARS-CoV-2 belongs to the family of coronaviruses, which are enveloped viruses with single-stranded 

RNA genomes. In contrast to MERS and SARS-CoV, SARS-CoV-2 exhibits distinct genetic 

characteristics that set it apart from its predecessors (Lu et al., 2020).  The transmission dynamics of 

SARS-CoV-2 primarily involve respiratory droplets expelled when an infected individual coughs, 

sneezes, talks, or breathes heavily (Figure 1.5) (Harrison, Lin and Wang, 2020).    

Figure 1.5: SARS-CoV-2 transmission routes potentially impacting the transmission rates and increase 

in cases worldwide (Harrison, Lin and Wang, 2020) 

The reproductive number, often denoted as R0, for an infectious disease, quantifies the average 

number of secondary cases generated by a single infected individual in a susceptible population.  Early 

evidence has indicated that the virus has a high reproductive number (R0 greater than one), indicating 

its ability to spread rapidly within communities (Billah, Miah and Khan, 2020; Dhungel et al., 2022). 

Asymptomatic and pre-symptomatic individuals, who may have not exhibited obvious signs of illness, 
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also contributed to the transmission dynamic. This stealth transmission further complicated efforts to 

control the spread of the virus (Gao et al., 2021).  The global transmission of SARS-CoV-2 was 

facilitated by international travel across borders (Arora et al., 2021). Studies also show that cities with 

high population density facilitate increased contact between individuals, amplifying the potential for 

transmission of airborne diseases (Mei et al., 2015). Hamidi et al. (2020) found that metropolitan areas 

with tightly linked economic and commuting networks experience higher infection rates, underscoring 

the role of connectivity in the spread of COVID-19 (Hamidi, Sabouri and Ewing, 2020). Similarly, 

research by Boterman (2022) demonstrated that urban density influenced infection rates during specific 

phases of the pandemic in the Netherlands, with urban centers acting as epicenters for viral transmission 

during periods of relaxed mitigation measures (Boterman, 2023).  Close contact environments, 

including households, healthcare facilities and enclosed spaces with poor ventilation, emerged as 

hotspots for transmission (Azuma et al., 2020).  The understanding of transmission dynamics increased 

over time as more data became available. It became evident that SARS-CoV-2 was not solely 

transmitted through large respiratory droplets but could also spread via smaller aerosolised particles 

that can remain suspended in the air for extended periods (Evans et al., 2021; Wang et al., 2021). This 

realisation necessitated the adoption of enhanced ventilation, mask-wearing and physical distancing 

measures to reduce the risk of airborne transmission (Chauhan et al., 2023). 

1.2.5 Genetic Variability and Mutation Rate 

SARS-CoV-2 exhibits genetic variability and a mutation rate that contribute to its evolutionary 

dynamics (Hossain et al., 2021).  As mentioned earlier, the genome of SARS-CoV-2 is composed of a 

single-stranded RNA molecule (Figure 1.6) and as with other RNA viruses, it is prone to mutations 

during replication (Rahimi, Mirzazadeh and Tavakolpour, 2021).  Genomic studies have revealed that 

SARS-CoV-2 exhibits a relatively low mutation rate compared to other RNA viruses (Mercatelli and 

Giorgi, 2020). In a previous study, the virus was found to have a relatively low mutation rate, with a 

cumulative count of 12,706 mutations within the SARS-CoV-2 genome (Akkiz, 2021).  The study re-

ported that the majority of the mutations were identified as single nucleotide polymorphisms (SNP’s). 

Their sequencing data also revealed that on average, the virus accumulated approximately one to two 

mutations per month within its genome, which resulted in a considerable number of mutations due to 

the large number of infections worldwide.  Moreover, most alterations in the SARS-CoV-2 genetic 

material were deemed to be either neutral or slightly harmful, indicating that they do not markedly 

impact the virus's properties or actions (Akkız, 2022). However, some mutations did lead to changes in 

the viral proteins, thus potentially influencing factors such as transmissibility, virulence, or immune 

evasion.  
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Stability was critical for the development of effective vaccines and therapeutics, as it suggests 

that while the virus does evolve, its mutation rate does not compromise the long-term effectiveness of 

these interventions. The spike protein, which is responsible for facilitating viral entry into host cells, is 

of particular interest due to its critical role in viral infectivity and its susceptibility to antibody-mediated 

immune responses (Babadi et al., 2022). Although mutations in the spike protein, such as those found 

in VOC, exhibits genetic variability, the virus itself demonstrates a high degree of genetic conservation 

(Martin et al., 2021). This means that the majority of the viral genome remains relatively stable, with 

only a small proportion undergoing mutations.  Conserved regions of the genome are often targeted for 

diagnostic testing, as they ensure accurate detection of the virus across different variants.  This 

knowledge supports evidence-based decision-making and contributes to our collective efforts to control 

the spread of such pathogens (Martin et al., 2021).  

1.2.6 Recombination as an Evolutionary Driver 

In addition to point mutations, SARS-CoV-2 evolution is strongly influenced by recombination, 

a process in which the viral RNA-dependent RNA polymerase switches templates during replication 

when two genetically distinct viruses co-infect the same cell (Jackson et al., 2021; Niemi et al., 2021). 

This can generate chimeric genomes that contain genetic segments from different lineages, potentially 

introducing multiple changes in functional regions simultaneously. Several documented SARS-CoV-2 

lineages, including recombinant forms such as XBB and XD, have emerged through this mechanism 

(Niemi et al., 2021; Tao et al., 2021). Recombination enables rapid evolutionary jumps that may alter 

viral properties, including transmission efficiency and immune evasion capacity, making it a key driver 

of variant diversity, particularly during periods of intense co-circulation of multiple lineages. 

1.2.7 Punctuated Evolution and Variant Emergence 

The evolutionary trajectory of SARS-CoV-2 has not been linear, but rather characterised by 

periods of relative genetic stability punctuated by sudden emergence of highly divergent variants (Har-

vey et al., 2021). This pattern is evident in the transitions from early pandemic lineages to Alpha, Delta, 

and later Omicron, each of which appeared with an unusually large number of mutations in key genomic 

regions such as the spike protein (Tegally et al., 2022). These punctuated evolutionary events are 

thought to be driven by strong selective pressures, such as population-level immunity or chronic infec-

tion in immunocompromised hosts, where prolonged viral replication allows accelerated mutational 

accumulation (Corey et al., 2021; Kemp et al., 2021). The resulting variants often show enhanced trans-

missibility or immune escape potential, enabling them to rapidly replace circulating strains and reshape 

epidemic dynamics.  
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1.2.8  The Impact of VOCs 

The evolution of SARS-CoV-2, as previously outlined, has led to the emergence of several 

VOCs that have drawn considerable attention due to their implications for disease transmission, 

severity, the efficacy of preventive strategies, the likelihood of reinfection and the overall impact on 

public health measures. VOCs have exhibited specific genetic mutations that distinguish them from the 

original strain and, in some cases, from other circulating variants.  Such variants have several potential 

impacts and concerns (Carabelli et al., 2023).   

As previously mentioned, one of the primary concerns associated with VOCs is their increased 

transmissibility. VOCs such as Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2) and 

Omicron (B.1.1.529) have demonstrated higher transmission rates compared to earlier variants of 

SARS-CoV-2 (Ahmad, Fawaz and Aisha, 2022). This heightened transmissibility resulted in an 

accelerated spread within communities, leading to increased case numbers, increased pressure on 

healthcare systems and a greater difficulty controlling the pandemic.  VOCs have also shown the 

potential to influence disease severity by being associated with increased hospitalisation rates, greater 

risk of severe illness and potentially higher mortality rates (Salehi-Vaziri et al., 2022). Such variants 

can have genetic mutations that affect their susceptibility to existing vaccines. Depending on the extent 

of the mutations, the effectiveness of current vaccines against the variant may be reduced. However, it 

is worth noting that vaccines often still provide protection against severe disease, even if they are less 

effective at preventing infection (Rabaan et al., 2023). The emergence of new VOCs raises the 

possibility of reinfection in individuals who have previously recovered from COVID-19 or have been 

vaccinated (Ren et al., 2022). Variants with genetic changes may evade previous immunity, leading to 

reinfection in some cases.  Public health measures enforced by authorities helped control the viral 

spread.  Initial health measures implemented included increased testing, contact tracing, travel 

restrictions, mask mandates and social distancing guidelines.  However, such measures were relaxed 

and became less restrictive over time (Ayouni et al., 2021; Foo et al., 2022). 

Another important consideration is the potential impact of VOCs on diagnostic testing and the 

efficacy of vaccines and therapeutics. Some variants have exhibited genetic changes in regions of the 

viral genome targeted by diagnostic tests.  This can affect the accuracy of detection, as was observed 

with the s-gene target failures (SGTF) during the early detection phases of the Beta and Delta variants 

(Clark et al., 2022; Viana et al., 2022). Additionally, mutations in the spike protein, such as those seen 

in the Beta and Gamma variants, have raised concerns about potential reduced efficacy of certain 

monoclonal antibody treatments. However, vaccines developed against the original strain and 

subsequent variants have generally shown effectiveness in reducing severe illness, hospitalisation and 

death, albeit with varying degrees of efficacy against the different VOCs (Paul et al., 2023).   
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From November 2021 to mid-2023, Omicron (B.1.1.529) and its sub-lineages dominated and 

caused significant disruptions worldwide (Moir and Amoako, 2022). Moir and Amoako (2022) also 

noted that the ongoing identification of genetically diverse Omicron lineages suggests that persistent 

human infections and/or animal hosts may be facilitating the virus's continuous evolution and spread. 

Omicron's circulation led to immune escape, vaccine escape and increased transmissibility and 

reinfection risk, resulting in its rapid global spread and unprecedented alarm (Chekol Abebe et al., 2022; 

Dhawan et al., 2022; Viana et al., 2022). Omicron sublineages BA.1, BA.2and BA.3 drove the fourth 

wave in South Africa, later displaced by BA.4 and BA.5, which drove the fifth wave in early March 

2022. As of mid-2023, Omicron sublineages were still being detected, indicating ongoing circulation, 

although their prevalence and impact varied due to factors such as vaccination coverage, natural 

immunity and public health measures. The situation with SARS-CoV-2 variants remains dynamic, with 

new variants potentially emerging and influencing circulation patterns.   

1.2.9 Genomic Surveillance: A Key Tool in Understanding the Virus  

Genomic surveillance is pivotal in managing infectious diseases, including SARS-CoV-2. 

Despite advancements in medicine and hygiene, infectious diseases remain a global challenge (Hurd 

and Nelson, 2009; Buermans and den Dunnen, 2014). Genomic research enhances our understanding, 

prevention and treatment of various diseases. Recent advances in sequencing technologies have proven 

essential during outbreaks of Dengue, Chikungunya, Ebola, Zika and COVID-19 (Faria et al., 2016; 

Stewart-Ibarra et al., 2018; Di Paola et al., 2020; Tegally, Wilkinson, Giovanetti, et al., 2021).  In the 

fight against COVID-19, genomic surveillance involves analysing the virus's genetic structure to 

understand its evolution, transmission and public health impact (Munung, Mayosi and de Vries, 2018; 

Wilkinson et al., 2021; Tegally, San, et al., 2022). This approach has provided critical insights into 

SARS-CoV-2, informing effective public health strategies. Genomic surveillance has elucidated SARS-

CoV-2 transmission dynamics and facilitated planning for future waves, particularly with the 

emergence of novel variants and sublineages.  

Next-generation sequencing (NGS) enable rapid, cost-effective sequencing of the viral genome 

(Charre et al., 2020). Platforms such as Illumina, Ion Torrent and Oxford Nanopore Technology provide 

comprehensive data on the virus's genetic makeup, revealing mutations, deletions and insertions. These 

genetic variations help trace transmission chains and identify new strains.  Genomic surveillance 

identified numerous SARS-CoV-2 variants, which have exhibited varying degrees of increased 

transmissibility or immune evasion (Biancolella et al., 2023). Tracking these variants was essential for 

adapting public health measures and developing targeted interventions. Additionally, genomic 

surveillance has illuminated the global distribution and movement of SARS-CoV-2 variants, informing 

travel restrictions and quarantine measures (Aggarwal et al., 2022).  Genomic surveillance also aids 

vaccine development by assessing the impact of genetic variations on vaccine efficacy. This allows for 
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timely adjustments of vaccine formulations and the development of booster shots. Collaborative 

networks and platforms for sharing genomic data enable real-time monitoring and analysis, supporting 

evidence-based public health decisions (Msomi et al., 2021; Cheng et al., 2023).  

1.2.10 Overview of South Africa and SARS-CoV-2 Genomic Surveillance Initiatives 

South Africa, a middle-income country located in the southern region of Africa, has the second 

largest economy in Africa, hosts a diverse population size estimated at over 61 million and is divided 

into nine provinces. Each province has its own distinct characteristics and contributes to the overall 

socio-economic landscape of the country. Figure 1.7 lists the provinces of South Africa, which are 

Eastern Cape, Free State, Gauteng, KwaZulu-Natal, Limpopo, Mpumalanga, Northern Cape, North 

West and Western Cape (Omotayo et al., 2021; Alexander, 2023).  

Figure 1.7:  Map of South Africa’s nine provinces (Omotayo et al., 2021) 
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1.2.10.1 Provincial Overview 

Table 1.1 provides a brief breakdown of the South African provinces in terms of area, estimated 

population size, the number of metropolitans and districts and COVID-19 statistics per given province.   

 Table 1.1:  Provincial demographic statistics for South Africa, including GISAID submissions for 

SARS-CoV-2 genomic surveillance  

 

In South Africa, comprehensive genomic surveillance efforts were established to monitor the 

spread and evolution of SARS-CoV-2. Recognising the critical role of genomic sequencing in under-

standing pandemic dynamics and guiding public health responses, the country implemented a robust 

system for SARS-CoV-2 genomic monitoring (Giandhari et al., 2021; Msomi et al., 2021). This system 

proved instrumental in identifying and characterising new variants of concern (VOCs).  Researchers 

Province Area (km2)#1 

Population 

Estimates 

(2021)#2 

No. of districts 

(incl. 

metropolitans) 

Covid-19 

Cases#3 

(01Feb2023) 

Covid-19 

Deaths#3 

(19Jan2023) 

Total no. of 

Genomes* 

(24Apr2023) 

Eastern Cape 169 966 6,5 million 8 366 907 16 940 3 380 

Free State 129 825 2,9 million 5 217 666 7 964 1 983 

Gauteng 18 178 15,9 million 5 1 346 712 21 148 12 459 

KwaZulu-

Natal 
94 361 11,7 million 11 728 670 16 297 7 560 

Limpopo 125 755 6,1 million 5 160 853 4 678 2 693 

Mpumalanga 79 495 4,8 million 3 204 367 4 774 3 112 

Northern 

Cape 
372 889 1,3 million 5 115 882 3 249 2 107 

North-West 104 882 4,1 million 4 203 844 5 067 2 716 

Western Cape 129 462 7,1 million 6 710 754 22 478 11 402 

Other - - - - - 42 

Total 1,22 million >60 million 52 4 055 655 102 595 47 454* 

#1(Alexander, 2023)  
#2 (South Africa: Urbanization from 2012-2022, 2023)  
#3 (COVID-19 South African Online Portal, 2023) 

* Duplicates removed during data clean up from GISAID (Date accessed 24Apr2023). 
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analysed remnant samples from COVID-19 patients to sequence viral genomes, enabling them to pin-

point specific mutations and track their prevalence over time. These efforts were pivotal in detecting 

novel variants emerging in South Africa (Tegally et al., 2021; Viana et al., 2022). South Africa’s ge-

nomic surveillance provided vital insights into the genetic diversity and evolution of circulating SARS-

CoV-2 strains (Tegally, San, et al., 2022). These findings informed public health strategies, including 

the design and implementation of targeted interventions to curb the spread of particular variants. Fur-

thermore, by maintaining ongoing surveillance and sharing genomic data with international partners, 

South Africa advanced global understanding of SARS-CoV-2 and its variants. This collaborative ap-

proach facilitated coordinated efforts to mitigate the pandemic’s impact worldwide (Engelbrecht et al., 

2021; Subramoney et al., 2022).  

Over 55,000 genomes from South Africa have been successfully sequenced and made publicly 

available on databases such GISAID (https://www.gisaid.org/) (Khare et al., 2021)and Sequence Read 

Archive (SRA, https://www.ncbi.nlm.nih.gov/sra) (NCBI, 2021; GISAID - Initiative, 2024). These da-

tabases continue to accumulate sequencing data from around the world, hosting over 15 million SARS-

CoV-2 sequences worldwide.  Such sequences enabled researchers to develop therapeutics such as vac-

cines that target the spike protein and decrease mortality rates.  As of August 2024, more than 70,7% 

of the world's population have received at least one dose of a COVID-19 vaccine, with over 13,7 billion 

doses administered globally. In South Africa, 38,8% of the national population have received at least 

one dose of the COVID-19 vaccine, leading to more than 41,8 million doses being administered in the 

country (Mathieu et al., 2024).   

1.2.10.2 The Initial Detection of SARS-CoV-2 in South Africa 

The Network for Genomic Surveillance in South Africa (NGS-SA) was established in response 

to the impact of the COVID-19 pandemic on South Africa (Msomi et al., 2020).  This network was a 

collaborative effort that monitored and characterised the evolution and transmission dynamics of SARS-

CoV-2 (Msomi et al., 2020, 2021). This collaborative effort involved various institutions, including the 

National Institute for Communicable Diseases, KRISP at the University of KwaZulu-Natal and several 

other universities across the nation (Figure 1.8) (“SARS-CoV-2 Genomic Surveillance Update - 

September 2024,” 2024).  

The South African government implemented a range of strategies to control the spread of 

COVID-19, including extensive testing, contact tracing, public health education, and vaccination 

campaigns (Majam et al., 2021; Modisenyane et al., 2023). Key findings from several studies on these 

efforts reveal insights into both successes and challenges faced (Arndt et al., 2020; Lewis et al., 2022; 

Purasram et al., 2022). These studies collectively highlight that while South Africa's approach involved 

comprehensive public health interventions, ongoing surveillance, vaccination, and education remain 

essential in mitigating COVID-19 and preparing for future public health threats.    
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Figure 1.8: NGS-SA consortium of laboratories in South Africa (Msomi et al., 2020; “SARS-CoV-2 

Genomic Surveillance Update - September 2024,” 2024) 

South Africa recorded its first COVID-19 case in early March 2020 and has since experienced 

multiple infection waves (Figure 1.9). The first wave, which occurred in mid-2020, saw a rapid increase 

in cases and put a strain on the healthcare system. The government implemented various measures, 

including lockdowns, social distancing and widespread testing, to slow the spread of the virus (Haider 

et al., 2020; Durizzo et al., 2021; Schröder et al., 2021).  South Africa also faced the challenge of the 

emergence of new variants of the virus. The Beta variant (B.1.351), first identified in South Africa, 

became dominant during the second wave in late 2020 and early 2021. This variant was of concern due 

to its ability to evade some immune responses and its increased transmissibility. However, subsequent 

research has shown that existing COVID-19 vaccines provided notable protection against severe disease 

caused by the Beta variant (Chirico et al., 2022; Marta et al., 2022).  In late 2021, South Africa reported 

the identification of the Omicron variant (B.1.1.529). This variant, as previously described, was 

characterised by a large number of mutations and raised concerns globally due to its potential impact 

on transmissibility and vaccine effectiveness. Omicron led to international travel restrictions and 

reinforced efforts to understand its properties (Viana et al., 2022).   
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Figure 1.9: Daily confirmed SARS-CoV-2 cases and total deaths since the beginning of the pandemic 

in South Africa.  Adapted from Our World in Data, we highlight the five epidemic waves experienced 

in South Africa, represented by the recorded daily cases and daily deaths over a 7-day rolling average 

(Mathieu et al., 2021, 2024).  

1.2.10.3 Achievements in South African Genomic Surveillance 

South Africa made advancements in genomic surveillance, particularly during the COVID-19 

pandemic, enhancing both national and global understanding of the virus. The development of genomic 

sequencing capacity positioned the country as a leader in scientific research and pandemic preparedness 

(South Africa National Department of Health, 2024). The establishment of the NGS-SA provided robust 

infrastructure for decoding the genetic composition of SARS-CoV-2, improving the ability to track the 

virus's evolution and tailor public health strategies. South Africa rapidly identified and reported SARS-

CoV-2 VOCs, such as Beta and Omicron (World Health Organisation, 2021). Collaborations with key 

institutions like the Africa Health Research Institute (AHRI) and participation in international genomic 

databases like GISAID facilitated these efforts (Karim et al., 2020; Cele et al., 2021; Khan et al., 2022). 

This capability provided crucial insights into the genetic changes of the virus and supported global 

surveillance and response strategies. South Africa's genomic data has been pivotal in understanding 

viral transmission dynamics, influencing global pandemic control strategies and advancing vaccine 

research. By hosting clinical trials for COVID-19 vaccines, South Africa demonstrated its integral role 
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in evaluating vaccine efficacy and promoting equitable vaccine distribution through partnerships with 

WHO, Africa CDC and COVAX (Play Your Part - Brand South Africa, 2021; World Health 

Organisation, 2023a, 2025).  South Africa's adaptability during the COVID-19 pandemic, including 

scaling up testing capabilities, training initiatives and utilising digital technologies for contact tracing, 

showcased the country's resilience and commitment to managing public health crises (Lessells, Moosa 

and de Oliveira, 2020; Giandhari et al., 2021; de Oliveira, 2022). The COVID Alert South Africa app 

and extensive testing by the National Health Laboratory Service (NHLS) demonstrate successful 

strategies in containing the virus (COVID-19 South African Online Portal, 2023). These achievements 

underscored South Africa's proactive approach to genomic surveillance and public health management, 

establishing a foundation for future pandemic preparedness.  

1.2.10.4 Challenges, Limitations and Future Directions 

Genomic surveillance in South Africa has faced significant challenges and limitations, despite 

its pioneering role in Africa. The limited infrastructure for genomic sequencing, especially in rural and 

underserved regions, creates disparities in laboratory capacity and affects the timeliness and geographic 

coverage of surveillance data (Mfuh, Abanda and Titanji, 2023). This inequity hampers effective 

pathogen tracking and public health responses (Kluge et al., 2018). Insufficient funding further 

complicates the situation, as genomic surveillance requires advanced technology and skilled personnel, 

making it resource-intensive (Gardy and Loman, 2018; Ekusai-Sebatta et al., 2023). 

The integration of genomic data with epidemiological data remains suboptimal (Hill et al., 

2021). Effective genomic surveillance necessitates the integration of genetic sequences with clinical 

and epidemiological information to inform public health decisions, but the lack of streamlined data 

systems and interdepartmental coordination hinders this process (Gim, 2022; Gomes, Rebelo and Alves 

De Sousa, 2022; Ling-Hu et al., 2022). The availability of skilled personnel is another major challenge. 

While South Africa has skilled experts, there is a shortage of trained professionals, exacerbated by 

global demand and brain drain (Govender, 2024). Logistical challenges in sample collection, storage, 

and transport from remote areas to sequencing labs have long caused delays, undermining the timeliness 

of data for real-time decisions (Patrick, Chomič and Armstrong, 2016). Despite these challenges, South 

Africa's genomic surveillance efforts have provided crucial insights into pathogen epidemiology and 

enhanced global understanding of infectious disease dynamics (Giandhari et al., 2021; Inzaule et al., 

2021). Future directions should focus on improving infrastructure by expanding and upgrading 

sequencing facilities, securing stable funding streams, developing integrated data systems and investing 

in education and training programmes to build local expertise (Dandara et al., 2014; Inzaule et al., 2021; 

World Health Organisation, 2024a). Strengthening partnerships with global health organisations and 

other countries can enhance knowledge exchange, capacity building and access to advanced 

technologies (World Health Organisation, 2024b). Addressing these challenges through collaborative 



 

22 

 

efforts will strengthen South Africa's capacity to monitor and respond to infectious diseases effectively, 

leveraging genomic surveillance as a foundation of public health strategy (de Oliveira and Baxter, 

2024).  

Despite significant progress in SARS-CoV-2 genomic research, several research gaps remain. 

Firstly, while numerous studies have characterised the virus’s transmission and mutation patterns, fewer 

have critically assessed the operational, infrastructural, and data-sharing challenges that influence 

genomic surveillance in resource-limited settings. Secondly, there is limited integration between 

genomic data and epidemiological metrics, which constrains the ability to evaluate the real-time 

effectiveness of surveillance frameworks. Thirdly, few comparative analyses have been undertaken to 

position South Africa’s genomic surveillance progress within a global context. This study directly 

addresses these gaps by combining technical assessments of sequencing performance, regional 

surveillance trends, and comparative global data analysis to identify areas for improvement and enhance 

preparedness for future outbreaks. 

1.3 Conclusion 

This literature review underscores the pivotal role of genomic surveillance in global health, a 

necessity brought into clear focus by the COVID-19 pandemic. International health agencies, such as 

the WHO and CDC, have highlighted the importance of robust systems to track and control infectious 

diseases (Luo et al., 2023). South Africa's genomic surveillance efforts have been instrumental in 

understanding the dynamics of SARS-CoV-2, particularly through the identification of key variants 

such as Beta and Omicron (Cele et al., 2021; Tegally et al., 2021; Subramoney et al., 2022). For 

example, genomic surveillance facilitated the rapid detection of the Omicron variant, enabling effective 

global tracking of its spread and informing timely public health measures (Viana et al., 2022). Despite 

challenges, including funding limitations and disparities in laboratory capacity, particularly in rural 

areas, South Africa has built a surveillance infrastructure that continues to evolve (Tegally, San, et al., 

2022). By integrating genomic data with epidemiological and clinical insights, South Africa has 

effectively guided critical public health responses, such as identifying the immune escape potential of 

the Omicron variant (Khan et al., 2022; Pulliam et al., 2022). To ensure sustained progress, ongoing 

investment in workforce training, stable funding, and international collaboration is essential. 

Strengthening these areas will enhance South Africa’s genomic surveillance infrastructure, improve 

readiness for future outbreaks, and reinforce global health security (Madhi et al., 2022).
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Linking Chapters one and two 

Interlinking the narratives of Chapters One and Two, we build a framework for understanding 

SARS-CoV-2 genomic surveillance. Chapter One provides a global and South African overview of the 

pandemic, the role of genomic surveillance against a backdrop of varying resources, showcasing both 

achievements and research gaps. Chapter Two advances this discussion by focusing on data generation 

and sequencing infrastructure used in genomic surveillance. It explores the impact of NGS technologies, 

particularly their role in enhancing early-stage surveillance in South Africa. This analysis not only 

details the use of two major platforms but also evaluates their contributions to improving data quality 

and consistency, crucial for tracking variants like Delta in regions such as the Eastern Cape. This 

comprehensive synthesis serves as a foundation for further discussions on enhancing genomic 

surveillance capabilities.   
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Chapter Two: Reflective Evaluation of Next-Generation Sequencing data 

during early phase detection of the Delta variant  
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Abstract 

 During the SARS-CoV-2 pandemic, next-generation sequencing (NGS) technologies like the 

Ion Torrent S5 and Illumina MiSeq, alongside advanced software, improved genomic surveillance in 

South Africa. This study analysed anonymised samples from the Eastern Cape using Genome Detective 

and NextClade, showing Ion Torrent S5 and Illumina MiSeq success rates of 96% and 94%, respec-

tively. The study focused on genomic coverage (above 80%) and mutation detection (below 100), with 

the Ion Torrent S5 achieving 99% coverage compared to Illumina MiSeq's 80%, likely due to different 

primers used in amplification. The Ion Torrent S5 was more effective in sequencing varied viral loads, 

whereas Illumina MiSeq had difficulties with lower loads.  Both platforms were adept at identifying 

clades, successfully differentiating between Beta (<45%) and Delta variants (<30%), despite minor dis-

crepancies in assignments due to Illumina MiSeq's lower coverage, leading to a failure rate of up to 6%. 

Manual library preparation showed similar capabilities in sample processing and clade identification 

for both platforms. However, respective differences between the Ion Torrent and Illumina MiSeq were 

noted in sequencing duration (3.5 vs. 36 hours), automation level, genomic coverage (80% vs. 99%) 

and viral load compatibility, showcasing each platform's unique advantages and challenges in SARS-

CoV-2 genomic surveillance. In conclusion, the Illumina MiSeq and Ion Torrent S5 platforms are both 

efficacious in executing whole-genome sequencing (WGS) via amplicons, facilitating precise, accurate 

and high-throughput examinations of SARS-CoV-2 viral genomes. However, it is important to note the 

existence of disparities in the quality of data produced by each platform. Each system offers unique 

benefits and limitations, rendering them viable choices for the genomic surveillance of SARS-CoV-2.  

Keywords: Next-generation-Sequencing (NGS), SARS-CoV-2, Illumina MiSeq, Ion Torrent S5, Ge-

nomic surveillance, viral load, data analysis.



 

26 

 

2.1 Background 

At the end of 2019, incidence rates of SARS-CoV-2 increased substantially within a short 

period, followed by a rapid global diffusion and evolution of the virus resulting in five novel variants 

of concern (VOC) - each driving new infection waves (Konings et al., 2021; Tay et al., 2022).  A VOC, 

as listed by WHO and Centers of Disease Control and Prevention, is defined as variants that include 

attributes of increasing transmissibility, causing severe disease and increased hospitalisations, showing 

a reduction in therapeutics such as vaccine efficacy and diagnostics detection failures (Centers for Dis-

ease Control and Prevention, 2023; World Health Organisation, 2023b). Globally, more than 700 mil-

lion confirmed cases of COVID-19 have been reported as of 05 January 2025, resulting in over 7 million 

deaths (Worldometers, 2025). 

Pathogen genome sequencing is a fundamental surveillance tool used to support the understand-

ing of molecular epidemiology of disease outbreaks (Babb de Villiers et al., 2021).  Recent advances 

in sequencing technologies have shown their applicability for research use in outbreak situations, such 

as those observed with Ebola, Zika virus, SARS, MERS and most recently, the novel SARS-CoV-2 

(Faria et al., 2016; Quick et al., 2016; Yin and Wunderink, 2018; Tegally et al., 2020; Butera et al., 

2021; Tegally, Wilkinson, Lessells, et al., 2021).  Tracking signature genetic mutations of the virus 

allows researchers to estimate the influence of early outbreaks and ensures more accurate detection and 

characterisation of variants, possible drug resistance mutations, vaccine escape variants, virulence and 

pathogenicity factors (Engelbrecht et al., 2021; Giandhari et al., 2021; Tegally, Wilkinson, Giovanetti, 

et al., 2021; Wilkinson et al., 2021; Khan et al., 2022).  Therefore, genomic surveillance, complemented 

by real-time monitoring and data sharing networks, is a valuable tool to improve the understanding of 

SARS-CoV-2 transmission and epidemic dynamics.  Sequencing centers across the country initiated 

genomic surveillance programmes for the WGS of SARS-CoV-2 as part of the Network for Genomic 

Surveillance in South Africa (NGS-SA) (Msomi et al., 2020, 2021). Sequencing technologies used in-

cluded Illumina, Ion Torrent and Oxford Nanopore technologies.  Together, the network kept abreast 

of the latest SARS-CoV-2 variants circulating within South Africa’s infection waves and produced over 

46,000 genomes, which were made publicly available in May 2020 (Charre et al., 2020; Pillay et al., 

2020; Tshiabuila et al., 2022; GISAID - Initiative, 2024). 

Although there are distinct differences between these two systems, the Ion Torrent S5 and Illu-

mina MiSeq platforms are well-known for their mid- to high-throughput sequencing, variant calling and 

overall good quality short read sequences (Quail et al., 2012; Salipante et al., 2014; Lahens et al., 2017; 

Marine et al., 2020).  Illumina uses a fluorescence-based paradigm for determining nucleotide sequence 

in which all the enzymatic processes and imaging steps take place in a flow cell.  Ion Torrent, an alter-

native sequencing technology, reads nucleotide sequences based on a measure of pH by proton release 

and makes use of a semiconductor sequencing chip and ion spheres bound to DNA (Merriman, Torrent 
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and Rothberg, 2012; Lahens et al., 2017; Ion GeneStudioTM S5 System, no date). Additionally, there are 

differences in the type of data generated by each platform.  The sequence reads generated from Illumina 

data in a single run have the same length and are generally paired-end reads, whereas Ion Torrent reads 

vary in length and are single-ended (Quail et al., 2012; Liu et al., 2016).  A comparative study involving 

SARS-CoV-2 further highlights the ease of use and operation with the automated Ion Torrent S5 work-

flow when coupled with the Ion Chef (Plitnick et al., 2021).  The Ion Chef is used to automate library 

preparation for small sample numbers and is an essential component in the templating of prepared li-

braries onto the Ion Torrent sequencing chip.  Cost comparisons of these platforms are comparable, 

assuming that sample multiplexing is increased on the Ion Torrent S5 (Marine et al., 2020).  The oper-

ation of the Illumina MiSeq at maximum capacity ensures an overall low cost due to the high efficiency 

of the platform (Marine et al., 2020; Plitnick et al., 2021). 

Since the onset of extensive research into SARS-CoV-2 in 2020, concerns have persisted 

regarding the emergence of new variants and mutations. Consequently, ongoing surveillance of SARS-

CoV-2 variants is imperative for the timely identification of emerging variants. For this reason, it is 

necessary to ensure that sequencing data generated by various WGS platforms is comparable in terms 

of performance and sequencing output.  A recent study performed a benchmarking comparison on 

several different SARS-CoV-2 genome-sequencing protocols and reported performance variation 

across WGS technologies (Liu et al., 2021).  Another study assessed the WGS of SARS-CoV-2 using 

both the Ion Torrent and Illumina technologies with their respective protocols in considerable detail 

(Plitnick et al., 2021).  Although the study’s findings demonstrate that genomic coverage was high with 

faster turnaround times on the Ion Torrent platform, it is challenging to compare the data generated 

without using the same analysis pipeline to prevent discrepancies in assembly and quality control 

processes.   

Therefore, in this comparative study, we used one set of remnant SARS-CoV-2 positive sam-

ples collected from the Eastern Cape for a direct comparison of data generated by the Ion Torrent S5 

and Illumina MiSeq platforms. The same analysis pipeline was used by both platforms to assess if 

genomic coverage, quantification of mutations (deletions, insertion sand substitutions) and clade as-

signment were comparable for data generated across the two platforms.    

2.2 Methods 

2.2.1 Sample population, collection, processing and ethics 

As part of the NGS-SA initiative, we used remnant routine genomic surveillance samples that 

were collected from the Eastern Cape between March and June 2021 to assess the sequencing data 

generated from two NGS platforms (Msomi et al., 2020).  The National Health Laboratory Service 
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(NHLS) in Port Elizabeth, Eastern Cape collected nasopharyngeal and oropharyngeal swabs from in-

patients and outpatients in clinics and hospitals.  The NHLS team also determined SARS-CoV-2 posi-

tivity using qualitative polymerase chain reaction (qPCR) assays on the Cobas® SARS-CoV-2 (Roche 

Molecular, Pleasanton, CA, USA), Xpert Xpress SARS-CoV-2 (Cepheid, CA, USA) or Seegene All-

plex™ 2019-nCoV Assay and the CFX96 DX™, Bio-Rad (Seegene, Inqaba Biotec, SA).  Sample Ct 

values were provided as part of the metadata files accompanying all samples.  The remnant nasopha-

ryngeal and oropharyngeal swabs from 183 patients were used for this study (Table S1) irrespective of 

their Ct values.  The RNA was extracted at the KwaZulu-Natal Research Innovation and Sequencing 

Platform (KRISP) based in Durban, KwaZulu-Natal, South Africa. The extracted RNA was used for 

independent library preparation at the respective sequencing sites followed by sequencing on the Illu-

mina MiSeq based at KRISP and on the Ion Torrent S5 based at the Central Analytical Facilities (CAF) 

in Stellenbosch, Western Cape. Samples were sequenced over two runs on each platform for a direct 

comparison of the sequence data generated. This study falls under the approval of the Biomedical Re-

search Ethics Committee of the University of KwaZulu-Natal, South Africa, with protocol reference 

number BREC/00004745/2022. As no human subjects were involved, no informed consent was re-

quired.  

2.2.2 Nucleic acid extraction  

All 183 samples were extracted as per the manufacturer’s instructions using the CMG-1049 kit 

on the Chemagic 360 instrument (Perkin Elmer, Hamburg, Germany).  Total nucleic acid (TNA) ex-

traction was performed using a total volume of 200 µL per sample added to 450 µL lysis buffer and 14 

µL Poly A RNA / proteinase-K reaction mixture. The TNA was eluted in 100 µL elution buffer in which 

two aliquots were made and stored at -20 C until further use.  

2.2.3 Complementary DNA (cDNA) synthesis  

cDNA synthesis of samples sequenced on the Illumina MiSeq was performed with the Super-

Script IV reverse transcriptase using random hexamers (Life Technologies) while cDNA synthesis on 

samples sequenced on the Ion Torrent S5 was performed with the SuperScript Vilo cDNA synthesis kit 

(Life Technologies). 

2.2.4 Library preparation and next-generation sequencing strategies 

Sequence libraries for Illumina MiSeq and Ion Torrent S5 sequencing were manually prepared 

using the Nextera DNA Flex Library Prep kit and the Ion AmpliSeq Library Kit Plus, respectively.  

Templating of the prepared libraries onto the sequencing chip for the Ion Torrent S5 was automated 

using the Ion Chef and the Ion AmpliSeq SARS-CoV-2 Research Panel and Ion AmpliSeq kit for Chef 

DL8.  
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2.2.4.1 Multiplex Tiling PCR, Illumina MiSeq Library Preparation and Sequencing  

Samples sequenced using Illumina MiSeq were amplified using a multiplex PCR as previously 

published (Pillay et al., 2020).  ARTIC primers were designed on Primal Scheme 

(http://primal.zibraproject.org/) to generate 400 base pair (bp) amplicons with 70 bp overlaps (Quick et 

al., 2017).  The primers (v3 as of June 2021) were used to amplify the SARS-CoV-2 whole genome (30 

kb).  Amplicons were purified using Ampure XP purification beads (Beckman Coulter, High Wycombe, 

UK), using a 1:1 ratio.  All purified amplicons were quantified on the Qubit 4.0 instrument using the 

Qubit double-stranded DNA (dsDNA) High Sensitivity assay kit (Life Technologies).  Purified 

amplicons were stored at 4 °C prior to further use.  Indexed paired-end libraries were prepared using 

the Nextera DNA Flex Library Prep kit and the Nextera DNA CD indexes (Illumina, San Diego, USA) 

in compliance with the manufacturer’s instructions. Libraries were purified and normalised to 4nM 

prior to the pooling. The pooled library was denatured using 0.2N sodium hydroxide followed by 

dilution to obtain a final concentration of 8 pM.  A minimum of two controls (negative and positive) 

were included in each sequencing run with 96 samples processed in total.  The library was spiked with 

1% PhiX Control v3 (adapter-ligated library used as a control) and was sequenced using a 500-cycle v2 

MiSeq Reagent Kit on the Illumina MiSeq instrument (Illumina, San Diego, CA, USA) (Pillay et al., 

2020).   

2.2.4.2 Ion Torrent S5 Library preparation and sequencing 

Manual library preparation workflow was performed using the overlapping amplicon strategy 

and a 2-pool primer panel on the Ion AmpliSeq Library Kit Plus.  Primer pool 1 consisted of 125 primer 

pairs and primer pool 2 consisted of 122 primer pairs generating amplicons within a range of 125 bp to 

275 bp in length.  It is imperative to note that the panel design allows for the tiling of ~237 amplicons 

across the SARS-CoV-2 genome (~30kb) resulting in a sequencing coverage of 99,0%, covering posi-

tions 43 to position 29,842 (positions relative to the SARS-CoV-2 reference, GenBank accession num-

ber NC_045512). An additional five primer pairs targeting human expression were used as controls 

within the panel.  SARS-COV-2 targets were set up using a 16-cycle target amplification for samples 

with a broad range of viral load. Amplified targets for the two primer pools were combined and ligated 

using the Ioncode Barcode Adapters 1 – 96 kit.  Automated templating of 70 pM libraries was loaded 

onto two high sequencing data output Ion 540 Chips per sequencing run using the Ion Chef followed 

by sequencing on the Ion Torrent S5 as per manufacturer’s protocol (Ion 540™ Kit – Chef User Guide 

Pub. No. MAN0010851).  A minimum of two controls were included in each run with 96 samples 

processed per sequence run using two 540 chips.  All runs were pre-planned and set up using the Ion 

Torrent suite software (v5.16.0).  All information on the Ion AmpliSeq SARS-CoV-2 Research Panel 

is available at https://ampliseq.com. 
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2.2.5 Sequence Data Analysis 

The data analysis was processed by one bioinformatician at KRISP and the sequences generated 

by the Illumina MiSeq were originally analysed prior to those generated on the Ion Torrent S5 due to 

routine sequencing schedules. The raw paired-end reads generated from Illumina MiSeq and the raw 

single-end reads from Ion Torrent sequencing (FASTQ files) were assembled using the web-based ap-

plication Genome Detective, version 1.126 (https://www.genomeDetective.com/) (Genome Detective 

Virus Tool, 2019).  Genome Detective is a web-based assembly tool that incorporates the use of de novo 

and reference-based mapping algorithms to assemble whole viral genomes. The initial assemblies ob-

tained from Genome Detective were refined by aligning mapped reads to the reference and generating 

consensus sequences for each of the comparisons runs on both sequencing platforms.  Consensus se-

quences for both platforms were assessed using NextClade (https://clades.nextstrain.org/, version 1.7.4) 

for sequence clade assignment, identification, quantification of mutations and sequence quality anal-

yses.  NextClade is a classification tool that utilises Nextstrain nomenclature to distinguish differences 

between a given sequence and a reference sequence in order to identify various clades and VOCs 

(Aksamentov et al., 2021).  Additional data regarding S-gene coverage was obtained by uploading con-

sensus sequences to Genome Detective.  Sequences (FASTA files) that passed quality control with 

greater than 80% genomic coverage and less than 100 mutations were deposited onto GISAID 

(https://www.gisaid.org/) (GISAID - Initiative, 2024).  Internal quality control of 100 mutations was 

obtained from previous sequencing data using the mutational rate of the virus and the time lapse into 

the SARS-CoV-2 pandemic.  All the raw sequence data generated for this research is available publicly 

in the NCBI Sequence Read Archive (project no. PRJNA636748).  Epidemic data is freely available on 

the open-source GISAID database and accessed using the GISAID Identifier: EPI_SET_230203ym; 

doi: https://doi.org/10.55876/gis8.230203ym. The GISAID accession identifiers are also included as 

part of Table S2.2.   For uploading purposes only, the majority of the sequences uploaded onto GISAID 

were obtained from data generated on the Illumina MiSeq platform, as these were initially sequenced 

and analysed.  Outstanding sequences that passed quality control were obtained from sequencing data 

generated on the Ion Torrent S5 and uploaded onto GISAID thereafter. 

2.2.6 Statistical Evaluation and Considerations 

Data visualisation and statistical analysis were performed using ggplot2 v3.3.6 package and R 

v.4.2. A spearman’s ranked sum correlation test was performed to determine the relationship between 

viral load and coverage (genomic and S-gene) obtained from sequences generated on each platform.  

The Wilcoxon test was used to establish the difference in the range of genomic coverage obtained 

between platforms and to assess the difference in the quantification of mutations (total mutations, 

insertions, deletions and substitutions) detected between the Ion Torrent S5 and the Illumina MiSeq 

platforms.  
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2.3 Results 

2.3.1 Process Flow 

The Illumina MiSeq and Ion Torrent S5 sequencing platforms followed specific workflows 

for WGS of SARS-CoV-2 samples. Figure 2.1 provides a detailed overview on the processes involved 

from sample receipt to data analysis.   Post nucleic acid extraction, the Illumina MiSeq and Ion Torrent 

S5 workflows take on a separate direction in sample processing.  The Illumina MiSeq and Ion Torrent 

S5 workflows accommodate manual libraries of 96 samples in total. Illumina MiSeq accommodates 94 

samples and two controls per sequence run; Ion Torrent S5 accommodates a minimum of 91 samples 

and a maximum of five controls per sequence run using two Ion 540 chips. 
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Figure 2.1:  Overview of the Next-Generation Sequencing process flow for the whole genome 

sequencing of SARS-CoV-2 using the Illumina MiSeq and Ion Torrent S5 sequencing platforms   
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2.3.2 Sequencer-specific attributes 

Sequencing data obtained for the independent runs and listed in Tables S3 and S4, were 

subjected to WGS on the Illumina MiSeq and Ion Torrent S5, respectively.  The sequencing data listed 

in Table 2.1 was obtained for each respective platform upon run completion and was tabulated 

separately due to non-comparable parameters listed.   

Table 2.1:  Comparison of (a) Illumina MiSeq and (b) Ion Torrent S5 sequencing platforms used for 

WGS of 96 SARS-CoV-2 samples. 

Attributes Illumina MiSeq Ion Torrent S5 and Chef 

Primer details Artic Primers (version 3) – 2 pools AmpliSeq Primers – 2 pools 

Sequencer  

performance and 

kit details 

Nextera Flex V2 500 cycle kit 

 

24–30 million paired-ended reads 

12–15 million single reads 

 

Throughput: 8,5 Gb 

 

Sequencing Run time: ~ 36 hours 

AmpliSeq Research Panel using the Ion 

540 Chip 

 

60 – 80 million reads 

 

Throughput: 10 - 15 Gb  

 

Sequencing Run time: ~3,5 hours per chip 

Sample quantity Processing low to high sample 

numbers 

Processing of low to high sample  

numbers 

Sample processing  

(automated vs 

 manual) 

Can be automated using the addition of 

an automated liquid handler to reduce 

hands-on time and error rates 

 

Automation allows for handling of 

large sample numbers 

 

High throughput with manual library 

preparation and indexing of 96 libraries 

at a time 

 

Increased hands-on times and increased 

error rates 

Automation of library preparation on Ion 

Chef allows for small sample number 

processing (8 samples per 7,5 hours) 

 

Automation limits hands-on time and limits 

error rates 

 

Higher throughput is achievable by 

preparing libraries manually with the use 

greater IonCode Barcode Adaptors 

 

Manual library preparation increases 

hands-on time and increases error rates  

Read lengths Assembled Paired-end reads  

400 bp fragments 

Single-end reads 

125 – 275 bp fragments 
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Each platform was independently assessed based on kit and platform specific outputs as listed 

in Table 2.1.  Each platform displays similarities in the use of 2-pool primer sets, processing capacity 

of a broad range of sample quantities, semi-automation of process, high sequence success rates and 

genomic coverage. The platforms differ across the platform-specific kit requirements and primer sets 

used the performance output in read length, fragment size and varied sequencing duration observed per 

sequence run.  

2.3.3 Sequencing Platform Performance Comparison 

Run A and Run B, constituting 183 libraries in total, were sequenced on both platforms, gener-

ating 86 consensus sequences for each of the Illumina MiSeq runs, followed by 92 and 83 consensus 

sequences for the Ion Torrent S5 sequencing runs (Table 2.2).  

Table 2.2: Summary of comparable consensus sequence data generated from same sample set on Illu-

mina MiSeq and Ion Torrent S5 platforms 

 

Properties 
Sequencing Platform 

Illumina MiSeq Ion Torrent S5 and Chef 

Total number of samples processed per platform 183 

Sequencing Run Time per run (hrs) 36 7 (3,5 hrs per 540 chip) 

Sequence Success Rate (n/N (%)) 172/183 (93,9%) 175/183 (95,6%) 

Sequence Failure Rates (n/N (%)) 11/183 (6,0%) 8/183 (4,4%) 

Greater than 80% genomic coverage (n/N (%)) 138/172 (80,2%) 174/175 (99,4%) 

Sequences with less than 100 mutations (%) 100% 100% 

Mean Genomic Coverage (%) 83,4% 98,9% 

Mean S-gene coverage (%) 78,7% 99,0% 

Total mutations per platform 7036 8116 

Total Substitutions per platform 4671 5039 

Total Insertions per platform 17 46 

Total Deletions per platform 2348 3031 

Paired consensus genomes for both platforms 

(n/N (%)) 
164/183 (89,6%) 

Matched clade assignments between platforms 

(n/N (%)) 
147/183 (80,3%) 

Mismatched clade assignments between 

platforms (n/N (%)) 
17/183 (9,3%) 
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The sequence success rate was 93,9% on the Illumina MiSeq and 95,6% on the Ion Torrent S5.  

The sequencing runtime per run on the Illumina MiSeq was 36 hours, whereas the Ion Torrent S5 plat-

form had a total sequencing runtime of seven hours per 96 samples. Of the 183 samples sequenced, 164 

(89,6%) had paired consensus sequences available from both platforms.  Table 2.2 combines the sam-

ples sequenced in Run A and Run B on both the Illumina MiSeq and the Ion Torrent S5 for a minimum 

of 91 samples and a maximum of five controls per run. A total of 183 libraries were sequenced on each 

platform and produced 172 and 175 successful consensus sequences from the Illumina MiSeq and Ion 

Torrent S5, respectively. Total hands-on time for processing and sequencing is illustrated in Figure 2.1.  

Consensus genomes from the Illumina MiSeq had a mean coverage of 83,4% with 80,2% having a 

coverage of 80% and above. Consensus genomes from the Ion Torrent S5 had a mean coverage of 

98,9% with 99,4% of sequences having coverage of 80% and above. 

2.3.4 Genome Sequence Quality Metrics 

The consensus sequences generated on Genome detective were evaluated to determine genome 

coverage and the quantity of assigned mutations. In total, 99,4% of the genomes that were generated on 

the Ion Torrent S5 passed the genomic coverage quality metrics for GISAID submissions based on 

KRISP’s internal QC specification compared to 80,2% on the Illumina MiSeq (Table 2.2).  All consen-

sus sequences generated from both platforms had less than 100 mutations quantified for each sequence, 

which are expected for Beta and Delta VOCs. 

2.3.5 Genomic and S-gene coverage of SARS-CoV-2 

Whole-genome assemblies generated on the Ion Torrent S5 showed a generally higher mean 

genomic coverage compared to those generated on the Illumina MiSeq (Figure 2.2).   Mean genomic 

coverages of 99,0% and 83,7% was observed on the Ion Torrent S5 and Illumina MiSeq, respectively. 

A highly statistically significant difference (Wilcoxon, p<0.0001) was observed in genomic coverage 

obtained between the two platforms.  

Genomes generated on the Ion Torrent S5 ranged from 63,0% to 100,0% coverage, whereas 

genomes generated on the Illumina MiSeq ranged from 1,9% to 99,5% coverage. Furthermore, the S-

gene coverage ranged from 64,2% to 100,0% on the Ion Torrent S5 and 0,9% to 100,0% on the Illumina 

MiSeq, with an average S-gene coverages of 99,0% and 78,7%, respectively. A highly significant dif-

ference (Wilcoxon, p<0.0001) in the S-gene coverage was observed across both platforms (Figure 3). 

Overall, the genomic and the S-gene coverages were consistently higher on the Ion Torrent S5 platform 

than on the Illumina MiSeq (Figures 2.2 and 2.3). 
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Figure 2.2:  Comparison of the genomic sequence coverage for sequences generated on the Illumina 

MiSeq and Ion Torrent S5 platforms.  Statistical comparison was performed using a Wilcoxon rank sum 

test. Statistical significance (Wilcoxon rank sum tests) was represented by “*” (****: p < 0.0001) 

Figure 2.3:  Comparison of the S-gene coverage for sequences generated on the Illumina MiSeq and 

Ion Torrent S5 platforms.  Statistical comparison was performed using a Wilcoxon rank sum test. 

Statistical significance (Wilcoxon rank sum tests) was represented by “*” (****: p < 0.0001). 
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2.3.6 Effect of Viral load on genomic and S-gene coverage of SARS-CoV-2 

A Spearman’s ranked sum correlation test was performed to determine the effect of increasing 

viral load on genomic and S-gene coverage on sequences generated from each sequencing platform 

(Figures 2.4 and 2.5).   

 

 

 

 

 

 

 

 

 

Figure 2.4: Comparison of the influence on viral load and resulting genome coverage produced on the 

Illumina MiSeq and Ion Torrent S5 platforms. 

Figure 2.5:  Comparison of the influence on viral load and resulting spike gene coverage produced on 

the Illumina MiSeq and Ion Torrent S5 platforms.  
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Of the 183 samples sequenced on each platform, 180 sequences had corresponding Ct scores 

available.  Estimated viral loads were qualitatively based on mean Ct values provided with available 

metadata and grouped as per Table 2.3.  Sequences generated from samples with mean Ct values ≤ 25 

(high viral loads) accounted for 28,4% of the total consensus genomes, followed by 29,5% with mean 

Ct > 25 and ≤ 30 (moderate viral loads) and 40,4% with mean Ct values > 30 (low viral load).  High 

statistical significance obtained for sequences generated on the Illumina MiSeq (p<0.001) and Ion Tor-

rent S5 (p<0.001) showed that estimated viral load directly influences genomic coverage.  A similar 

trend was also observed for S-gene coverage in association with viral load. In addition, several samples 

sequenced on the Illumina MiSeq resulted in an absence of coverage in the S-gene region (Table S2.5). 

These sequences occurred in samples having very low viral load and low template material and there-

fore obtained low genomic coverages.  

Table 2.3: Mean Ct score range for viral load estimation 

 

Mean genomic coverages were also tabulated in Table 2.3 for each of the estimated viral loads 

assigned. Although consensus sequences generated on the Ion Torrent S5 had higher overall mean ge-

nomic coverages compared to the Illumina MiSeq, genomic coverage is known to gradually decline 

with decreasing viral load. 

The range of Ct values with estimated the viral loads used is summarised in Table 2.3.  Mean 

Ct values less than and equal to 25 were assigned as having high viral loads and accounted for 28,4% 

of the total consensus genomes, followed by 29,5% with mean Ct values greater than 25 and less than 

and equal to 30 having moderate viral loads and 40,4% with mean Ct values greater than 30 having a 

low viral load.  No Ct values were provided for three samples so the viral load was not estimated and 

was listed as unknown.  The mean genomic coverage obtained for each viral load estimate is also pro-

vided to illustrate the decrease in coverage obtained with decreasing viral load (template material). 

Ct score (mean) Sample No. (n (%)) 
Estimated Viral Load 

(Qualitative) 

Mean Genomic Cover-

age 

(Ion Torrent S5 / Illu-

mina MiSeq) 

Ct ≤ 25 52 (28,4%) High 99,9 / 93,7 

25 < Ct ≤ 30 54 (29,5%) Moderate 99,7 / 93,0 

Ct > 30 74 (40,4%) Low 97,7 / 71,4 

No Ct score available 3 (1,6%) Unknown 99,3 / 39,0 
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2.3.7 SARS-CoV-2 Clade assignments 

The consensus sequences were uploaded onto NextClade and the clade assignments were de-

termined and compared between sequences generated on the two platforms.  Clade assignments ob-

tained from sequences run on the Ion Torrent S5 and Illumina MiSeq were comparable across most of 

the clades identified.  As illustrated in Table 2.4, Beta and Delta variants were identified in 41,5% and 

30,0% of samples sequenced on the Ion Torrent S5 followed by 44,8% and 29,5% on the Illumina 

MiSeq, respectively.   

Table 2.4: Clade assignment summary between sequencing platforms 

 

The number of samples that failed sequencing (eight and 11 on the Ion Torrent S5 and Illumina 

MiSeq, respectively) were not assigned a clade and are detailed in Table 2.5.   

 

 

 

 

 

 

 

Clade Ion Torrent S5 (n (%)) Illumina MiSeq (n (%)) 

19A 14 (7,7%) 7 (3,8%) 

19B - 2 (1,1%) 

20A 8 (4,4%) 4 (2,2%) 

20B 13 (7,1%) 13 (7,1%) 

20C 7 (3,8%) 8 (4,4%) 

20H (Beta,V2) 76 (41,5%) 82 (44,8%) 

20I (Alpha,V1) 2 (1,1%) 2 (1,1%) 

21A (Delta) 1 (0,5%) 1 (0,5%) 

21J (Delta) 54 (29,5%) 53 (29,0%) 

Blanks 8 (4,4%) 11 (6,0%) 
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Table 2.5: Samples that failed sequencing on the NGS platforms 

  Ion Torrent S5 Illumina MiSeq 

Accession 

Identifiers 
Mean Ct (VL) 

Genomic 

Coverage 

(%) 

Clade 

Assignment 

Genomic 

Coverage (%) 

Clade 

Assignment 

EPI_ISL_3275349 26,8 (Moderate) 99,8 20H (Beta, V2) - - 

EPI_ISL_3275351 22,4 (High) 99,8 20B - - 

EPI_ISL_3275352 24,4 (High) 99,8 21J (Delta) - - 

EPI_ISL_3275353 33,0 (Low) 99,8 21J (Delta) - - 

EPI_ISL_3275354 28,2 (Moderate) 99,7 21J (Delta) - - 

- 33,1 (Low) 99,7 21A (Delta) - - 

EPI_ISL_3275374 35,7 (Low) 100,0 20H (Beta, V2) - - 

EPI_ISL_3275376 34,1 (Low) 99,9 20C - - 

EPI_ISL_3275378 19,2 (High) 100,0 20C - - 

EPI_ISL_2727188 18,1 (High) - - 91,7 20A 

EPI_ISL_3275379 33,1 (Low) 100,0 20H (Beta, V2) - - 

EPI_ISL_2727191 33,7 (Low) 97,1 19A - - 

EPI_ISL_2727197 22,6 (High) - - 95,8 20H (Beta, V2) 

EPI_ISL_2727205 35,8 (Low) - - 95,4 20H (Beta, V2) 

EPI_ISL_2727214 32,3 (Low) - - 86,4 20H (Beta, V2) 

EPI_ISL_2727215 25,7 (High) - - 94,9 20H (Beta, V2) 

EPI_ISL_2727222 30,8 (Low) - - 95,0 20H (Beta, V2) 

- 36,5 (Low) - - 14,2 20H (Beta, V2) 

EPI_ISL_2727233 15,3 (High) - - 97,3 21J (Delta) 

Sampled unsuccessfully sequenced 8 11 
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Of the 183 consensus genomes compared, 17 sequences were classified as different clades 

between the NGS platforms (Table 2.6).   We highlighted the mismatched clades assigned to each 

sequence generated per NGS platform as well as the genomic and S-gene coverages obtained for each, 

followed by the respective amino acid mutations identified.  It is evident from the data obtained that 

genomic coverage influenced the clade classification of the variants sequenced by each platform.  Table 

2.6 is for illustration purposes only and draws attention to the high coverage obtained for sequences on 

the Ion Torrent S5 that had contributed to a reliable clade assignment of variants in relation to Illumina 

MiSeq data. Specific key mutations for each of the mismatched clade assignments were also examined 

with a focus on specific key mutations in the spike region.  It was observed that not all specific key 

mutations were identified for each respective clade assigned. An inconsistency in mutations identified 

were observed in sequences between the platforms, that is, each sequence identified had a different set 

of mutations called. This discrepancy may be attributed to several sequencing factors such as primers 

used, number of reads obtained as well as platform-specific processing.  Table 2.6 highlights the 17 

samples, which were sequenced on both the Illumina MiSeq and Ion Torrent S5 but were classified as 

different clades by Nexclade online tool. Clades identified by the Illumina MiSeq include 20H Beta V2 

(n=6), 20A (n=1), 20B (n=1), 20C (n=3), 19A (n=2), 19B (n=2) and 21J Delta (n=2).  Clades identified 

by the Ion Torrent S5 include 20H Beta V2 (n=3); 20A (n=6); and 19A (n=8)).  An overall higher 

genomic coverage was observed for sequences generated on the Ion Torrent S5 than on the Illumina 

MiSeq.  Amino acid mutations identified by both platforms for a given sample were highlighted in 

green and S-gene specific key mutations for the respective clade assignment were listed in bold for each 

sample sequenced per platform. Furthermore, it was observed that a few sequences generated on the 

Illumina MiSeq obtained no coverage for the S-gene region of the SARS-CoV-2 genome. 
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Table 2.6:  Clade calling discrepancy between the Illumina MiSeq and Ion Torrent S5 platforms with 

their corresponding mutations identified (mutations in bold signify key S-gene mutations specific to 

the VOC identified) 

Sample ID Run: 

Coverage (%) per Platform Clade Calling per Platform Key Mutations 

Illumina MiSeq Ion Torrent S5 
Illumina 

MiSeq 

Ion Torrent 

S5 
Illumina MiSeq Ion Torrent Genomic  

Coverage % 

S-gene  

Coverage % 

Genomic  

Coverage % 

S-gene  

Coverage % 

K016691 A 18,5 9,7 99,8 100,0 19A 
20H (Beta, 

V2) 
ORF7b:T40I 

E:P71L, N:P13S, 

N:T205I, 

ORF1a:T265I, 

ORF1a:K1655N, 

RF1a:K3353R, 

ORF1b:P314L, 

ORF1b:A1057S, 

ORF3a:Q57H, 

ORF3a:S171L, 

S:L18F, S:D80A, 

S:D138Y, S:D215G, 

S:R246G, S:K417N, 

S:E484K, S:N501Y, 

S:D614G, S:A701V 

K016709 A 78,1 71,7 99,7 100,0 
20H 

(Beta, V2) 
20A 

E:P71L,N:T205I, 

ORF1a:T265I, 

ORF1a:G507R, 

ORF1a:P2046L, 

ORF1a:N2596S, 

ORF1a:M2796C, 

ORF1a:K3353R, 

ORF1b:P314L, 

ORF1b:I1074V, 

ORF3a:S171L, 

S:L18F, S:D80A, 

S:D215G,  

S:K417N, 

S:E484K, 

S:N501Y, 

S:D614G, 

S:A701V, 

S:S940F, 

S:A1087S 

ORF1b:P314L, 

S:D80A, S:N501Y, 

S:D614G 

K016715 A 11,0 4,8 99,7 100,0 20C 20A 

ORF1a:T265I, 

ORF1a:K3353R, 

ORF1a:D4335Y, 

ORF1b:P314L 

S:N501Y, S:D614G 

K016754 A 36,3 46,2 99,0 97,7 
21J 

(Delta) 
19A 

M:I82T, N:D63G, 

ORF1b:E513*, 

ORF7b:T40I, 

ORF9b:T60A, 

S:T19R, S:L452R, 

S:T478K, 

S:D614G, 

S:D950N 

M:I82T, N:D63G, 

N:D377Y, 

ORF1a:T3255I, 

ORF1b:G662S, 

ORF1b:A1918V, 

ORF7a:V82A, 

ORF7b:T40I, 

ORF9b:T60A, 

S:L452R, S:D614G, 

S:P681R 

K016760 A 28,2 10,8 99,7 100,0 19A 20A ORF1a:K3353R 

M:I82T, N:D63G, 

N:G215C, 

ORF1a:A1306S,  

ORF1a:P2046L, 

ORF1a:P2287S, 

ORF1a:T3255I, 

ORF1b:P314L, 

ORF1b:G662S, 

ORF1b:P1000L, 

ORF1b:A1918V, 

ORF3a:S26L, 

ORF7a:V82A, 

ORF9b:T60A, 

S:T19R, S:T478K, 

S:N501Y, S:D614G 

K016870 B 11,5 25,4 97,5 98,3 
20H 

(Beta, V2) 
19A 

ORF1a:K1197N, 

ORF1a:T1638I, 

ORF1a:P1640S, 

ORF1a:K1655N, 

S:K417N 

ORF3a:S26L, 

ORF3a:Q57H, 

ORF3a:S171L, 

S:D614G, S:A701V 

K016899 B 13,5 0,0 98,1 98,6 20C 19A ORF1b:R1315C E:P71L, S:A701V 

K016902 B 42,7 19,1 98,4 98.6 
20H 

(Beta, V2) 
19A 

N:G60F, N:K61P, 

N:E62S, N:D63S, 

N:K65P, N:R68L, 

N:G69L, N:I74L, 

N:D81Y, N:D82Y, 

ORF1a:T265I, 

ORF1a:T2154I, 

ORF1a:N2767H, 

ORF1a:K3353R, 

ORF1b:V22I, 

ORF1b:C44S, 

ORF1b:L271I, 

ORF9b:E65S, 

ORF9b:D66Y, 

ORF9b:Q70H, 

ORF9b:Q77H, 

ORF9b:M78I, 

S:A701V 

ORF1a:T265I; 

S:D614G 
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K016908 B 30,8 33,7 95,4 97,6 20B 20A 

N:A152S,N:R203

K, N:G204R, 

N:N213I, 

ORF1a:T395I, 

ORF9b:R32L, 

S:D614G 

ORF1b:S1779I, 

S:N450K, S:D614G, 

S:P681R 

K016917 B 77,3 73,7 97,7 98,8 
20H 

(Beta, V2) 
19A 

E:P71L, N:D128Y, 

N:T205I, 

N:Y268N, 

ORF1a:K1655N, 

ORF1a:K3353R, 

ORF1b:S1182L, 

ORF3a:W131L, 

ORF3a:S171L, 

ORF8:D63N, 

S:L18F, S:D215G, 

S:K417N, 

S:E484K, 

S:N501Y, 

S:D614G 

N:D128Y, 

ORF1a:K3353R, 

ORF3a:Q57H, 

S:L18F, 

S:K417N, S:D614G, 

S:A701V 

K016920 B 33,1 8,3 99,7 97,6 20C 19A 

ORF1a:T265I, 

ORF1a:T2087S, 

ORF1a:K3353R, 

S:D614G 

N:T205I S:D614G 

K016923 B 5,9 10,6 86,8 79,7 20A 
20H (Beta, 

V2) 
S:K417N 

E:P71L, M:I82T, 

N:T135I, N:T205I, 

ORF1a:T265I, 

ORF1a:I547F,  

ORF1a:K1655N, 

ORF1b:P314L, 

ORF1b:L1698F, 

ORF3a:Q57H, 

ORF3a:G100S, 

ORF3a:S171L, 

S:T19A, S:L24F, 

S:P25T, S:K182N, 

S:D215G 

K016926 B 3,9 10,2 98,9 99,0 19B 20A S:D614G 

M:I82T, 

ORF1a:P2046L, 

ORF1a:S2048F, 

ORF1a:T3255I, 

ORF1b:G662S, 

ORF1b:P1000L, 

ORF1b:A1918V, 

S:D614G 

K016931 B 9,3 0,0 99,7 100,0 
21A 

(Delta) 

20H (Beta, 

V2) 
M:I82T, N:D63G, 

ORF9b:T60A 

E:P71L; N:T205I, 

ORF1a:T265I,ORF1a:

K1655N, 

ORF1a:K3353R, 

ORF3a:Q57H, 

ORF3a:S171L, 

S:K417N, S:E484K, 

S:N501Y, S:D614G, 

S:A701V 

K016940 B 4,4 6,6 98,5 97,6 
20H 

(Beta, V2) 
19A  

ORF3a:Q57H,  

RF3a:S171L, 

S:D614G, S:A701V 

K016943 B 5,2 0,0 97,7 93,1 19B 20A 
ORF1a:A540T, 

ORF1a:K1655N 
S:D614G 

K016945 B 79,9 59,6 99,9 100,0 
20H 

(Beta, V2) 
19A 

E:P71L, N:T205I, 

N:T271I, 

ORF1a:K1655N, 

ORF1a:K3353R, 

ORF1b:P314L, 

ORF1b:A941S, 

ORF1b:G1129V, 

ORF3a:G100S, 

ORF3a:S171L, 

S:D215G, 

S:K417N, 

S:D614G, 

S:A701V 

S:D614G 

Clade Summary per Platform (total = 17) 

20H Beta V2 

(n=6), 

20A (n=1), 

20B (n=1), 

20C (n=3), 

19A (n=2), 

19B (n=2) 

21J Delta (n=2) 

20H Beta V2 

(n=3); 

20A (n=6); 

19A (n=8) 

 

2.3.8 Quantification of mutations (insertions, deletions, and substitutions) for sequences 

generated on the Illumina MiSeq and Ion Torrent S5 

The number of mutations detected for each sample was individually compared to establish if 

there was a significant difference in the assignment of mutations. These analyses included the total 
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substitutions, insertions and deletions, as detected by the Ion Torrent S5 and Illumina MiSeq platforms 

(Figure 2.6).    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6:  Mutational analysis of all sequences from runs A and B generated on the Illumina MiSeq 

and Ion Torrent S5 platforms  

Consensus sequences were produced using Genome Detective and uploaded to NextClade for 

quantification of mutations. A comparison in the number and type of mutations detected by each plat-

form was performed using a Wilcoxon rank sum test and statistical significance was represented by “*” 

(ns: non-significant, *: p < 0.05, ****: p < 0.0001).  The total number of mutations (A), substitutions 

(B), insertions (C)and deletions (D) on the Illumina MiSeq and Ion Torrent S5 platforms for the com-

bined two runs are illustrated. 

In total, we analysed 347 consensus sequences. There was a highly significant difference in 

total mutations observed across the Ion Torrent S5 and Illumina MiSeq (Wilcoxon, p<0.0001) with a 

greater number of mutations detected by the Ion Torrent S5 (6 – 94 mutations, total: 8116) than the 

Illumina MiSeq (1 - 92 mutations, total: 7036). A marked significant difference was also noted for the 
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number of substitutions (Wilcoxon, p<0.05) and deletions (Wilcoxon, p<0.0001) identified by both 

platforms; however, no significant difference was observed for insertions (Wilcoxon, p=0,25 ns) across 

both platforms.  The variation in the number of mutations detected across the sequencing platforms 

were listed in Table 2.2.  

2.4 Discussion 

The Ion Torrent S5 and Illumina MiSeq provide alternative methods for researchers to study 

SARS-CoV-2 at a genomic level (Plitnick et al., 2021).  This study compared the performance and data 

generated by the two WGS platforms. We hypothesised the sequencing platforms that were used for the 

genomic surveillance of SARS-CoV-2 in a high throughput laboratory setting, generated sequencing 

data that differed when analysed with the same bioinformatic pipeline.   In a brief overview of the data 

generated for genomic coverage, clade assignments and quantification of mutations, we concluded that 

the platforms were similar in sequencing capabilities but differed in sequencing data outcomes.  Our 

findings indicate that the Ion Torrent S5 produced sequences with higher genomic coverage over a 

broader range of viral loads and in a shorter time in comparison to the Illumina MiSeq. These findings 

were in agreement with previous comparison studies (Lahens et al., 2017; Marine et al., 2020; Plitnick 

et al., 2021; Rachiglio et al., 2021). 

In terms of the sequencing process, the Ion Torrent S5 and Illumina MiSeq followed a stream-

lined process flow, which allowed the platforms to display their adaptability in the WGS of SARS-

CoV-2.  The sequencing runtime for a sample set of 96 on the Illumina MiSeq was 36 hours, whereas 

on the Ion Torrent S5 it was seven hours using two Ion 540 sequencing chips.  The difference in se-

quencing time allows a greater number of samples to be sequenced on the Ion Torrent S5 in a 36-hour 

period than on the Illumina MiSeq.  Although the sequencing duration is much shorter on the Ion Tor-

rent S5, it is important to note that the remaining processes, such as amplification and library prepara-

tion, consume a shorter duration on the Illumina MiSeq. The automated process for templating the 

manually prepared libraries onto the Ion Torrent sequencing chip is approximately 15,5 hours, whereas 

the amplification and tagmentation step utilise less than 10 hours.  These findings confirmed previous 

observations that found similarities in processing times with each respective workflow (Plitnick et al., 

2021).  With limited hands-on time, full automation with the Ion Chef allows for faster turnaround times 

but limits sample numbers that can be processed at once (eight libraries per seven and a half hours on 

the Ion Chef) on the Ion Torrent S5.   This makes the Ion Torrents selling point of full automation its 

major downfall in a high-throughput laboratory setting.  However, taking into consideration the manual 

route for library preparation, the Ion Torrent S5 is similar to the Illumina MiSeq in handling larger 

sample numbers, provided a manual library preparation is followed.  The Illumina MiSeq workflow can 

also be automated by including an external liquid handler to further reduce hands-on time and overall 

duration of processing.  In addition, reagents used in the upstream preparation processes on the Illumina 
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MiSeq can be further optimised and validated to accommodate greater sample numbers with reduced 

reagent volumes by miniaturisation of process workflow (Pillay et al., 2023).  In contrast, the use of 

full automation on the Ion Torrent S5 coupled with the Ion Chef allows for limited handling of small 

sample numbers. It increases the overall turnaround time in a day-shift laboratory site.  It is therefore 

feasible to incorporate a manual library preparation for such platforms to minimise turnaround times 

and increase sample numbers processed in a high throughput laboratory setting as illustrated in this 

study. 

The same remnant sample set of 183 was used to limit variability between samples and ensured 

comparison of the data generated during analysis from the two platforms.  The sequence process had a 

direct impact on the sequencing outcomes in relation to genomic coverage and sequence quality metrics.   

Sequence quality was based on in-house quality control specifications established at KRISP for GISAID 

submissions.  These included sequences which had greater than 80% genomic coverage and less than 

100 mutations.  Although the Ion Torrent S5 and Illumina MiSeq are both capable of producing com-

plete SARS-CoV-2 genomes, sequences generated on the Ion Torrent S5 maintained an overall higher 

mean genomic coverage in comparison to sequences generated on the Illumina MiSeq.   Various factors 

contribute to the genomic coverage obtained from both platforms.  Ct values are semi-quantitative num-

bers that generally categorise the concentration of viral RNA in a given sample following qPCR testing.  

An inverse correlation is observed between viral load and Ct values. Low Ct scores are associated with 

high viral loads and were found to influence sample quality and, therefore, overall sequence quality 

(Rabaan et al., 2021; Zuckerman et al., 2021).  Echoing previous findings, we observed an association 

of viral load on genomic coverage for all sequences generated.  Moderate to low viral load samples 

sequenced on the Ion Torrent S5 resulted in an overall good mean genomic coverage (>60%) resulting 

in higher success rates and increased test eligibility.  These findings imply that the Ion Torrent S5 se-

quencing capabilities are less likely to be affected by sample Ct values and, therefore, can be employed 

in sequencing of samples during early stages of infection when viral load is lower. However, further 

investigation may be required to assess this using a larger sample cohort across various laboratories.  In 

contrast, the Illumina MiSeq relied on samples with higher viral load for better coverage of genomes as 

observed in other studies (Charre et al., 2020; Pillay et al., 2020; Tshiabuila et al., 2022).   

Additionally, the increase in genomic coverage obtained from the Ion Torrent S5 may be at-

tributed to the greater number of reads obtained per sample with the use of two Ion 540 chips in a 

sequencing run of 96 samples (Marine et al., 2020).  As highlighted in Table 1, the AmpliSeq Research 

Panel on Ion Torrent S5 produces over twice the number of reads of the Illumina MiSeq and half the 

size of fragments sequenced compared to the Illumina MiSeq (200bp versus 400bp) (Thermo Fisher 

Scientific, 2021).  In essence, the number of reads achievable for the samples sequenced in this dataset 

would be at least double on the Ion Torrent S5 to obtain a coverage that is higher or equal to the Illumina 

MiSeq.  It is possible that the greater number of reads obtained per sample could also have contributed 
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to the greater coverage and reliability in clade assignments observed in sequences generated on the Ion 

Torrent S5.   

Furthermore, the Ion Torrent S5 detected a significantly greater number of total mutations (in-

sertions, substitutions and deletions) than the Illumina MiSeq.  Previous studies have reported that un-

like the Illumina MiSeq, semiconductor sequencing platforms like the Ion Torrent S5 are known to 

produce a predominated homopolymer-associated base-call error by means of INDELS (Loman et al., 

2012; Laehnemann, Borkhardt and McHardy, 2016; Marine et al., 2020).  Interestingly, these were 

often deletions instead of insertions, similar to findings of this study, which may have contributed to 

the larger number of total mutations from Ion Torrent S5 sequences.  According to Marine et al., 2020, 

while such INDELS may be adjusted and corrected for in well characterised viruses, this may not be 

the case when characterising novel viruses (Marine et al., 2020).  This further validates the need for in-

depth quality control parameters during analysis of such sequences. 

In using Genome Detective as the prime assembly method in generating consensus genomes 

for both platforms, we eliminate the variability between other assembly methods.  Additionally, the 

advantage of using NextClade allows the user to determine the difference in quality of the consensus 

sequences generated, to classify clades accordingly and to establish similarity in the identification of 

evolutionary changes between sequences from each platform (Aksamentov et al., 2021).  In contrast to 

our findings above highlighting higher genomic coverage obtained for sequences generated on the Ion 

Torrent S5, we find the majority of these sequences to be grouped as lower quality on NextClade in 

comparison to those generated on the Illumina MiSeq (data not shown).  This, however, can be at-

tributed to sequencing errors or miscalled bases generated on the Ion Torrent systems as previously 

observed (Bragg et al., 2013; Laehnemann, Borkhardt and McHardy, 2016; Quick et al., 2016; Marine 

et al., 2020).  Furthermore, other findings indicate that the Ion Torrent S5 and Illumina MiSeq sequences 

can easily differentiate between the Beta and Delta VOCs based on mutation calling and respective 

clade assignment.  NextClade assigned the same clades for 147/183 (80,3%) samples during the early 

delta-replacing-beta phase observed in the Eastern Cape, South Africa.  A mismatch in clade assignment 

was observed in 17/183 (9,3%) samples successfully sequenced on both platforms followed by a low 

failure rate of 4,4% and 6,0% on the Ion Torrent S5 and Illumina MiSeq, respectively.  It would be 

interesting to expand the clade classification and sequencing across a larger cohort of known VOCs 

using both platforms to assess the reliability and accuracy in clade assignment of NextClade.  The Pan-

golin lineage assignment tool is an alternative software for lineage classification; however, it was not 

included in this study (Rambaut et al., 2020). 

A major limitation and consideration for genomic surveillance laboratories is the use of updated 

primer sets.  It is important to note that unlike the Illumina MiSeq Artic V3 primers, which were found 

to be problematic with novel variants such as Delta, the Ion Torrent primers (AmpliSeq Primers) cov-

ered 99% of the SARS-CoV-2 genome, therefore attributing to higher genomic and S-gene coverage 
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(Alessandrini et al., 2020; Davis et al., 2021; Kuchinski et al., 2022).  Due to the consistent evolution 

of SARS-CoV-2, difficulty in mutational regions arose resulting in poor coverage of some Artic V3 

primers that were located in regions having the key Delta mutations (Davis et al., 2021).  Since the 

initial primers were designed and based on the reference SARS-CoV-2 genome sequence, it was ex-

pected that there would be difficulty in identifying large structural variants.  As a result, systematic 

limitations were observed in the presence of high levels of genomic variation.  Subsequently, several 

S-gene target failures (SGTF) were observed during diagnostic qPCR testing for COVID-19 (Challen 

et al., 2021; Vogels et al., 2021; Wolter et al., 2022).  A decreased coverage of specific regions within 

the SARS-CoV-2 genome was also observed with the emergence of novel variants since the beginning 

of the pandemic (Vogels et al., 2021). Low coverage sequences generated on the Illumina MiSeq may 

have contributed to the discrepancy in clade assignment during the initial surge of the Delta variant.  It 

was previously reported that the G142D amino acid substitution was substantially underrepresented 

among early Delta variant genomes identified (Davis et al., 2021).  Furthermore, Kuchinski et al., 2022, 

reported a disruption in genomic sequencing of SARS-CoV-2 as a result of emerging mutations identi-

fied in novel variants (Kuchinski et al., 2022). Since the ARTIC primer set is one of the most widely 

used SARS-CoV-2 sequencing primers, the V3 primers were updated to address the amplicon drop-off 

observed among the Delta variant of concern, resulting in a version 4 being released in June 2021.  

Unfortunately, V4 primers were not used during the execution of the study as they were not procured.   

Lambisia et al., 2022, subsequently conducted a study to assess the impact of the updated V4 Artic 

primers on genome recovery using the ONT and concluded a great improvement in the recovery of the 

Delta variant amongst others (A. W. Lambisia et al., 2022).  The Ion Torrent sequencing panel was also 

updated to accommodate the amplicon drop-off in novel variants.  The updated panel, Ion AmpliSeq 

SARS-CoV-2 Insight Research Assay, was designed to improve the coverage and uniformity of the 

previous Ion AmpliSeq SARS-CoV-2 Research Panel used in this study.  Continuous improvement of 

current primers irrespective of kit specifications is, therefore, an essential requirement of an effective 

genomic surveillance regime. 

Plitnick et al., 2021, directly compared the performance of the SARS-CoV-2 AmpliSeq 

Research Panel to the results obtained with the Illumina MiSeq-based ARTIC Nextflow analysis 

pipeline (Plitnick et al., 2021).  Post-bioinformatic analysis of data from such studies showed that both 

methods produced similar levels of coverage (>98%) across a broad range of viral loads (Ct values of 

15.56 to 32.54 [median, 22.18]) and that both approaches sequenced SARS-CoV-2 effectively (Plitnick 

et al., 2021; Rachiglio et al., 2021).  Although the bioinformatic analysis pipelines used in this study 

differ, the findings of our study are similar to those documented in the above study by Plitnick et al., 

2021. Standardisation of analysis regimes accommodates the comparison of data from different NGS 

technologies without bias from independent assembly and analysis tools.   Assembly software affects 

the overall genomic coverage of sequences obtained from various platforms. There is an additional need 

for quality control processes to improve the overall quality of such sequences made publicly available 
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as recommended by Jacot et al., 2021 for diagnostic purposes (Jacot et al., 2021).  Such achievements 

have included removal of frame shifts and unknown stop codons in some instances.  In this study, we 

observed sequences generated on the Illumina MiSeq to be simpler to process, with quality control 

easily implemented across such sequences yielding sequences of better quality as per NextClade 

analysis.  Although sequencing capabilities are similar on both platforms, an overall higher genomic 

coverage of sequences was generated on the Ion Torrent S5.  However, the majority of these sequences 

were found to be of lower quality as per analysis on NextClade.  It is, therefore, important to note that 

standardising assembly and analysis software allows for improved comparison of the data generated by 

the different platforms and data analysed by different software.   Nonetheless, this study complements 

previous research investigating the efficacy of Ion Torrent and Illumina platforms for sequencing viral 

pathogens (Quail et al., 2012; Salipante et al., 2014; Szargut et al., 2022).   

In light of these discoveries, it is of the utmost significance to remember that although samples 

were collected during the period spanning mid-March to early June 2021, the commencement of 

sequencing occurred only in mid-June 2021, upon the receipt of these samples. This observation 

underscores a challenge in real-time genomic surveillance monitoring, given that the Delta wave in 

South Africa was officially reported from 17 May 2021 to 14 November 2021 (Tegally, Wilkinson, 

Althaus, et al., 2021). Nonetheless, the surveillance samples collected in this study on 29 March 2021 

revealed an earlier presence of the Delta variant in the Eastern Cape region.  It is, therefore, necessary 

to acknowledge that the delayed initiation of sequencing for novel emerging variants can exert a direct 

influence on the transmission dynamics within communities and provinces. The implications arising 

from such challenges may hinder the timely reporting and monitoring of emergent variants, potentially 

leading to delays in implementing appropriate public health measures to mitigate their spread and 

impact (Msomi et al., 2020; Boehm et al., 2021). 

This study offers valuable knowledge about the needs and difficulties involved in using various 

platforms for genomic surveillance in a high throughput research laboratory as well as the challenges 

encountered in such a programme.  When using publicly available sequences, users should be cautious 

and consider the technologies, assembly and analysis pipelines and the quality of sequences from 

different samples. This is especially important when comparing data from different platforms.  It is 

essential for users to consistently update and maintain the primers specific to each technology, 

particularly with the emergence of new variants. This practice plays a critical role in accurately 

monitoring existing circulating variants and promptly detecting emerging ones, facilitating real-time 

genomic surveillance with precision.    

While more advanced statistical models (such as regression or mixed-effects analyses) could 

further interrogate associations between viral load and sequencing performance, these were not applied 

here due to the retrospective and exploratory nature of the dataset, as well as variability in sampling and 

run conditions. Instead, descriptive and non-parametric analyses were intentionally employed to 
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provide a balanced comparative assessment that accurately reflects real-world laboratory performance 

during the early phase of Delta variant detection. 

2.5 Conclusions 

Genomic surveillance played a crucial role in mitigating the spread of SARS-CoV-2, aiding in 

the rapid detection of new mutations within the Delta VOC (Tegally, Wilkinson, Giovanetti, et al., 

2021; Wilkinson et al., 2021). Both the Ion Torrent S5 and Illumina MiSeq platforms were capable of 

accurately distinguishing between the Beta and Delta VOCs. Notably, the Ion Torrent S5 demonstrated 

superior performance in processing samples with lower viral concentrations (indicated by higher Ct 

values) compared to the Illumina MiSeq, though further analysis is warranted. Regarding the 

capabilities of these sequencers, including genomic coverage, the production of high-quality sequences 

and the overall data output, both the Illumina MiSeq and Ion Torrent S5 were deemed suitable for 

whole-genome sequencing (WGS) of SARS-CoV-2. Nonetheless, distinctions in data quality exist 

between the two. Consequently, this study's findings highlight that, despite their individual strengths 

and weaknesses, the Ion Torrent S5 and Illumina MiSeq, in conjunction with analytical tools like 

Genome Detective and NextClade, stood as dependable options for SARS-CoV-2 genomic 

surveillance.  
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Linking Chapters two and three 

Chapter Two addresses the complexities of NGS technologies and data analysis in genomic 

surveillance, noting the challenges of data variability when different sequencing technologies are used. 

Chapter three provides an examination of genomic surveillance data at the provincial level in KZN. By 

concentrating on KZN's unique demographic and geographic diversity, this chapter aims to uncover 

gaps and enhance surveillance strategies, thereby improving future epidemic responses. The insights 

gained will not only benefit KZN but also provide a valuable model for other regions globally, 

advancing the effectiveness of genomic surveillance.   
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Chapter Three: Retrospective Evaluation of SARS-CoV-2 Genomic 

Surveillance Data from KwaZulu-Natal, 2020 to 2023  
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Abstract 

KwaZulu-Natal (KZN), South Africa, experienced distinct waves of SARS-CoV-2 driven by 

diverse variants, underscoring the need for robust genomic surveillance to guide public health 

interventions. This study evaluates genomic surveillance strategies in KZN by analysing district-

specific data trends to identify gaps, challenges, and limitations within the current framework. A 

retrospective analysis of 6,089 genomic sequences collected between March 2020 and March 2023 was 

conducted using sequences and metadata from the GISAID database. Trends in circulating lineages, 

operational parameters, and district-level disparities were evaluated.  The analysis identified 134 SARS-

CoV-2 lineages circulating across the 11 districts of KwaZulu-Natal between March 2020 and March 

2023. These included the Alpha, Beta, and Delta variants of concern, with Omicron sub-variants 

becoming dominant in the later stages of the study period. Demographic data showed higher case 

incidence among females and individuals aged 19–30. The EThekwini district experienced higher case 

numbers and greater viral diversity due to urbanization and population growth. Disparities in 

demographic sequencing coverage were identified, particularly in rural areas, along with limited testing 

in certain districts. Operational trends highlighted variability in turnaround times and metadata 

completeness, affecting the overall efficiency of surveillance efforts. This study highlights the need for 

equitable genomic monitoring and localised public health strategies. Insights from KZN’s genomic 

surveillance may guide the understanding of regional epidemiology, offering a framework to improve 

surveillance systems and prepare for future health crises. By combining genomic and epidemiological 

data, the research underscores the vital role of genomic epidemiology in guiding timely, informed public 

health responses.  

Keywords: COVID-19, SARS-CoV-2, genomic surveillance, KwaZulu-Natal, demographic 

trends, healthcare disparities, urbanisation, urban vs. rural transmission, pandemic preparedness.  
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3.1 Background  

The COVID-19 pandemic, caused by the novel coronavirus SARS-CoV-2, was first identified 

in December 2019 in Wuhan, China. The crisis rapidly escalated into a global one. South Africa reported 

its first confirmed case on 5 March, 2020 (National Institute for Communicable Diseases, 2020). Since 

then, the country has experienced multiple waves of infection, with new viral variants emerging. As of 

August 2023, there have been over 4 million confirmed cases and around 102,000 deaths attributed to 

the virus in South Africa (Worldometers, 2025). These waves were driven by genetic VOCs that showed 

changes in transmissibility and the ability to escape the immune system. Genomic surveillance has 

played a crucial role in tracking the evolution and spread of SARS-CoV-2. By sequencing viral genomes 

from diagnosed cases, researchers have been able to monitor the emergence of mutations and identify 

variants that contribute to changes in the epidemic. This genomic data has provided insights into the 

transmission pathways and epidemiological links of the virus and has guided public health 

interventions. 

In South Africa, the national COVID-19 genomic surveillance network has identified several 

key variants during the pandemic. The Beta variant (B.1.351), first detected in the Eastern Cape in 

October 2020 (Tegally et al., 2021), dominated the second wave due to its increased transmissibility. It 

was followed by the Delta variant (B.1.617.2), which caused the third wave (Tegally et al., 2021)and 

then the Omicron variant (B.1.1.529), first reported in November 2021, which led to the fourth wave 

(Viana et al., 2022).  Each wave had specific genomic characteristics that correlated with patterns of 

transmission intensity and vaccine efficacy. Despite extensive national genomic surveillance, there are 

still gaps in understanding the full range of factors that influence the virus's dynamics. Factors like 

population density, regional connectivity and local public health responses play critical roles but require 

detailed regional analysis to fully understand their impact. 

KwaZulu-Natal (KZN), situated in the southeast of South Africa, provides a unique setting for 

an in-depth analysis of genomic surveillance data. As the province with the second-highest population 

after Gauteng, KZN displays a diverse demographic with both urban and rural communities (Statistics 

South Africa, 2020). This province has been extensively sampled throughout the pandemic, yielding a 

rich dataset for retrospective analysis (GISAID - Initiative, 2024). KZN’s distinctive epidemiological 

and sociodemographic profiles render it an exemplary model for examining the interactions between 

viral genomic trends and regional factors influencing the spread and control of infectious diseases. The 

province has been notably impacted by the HIV epidemic, with a prevalence rate of 27,0%, the highest 

in South Africa in 2019 (Kharsany et al., 2019).  The analysis focuses on KZN at the provincial level, 

a shift from previous studies that typically considered national data, allowing for a more nuanced 

exploration of the region's genomic surveillance capabilities and shortfalls.  KZN’s metadata, 

particularly at the district level, provides a baseline for evaluating the efficacy of the existing 

surveillance system. The comprehensive baseline helps identify specific local challenges, which is 



 

55 

 

essential for refining public health strategies. Notably, KZN was the location of the first detected case 

of SARS-CoV-2 in South Africa (Giandhari et al., 2021). With a population of 11,7 million, KZN has 

recorded 18% of the national SARS-CoV-2 cases and 16% of the deaths reported to date, highlighting 

its epidemiological contribution (Worldometers, 2025). Despite extensive national epidemiological 

studies, a data gap remains. Detailed information on viral diversity in KZN's eThekwini Metropolitan 

Municipality is limited. The same applies to its ten districts, which range from partly rural to semi-

urban. This gap has been evident, especially since the second wave (Tegally et al., 2021).  These 

districts, which vary in socio-economic conditions, may exhibit diverse patterns of disease transmission 

and may show differences in genomic surveillance coverage. 

This chapter evaluates the genomic surveillance strategy in KZN by analysing district-level 

data. It identifies possible gaps, challenges, and limitations in the current framework. This retrospective 

analysis contributes to global SARS-CoV-2 research while emphasising the need for localised public 

health strategies. 

 

3.2 Methods 

3.2.1 Compilation of Genomic Sequence data  

SARS-CoV-2 genomic surveillance sequences and corresponding metadata files (n = 47,426) 

were downloaded from GISAID (EPI_SET_230908yt, doi: 10.55876/gis8.230908yt) on 24 April 2023.    

Sequences and metadata were sorted by province.   We obtained 7,560 sequences from KZN, 1,471 of 

which were excluded due to absent or incorrect district information (Figure S3.1).  The KZN cohort of 

6,089 SARS-CoV-2 sequences (EPI_SET_230914wa, doi: 10.55876/gis8.230914wa) had sample 

collection dates ranging from 23 March 2020 to 21 March 2023 and were obtained from both male and 

female individuals spanning a wide age range.  Genomic sequences with the corresponding metadata 

and sequencing technology files were concurrently downloaded and used for operational trend analysis.  

The geographical locations of the originating and sequencing laboratories were manually curated. 

Acknowledgment is given to all sequencing laboratories as part of supplementary files S1 and S2.   

3.2.2 Trend Analysis of genomic surveillance data across the KZN districts  

The KZN metadata was collated and organised by district, specifically: eThekwini, Amajuba, 

Harry Gwala, King Cetshwayo, iLembe, Ugu, uMgungundlovu, uMkhanyakude, uMzinyathi, 

uThukelaand Zululand. Districts are categorised based on levels of urbanicity or rurality. To facilitate 

analysis of rural and urban distinctions, districts were grouped as outlined in Figure 3.1a. Demographic 

trends were examined for each district by gender and age for the period 2020 to 2023. The analysis 

extended to the distribution of SARS-CoV-2 cases and deaths, as well as genomes generated in relation 
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to the district population. Supplementary data was sourced from the NHLS, Our World In Data (OWID) 

and https://municipalities.co.za (Municipalities of South Africa, 2023). Correlation analyses are 

conducted to explore relationships between population size and total cases, total cases and deaths and 

genomes generated and total cases for each district, utilising regression plots produced with statistical 

and visualisation packages in R. 

3.2.3 Trend analysis of circulating lineages and VOCs within KZN 

Clades and lineage assignments were verified using NextStrain (https://clades.nextstrain.org). 

Variants and circulating lineages were trended based on their frequency per district, utilising Pangolin 

lineages derived from NextClade. Lineages were categorised based on variant identifiers as follows: 

Alpha (B.1.1.7), Beta (B.1.351.x), Delta and its sub-lineages (B.1.617.2 and AY.x), Omicron and its 

sub-lineages (B.1.1.529 and BA.x), along with others, which include additional B-lineages, C.1.x, 

recombinants and other low-frequency lineages. Plots were created to visualise individual lineages for 

genomes generated, as well as lineages that are predominant in KZN. 

3.2.4 Trend analysis of Operational parameters 

To elucidate the operational parameters essential for an effective genomic surveillance regime, 

trends based on comprehensive and informative metadata were examined. The following trends were 

evaluated: sequencing technologies employed in data generation, the assembly software utilised by var-

ious sequencing laboratories, the sectors engaged in sample collection as part of the genomic surveil-

lance strategy and the overall turnaround time from sample collection to data submission to GISAID. 

These metadata files were also reviewed to determine the degree of completion of metadata and the 

quality of the data recorded. 

3.2.5 Data Analysis and Visualisation 

All data visualisation and statistical analysis were performed by using available packages such 

as ggplot2 v3.3.7 and R version 4.3.1. Statistical analysis was performed to establish standard deviation, 

mean, median, p-values, correlation and confidence intervals.  Visualisation of urban and rural districts 

within KZN are illustrated using ArcGIS (www.demarcation.org.za) (Municipal Demarcation Board, 

2021).  
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3.3.2 VOCs and Circulating lineage Trends in KZN districts 

The annotated districts were examined to assess the distribution of genomes and lineages across 

age groups and gender for each year. This analysis revealed variation in demographic patterns and 

circulating variants of concern between rural and urban districts in KwaZulu-Natal (Table 3.1).     

Table 3.1: Aggregate genomic data and all circulating lineages in KwaZulu-Natal (2020 – 2023) 

V
A

R
IA

B
L

E
 

CLASS 
GENOMES 

(N (%)) 

GENOME DISTRIBUTION ACROSS KZN DISTRICTS 

Alpha 

(B.1.1.7) 

Beta 

(B.1.351.x) 

Delta and 

sublineages 

(B.1.617.2 

and AY.x) 

Omicron and 

sublineages  

(B.1.1.529 

and BA.x) 

**Others 

including 

C.1.x, 

B.x., Xxx. 

G
E

N
D

E
R

 Female 3603 (59,2) 3 708 549 986 1357 

Male 2236 (36,7) 5 425 403 667 737 

Unknown* 250 (4,1) 1 34 31 72 112 

A
G

E
 R

A
N

G
E

 (
Y

E
A

R
S

) 

0-18 899 (14,8) 0 240 204 198 257 

19-30 1316 (21,6) 1 239 214 411 451 

31-40 1247 (20,5) 1 208 179 360 500 

41-50 960 (15,8) 1 171 156 288 344 

51-60 745 (12,2) 4 132 112 219 271 

>60 778 (12,8) 2 161 99 211 313 

Unknown* 144 (2,4) 0 16 20 38 70 

D
IS

T
R

IC
T

 

Amajuba 124 (2,0) 0 30 0 15 79 

eThekwini 2870 (47,1) 2 214 441 1257 956 

Harry Gwala 158 (2,6) 0 60 21 8 69 

iLembe 593 (9,7) 2 170 66 72 283 

King Cetshwayo 546 (9,0) 3 131 237 92 83 

uGu 540 (8,9) 0 143 87 112 198 

uMgungundlovu 283 (4,6) 0 26 52 88 117 

uMkanyakude 358 (5,9) 0 151 15 24 168 

uMzinyathi 64 (1,1) 0 3 3 6 52 

uThukela 117 (1,9) 1 9 7 21 79 

Zululand 436 (7,2) 1 230 53 30 122 

*Unknown represents those individuals whose data was unavailable or not recorded at the time of specimen collection 

** Others includes all remaining lineages present such as x sublineages, recombinant viruses, other A. and B. lineages 



 

60 

 

A subset of data was categorised as 'Unknown,' indicating the absence or unavailability of 

particular demographic information at the time of specimen collection. For completed metadata, 

females represent over half of the genomes at 59,2%, while males account for 36,7% and a small 

proportion (4,1%) remain of unknown gender. The 19–40 year age group was notably well represented 

in the genomic data, averaging 21,1%. This may indicate a higher infection rate or a greater likelihood 

of testing among younger adults. Nevertheless, the data indicate robust representation across all age 

groups, with each exceeding 12%. The 6089 genomes for KZN were distributed across the 11 districts, 

with 47,1% collected from eThekwini.  The remaining 10 districts accounted for 1,1-9,7% of the 

genomes.  These genomes, encompassing several VOCs, and their sublineages were distributed 

accordingly throughout the province.  To gain a deeper understanding of the distribution and diversity 

of lineages that circulated in KZN (Figure 3.3) over time, the identified lineages were plotted for the 

KZN region (Figure 3.4a) and within each district (Figures 3.4b and 3.5). 

Figure 3.3: Lineage diversity and distribution across variants groups for the total genomic cohort 
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Lineages detected at least 50 times (>1%) from March 2020 to March 2023 in the KZN genome 

dataset are illustrated in Figure 3.6.  All other lineages (including <1%) detected for the same period 

are illustrated in Figure S3.3.    

Figure 3.6:  Most frequently sampled lineages between March 2020 – 2023.  

  3.3.3 Operational Trends for Genomes generated from KZN districts 

A visual comparison of the COVID-19 genome sequencing rates relative to the total cases 

across various districts was examined (Figure 3.7). Figure 3.7 b) depicts urban and semi-urban districts 

to have statistically significant sequencing rates (t-test = 5.42, p < 0,001). Rural districts also show 

sequencing activity, but at a borderline level of significance (p value < 0,1). There is no strong statistical 

difference in sequencing rates between urban/semi-urban and rural areas, suggesting that sequencing 

efforts are relatively evenly distributed. These statistical measures are crucial for assessing the 

consistency and outreach of genomic surveillance across the region. 
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The sequencing platforms used for data generated by the submitting laboratories were examined 

in Table 3.2, as well as the assembly software used during analysis in Table 3.3. 

Table 3.2: Genomic sequencing technology distribution across a network of submitting laboratories  

 

A tabulated overview of samples received for sequencing from the respective originating laboratory 

sectors is also listed in Table 3.3.  Information about the distribution of originating laboratories for a 

given dataset were categorised into the Private Sector, Government Sector and Research Institutes.  

Table 3.3: Assembly software used during pre-analysis of genomes and originating laboratory sectors 

 

 

 

 

 

 

 

 

 

 

The interval between the collection of the sample and its submission to the GISAID database 

was also assessed (Figure 3.8).  The TAT was calculated based on the number of genomes generated 

from sample collection on a monthly from March 2020 to March 2023.  TATs were categorised and 

denoted as ≤ 21 days, 21 < days ≤ 60, 60 < days ≤ 120and > 120 days. The dataset was analysed using 

a bar plot to visualise the number of submitted genomes for each category per month.  The mean and 

ANOVA tests were calculated for each category over the past three years and the p-values were repre-

sented as “*” (***: p < 0.05). 

Sequencing Platform 
Submitting laboratories 

Total (n (%)) 
KRISP/CERI NHLS NICD 

Illumina MiSeq 4643 3 0 4646 (76,3%) 

Illumina NextSeq 23 0 22 45 (0,7%) 

Ion Torrent 0 0 21 21 (0,3%) 

Oxford Nanopore Technology 

(GridIon, MinIon) 
1377 0 0 1377 (22,6%) 

Total (n (%)) 6043 (99,2%) 3 (0,1%) 43 (0,7%) 6089  (100%) 

Assembly method (n (%)) 

Genome Detective 5951 (97,7%) 

Exatype 2 (0,0%) 

Others (Artic, Basepace, Dragen) 136 (2,2%) 

Originating laboratories (n (%)) 

Private Sector 246 (4,0%) 

Government Sector 5261 (86,4%) 

Research institutes 582 (9,6%) 
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Genomic sequencing across the submitting laboratory network was predominantly conducted 

by KRISP/CERI, which contributed over 99% of all genomes analysed. Illumina MiSeq was the primary 

sequencing platform used (76,3%), reflecting a preference for high-accuracy short-read sequencing, 

while Oxford Nanopore Technology accounted for 22,6% of data generation, supporting rapid sequenc-

ing during periods of increased demand. Assembly workflows were highly standardised, with 97,7% of 

genomes processed using Genome Detective, ensuring analytical consistency across the dataset. Most 

samples originated from the Government Sector (86,4%), highlighting the central role of public 

healthcare facilities in national SARS-CoV-2 genomic surveillance, while contributions from research 

institutes (9,6%) and the Private Sector (4,0%) were comparatively smaller. TAT from sample collec-

tion to submission to GISAID varied over the study period and was categorised for analysis. Statistically 

significant differences (p < 0.05) between TAT categories demonstrated fluctuations associated with 

changing epidemic dynamics and laboratory throughput pressures, indicating that reporting speed im-

proved during periods of heightened public health response and slowed during intervals of reduced case 

load or resource strain. 

Figure 3.8: SARS-CoV-2 genomic surveillance turnaround time (TAT) (***: p < 0.005)   

*** 

 

 

*** 

 

 

*** 
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 3.4 Discussion 

 The analysis of genomic surveillance data from KZN within the framework of the COVID-

19 pandemic has yielded significant insights into the regional dynamics of SARS-CoV-2. The robust 

dataset of 6,089 genomic sequences facilitated a detailed investigation into the correlation of viral 

transmission and demographic as well as geographic factors. The demographic distribution shows a 

higher testing rate among younger adults aged 19-40, which aligns with global observations of higher 

social activity and mobility in this cohort, potentially increasing transmission risk as also observed with 

HIV in 16-30 year olds (Kharsany et al., 2019; Harris, 2020; Pritchard et al., 2022; Tegally, San, et al., 

2022). In terms of gender, genomes generated from females made up 59,2% of all submitted genomes 

from KZN, while males accounted for 36,7%. Individuals, whose gender was not captured, were listed 

as ‘Unknown’ and made up 4,1% of submitted genomes.  This proportion of age and gender was in line 

with a previous study that observed a higher SARS-CoV-2 seropositivity in 20- 40 year olds and in 

women than in men (Moyo et al., 2023).   

The urban-rural divide in KZN presents distinct patterns of disease spread, with urban areas 

like eThekwini accounting for nearly half of the sequenced genomes in the province. This distribution 

reflects a higher population density and greater access to healthcare and testing facilities in urban 

districts. The CFR representing the percentage of deaths out of total cases varies considerably across 

districts, especially in the rural districts, pointing to disparities in healthcare access, demographic 

influences, or disease severity (Figure 3.2a). These disparities compromise the efficiency of the 

measures imposed in surveillance and control and become obstacles to the realisation of primary care 

for all (Maimela et al., 2024).  The disparity in genome sequencing across districts highlights the 

challenge of achieving equitable genomic surveillance, essential for effective pandemic monitoring 

(Hamzaoui et al., 2024). Approximately 19,5% of genomes from KZN were excluded from the study 

due to the absence of metadata at the time of collection. This underscores the need for stricter data 

collection protocols and enhanced standardisation in genomic surveillance. Several inconsistencies and 

erroneous entries were identified during the analysis of metadata from GISAID, including: i) spelling 

errors and variations in spelling, ii) incorrect location, city and province information, iii) inaccurate 

submission and originating laboratory listings, iv) incorrect formats for age, dates and gender, v) 

duplicate entries and vi) insufficient information captured. KZN was selected for this study due to its 

status as the most thoroughly annotated province, featuring comprehensive sampling across all districts. 

Since a significant proportion of the genomes from KZN were found to lack supporting data, it is 

possible that the proportion of missing data will be higher in other provinces. This further emphasises 

the disparities in data standardisation. These findings underscore the urgent need for improvements in 

metadata quality and the establishment of standard operating procedures (SOPs) for data capturing in 

such databases (Gozashti and Corbett-Detig, 2021; Ma et al., 2023). Enhanced metadata quality ensures 

that genomic surveillance efforts can more effectively inform policy decisions, guide resource 
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allocation and ultimately improve public health outcomes by enabling more precise and actionable 

insights (Ling-Hu et al., 2022). 

The correlation analyses between the number of genomes sequenced and the cases reported per 

district shed light on the operational strengths and gaps within the current genomic surveillance system. 

The visual and statistical analysis indicates variability in surveillance intensity, which is crucial for 

detecting emergent strains and implementing timely interventions. The operational trends suggest that 

while the sequencing efforts are commendable, there is variation in how comprehensively different 

districts are monitored. The global benchmark for sequencing rates of SARS-CoV-2 varies depending 

on public health goals, variant surveillance needs, and sequencing capacity in different regions. 

However, based on recommendations from organisations like the WHO, GISAID, and CDC, an ideal 

benchmark of 5-10% confirmed cases should be sequenced. Many high-income countries with strong 

sequencing infrastructure aim for this gold standard as observed in the United Kingdom (10-15% at 

peak pandemic), United States of America (3-7%) and Europe (~5%).  Low-income countries often 

sequence below 1% due to resource constraints.  Although a sequencing rate of 5-10% of confirmed 

cases is recommended for optimal genomic surveillance, a minimum of 1-2% sequencing rate is 

necessary for baseline variant detection, while strategic sampling approaches should be employed 

during periods of low case numbers to efficiently detect emerging variants (Liu et al., 2021). The 

analysis of circulating lineages and VOCs within KZN highlights the dynamic nature of the viral 

population. The predominance of the Beta and Delta variants during the specific waves illustrates the 

impact of viral evolution on the pandemic's trajectory (Tegally et al., 2021; Al Hasan et al., 2022). The 

Beta variant, associated with increased transmissibility, led to a pronounced second wave. Successively, 

the emergence of the Delta and Omicron variants underscores the dynamic nature of viral evolution and 

its implication on public health strategies. The shifts in variant dominance also reflect the ongoing 

global narrative of the pandemic, where each variant's emergence could potentially alter the 

effectiveness of existing vaccines and therapeutic approaches, necessitating adjustments in public health 

responses. 

The operational characteristics of the genomic surveillance system reflect both the regions 

sequencing capacity and its reliance on centralised infrastructure (Tegally et al., 2020; Giandhari et al., 

2021). The dominance of Illumina-based platforms, particularly within KRISP/CERI, demonstrates a 

well-established and high-accuracy sequencing framework, while the supplementary use of Oxford 

Nanopore technology highlights the ability to rapidly generate genomes when rapid public health 

insights are needed (Quick et al., 2016; Tyson et al., 2020; Tegally, Wilkinson, Giovanetti, et al., 2021). 

However, the presence of multiple sequencing technologies also underscores the importance of 

maintaining standardised analytical workflows to ensure consistency and comparability across 

laboratories (Cleemput et al., 2020).  The assessment of TAT trends further illustrates the adaptive 

performance of the surveillance network. Over the study period, there was a clear increase in the 
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proportion of genomes submitted within ≤ 21 days and 21–60 days, reflecting improved processing 

efficiency and responsiveness, consistent with the previously suggested 21-day benchmark for effective 

genomic surveillance (Brito et al., 2022). The statistically significant differences observed between 

TAT categories indicate meaningful shifts in reporting dynamics over time. While no strong correlation 

was observed between total sequencing volume and TAT, the data suggest that periods of high sample 

intake may still contribute to delayed processing due to constraints in personnel and laboratory capacity. 

This highlights the need for continued investment in workforce development and resource scaling to 

sustain rapid genomic reporting during periods of increased epidemic pressure (de Oliveira and Baxter, 

2024; Govender, 2024). Delays in data submission to GISAID, caused by factors also described in 

chapter 2, resulted in an average delay in genome reporting. This delay could have influenced the 

perceived emergence of VOCs, impacting public health interventions as observed with the Delta variant 

(Ramphal et al., 2024). Sequencing limitations, including delayed turnaround times and possibly 

inadequate rural coverage, may have impacted the accuracy of SARS-CoV-2 lineage detection (Colton 

et al., 2023). The consensus pertaining to delays in processing hinder real-time surveillance, may allow 

variants to spread unnoticed, while under-sampling in rural areas creates geographic biases and data 

gaps (Meckawy et al., 2022). Such constraints could potentially weaken epidemiological trends, delay 

vaccine and treatment adaptations, and reduce the effectiveness of public health interventions, 

emphasising the need for improved sequencing infrastructure and faster genomic surveillance.  

Continuous monitoring and analysis are, therefore, essential in improving turnaround times and 

ensuring timely real-time surveillance.   

This retrospective analysis underscores several points for enhancing future public health 

strategies and preparedness. The identification of operational challenges, such as the variability in 

genomic data coverage and the turnaround time from sample collection to data submission, is critical. 

Furthermore, convenience-based sampling methods can distort the actual distribution of circulating 

variants (Ling-Hu et al., 2022). Addressing these issues will require strengthening the infrastructure for 

genomic surveillance, possibly through enhanced funding, better training for local health personnel and 

the integration of genomic data with electronic health records for real-time tracking.  Moreover, the 

findings advocate for a more granular, district-level approach to public health planning and intervention. 

Tailoring strategies to fit the unique epidemiological and genomic contexts of each district could 

enhance the responsiveness and effectiveness of interventions, potentially curtailing transmission more 

efficiently and mitigating the impact of future waves. While this chapter did not include a formal 

phylogeographic analysis, future studies incorporating such approaches could provide greater insight 

into the spatiotemporal spread of SARS-CoV-2 lineages across districts and enhance understanding of 

regional transmission dynamics. 
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3.5 Conclusion 

Genomic surveillance of SARS-CoV-2 in KZN has improved our understanding of how the 

virus evolves and spreads. This study highlights key challenges, including sequencing disparities across 

districts, missing data, and delays in processing. Such issues affect the accuracy of variant tracking and 

public health responses. While KZN serves as a model for genomic surveillance in South Africa, the 

high proportion of missing data suggests even greater challenges in other regions, underscoring the 

urgent need for standardised data capture protocols and equitable sequencing efforts.  Integrating 

genomic data with demographic and epidemiological insights is crucial for refining public health 

strategies, both locally and globally. A structured and well-resourced genomic surveillance system is 

essential to improve data standardisation, logistical efficiency, and laboratory capabilities, thereby 

enhancing the accuracy and responsiveness of outbreak management. Strengthening these areas through 

increased funding, improved personnel training, and the integration of genomic data with electronic 

health records will enable more effective disease monitoring and intervention.  This study underscores 

the necessity of a district-level approach to public health planning, tailored to the unique 

epidemiological contexts of different regions. Policymakers can use genomic insights to track viral 

evolution, allocate resources efficiently, and implement targeted measures to control outbreaks. A 

strong public health system that prioritises genomic surveillance is essential for pandemic preparedness 

and global health security. 
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Linking Chapters three and four 

Chapter Three concludes with an in-depth analysis of the SARS-CoV-2 trends in KZN, 

highlighting the importance of understanding localised genomic surveillance within a well-annotated 

province. This analysis provides insights into demographic and transmission patterns, and identifies 

gaps in current strategies, setting a foundation for enhancing future surveillance efforts within urban 

and rural settings. Chapter Four transitions from a local to a global perspective, analysing South Africa's 

SARS-CoV-2 genomic data sharing within the broader context of global trends.  It evaluates the quality, 

quantity, and timeliness of shared genomic data across selected high-, middle-, and low-income 

countries. This chapter benchmarks South Africa’s genomic surveillance efforts against global trends, 

highlighting achievements, challenges, and strategic insights for improvement.  
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Chapter Four: Unveiling South Africa's Triumphs: An Exploration of 

SARS-CoV-2 Genome Sharing Trends and Impacts, 2020–2024  
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4.1 Background 

The timely and widespread sharing of genomic sequences has become a cornerstone in 

managing global health crises, particularly in the context of the SARS-CoV-2 pandemic (Baker et al., 

2023; Struelens et al., 2024). This exchange of data provides critical insights into viral evolution, 

supports the development of diagnostic tools, vaccines, and therapeutics, and strengthens international 

collaboration efforts to control outbreaks (Figure 4.1) (Ramesh et al., 2021; Brito et al., 2022; Carter et 

al., 2022; Rabaan et al., 2023). The COVID-19 pandemic has reinforced the necessity of rapid genomic 

surveillance, with global data repositories such as GISAID playing a central role in tracking viral spread 

and mutations (Hamzaoui et al., 2024). Within this evolving landscape, South Africa has emerged as a 

key contributor to genomic surveillance, leveraging its historical expertise in handling infectious 

diseases such as HIV, tuberculosis, and COVID-19 through innovative techniques and robust public-

private collaborations (Karim et al., 2020; Bekker and Ntusi, 2021; Pritchard et al., 2022).  

Figure 4.1: An adapted overview of the SARS-CoV-2 Genomic Surveillance System highlighting key 

metrics in genome sharing (Carter et al., 2022). Image created using Dall-E (Open AI, 2023) 

Since the early stages of the pandemic, South Africa has been at the forefront of the genomic 

sequencing efforts in Africa, significantly contributing SARS-CoV-2 genomes to international 

databases (Giandhari et al., 2021). This early engagement was pivotal in tracking viral transmission 

patterns and identifying variants of concern, such as the Beta (B.1.351) and Omicron (B.1.1.529) 

variants, first detected in South Africa (Tegally et al., 2021; Al Hasan et al., 2022). The establishment 

of the Network for Genomic Surveillance in South Africa (NGS-SA) in May 2020 (Msomi et al., 2020) 

further strengthened the country’s capacity to generate and analyse SARS-CoV-2 genomic data in a 

timely manner, demonstrating the importance of localised genomic surveillance systems in informing 

public health interventions (Hill et al., 2023). However, despite these achievements, challenges persist 
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in genomic sequencing infrastructure, particularly concerning disparities in sequencing capabilities, 

data quality, and timeliness across different regions (Brito et al., 2022; Feng et al., 2024). 

The rapid evolution of global genomic systems has been driven by advancements in sequencing 

technologies, with high-income countries leveraging these sequencing platforms to inform public health 

responses through high sequencing coverage and rapid turnaround times (Pronyk et al., 2023). Middle-

income countries, including South Africa, have faced resource constraints but have made notable 

progress through international collaborations and public-private partnerships (Hossain, Abdulla and 

Rahman, 2022). Meanwhile, low-income countries continue to struggle with limited sequencing 

capacity, inadequate infrastructure, and slower data-sharing processes, highlighting global inequities in 

genomic surveillance (Belman, Saha and Beale, 2022). Addressing these disparities is crucial for 

enhancing global pandemic preparedness, ensuring equitable access to sequencing technologies, and 

strengthening international data-sharing frameworks (Brito et al., 2022; Chen et al., 2022). 

This study aims to analyse trends in SARS-CoV-2 genomic surveillance data sharing in South 

Africa from 2020 to 2024, focusing on key metrics such as data quality, quantity, and timeliness. By 

benchmarking South Africa’s contributions to those of countries across various socioeconomic levels 

and global trends, this research highlights the nation’s achievements and challenges in supporting the 

global pandemic response. The findings will provide strategic insights to strengthen genomic 

surveillance within the region, contributing to broader efforts aimed at improving pandemic 

preparedness and response capabilities worldwide. 

4.2 Methods 

  4.2.1 Data source and collection  

Genomic surveillance and SARS-CoV-2 case data for South Africa, specified countries and 

globally were sourced from GISAID and Our World in Data (OWID) on 19 February 2024, respectively. 

Additional information was accessed from GISAID on 27 January 2025.  Case data was crosschecked 

with WHO, CDC, and the COVID-19 Data Portal. The dataset collection dates spanned from 1 January 

2020 to 31 January 2024. Additionally, publication data for South Africa and related regions was 

retrieved from Scopus and Web of Science (WoS) on 24 January 2024.   

4.2.1.1 Selection Criteria and Data Management of GISAID Data 

South African and global data used in the study was collected between 1 January 2020 and 31 

January 2024. To ensure completeness, only whole genomes were filtered, retaining those with a length 

exceeding 29,000 nucleotides and containing no more than 5% ambiguous bases (Ns) across the entire 

genome.  High coverage Genomes were further selected based on metadata completeness.  Genomic 

metadata containing age listed in numerical values between 0 and 150 were selected, as well as gender 
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that was defined as “Male” or “Female”.  The genomes were classified according to the continent and 

country/region, based on the information provided in the “Location” field of the metadata associated 

with each genome, indicating the geographical locations where samples were collected. Any 

discrepancies and duplicates were excluded.  Data was plotted against cumulative global data for 

comparison. This study relies primarily on SARS-CoV-2 genomic data submitted to GISAID, which is 

the main data-sharing platform used in South Africa and collaborating regions. However, because some 

laboratories deposit sequences in other repositories or submit data with delays, it is possible that certain 

genomes were not captured, and the dataset may not fully represent all sequencing efforts conducted 

during the study period. 

4.2.2 Selection Criteria and Approach for the Comparative Assessment of SARS-CoV-2 

Genomic Data Sharing 

To assess trends in SARS-CoV-2 genomic data sharing in South Africa, we focused on key 

metrics, including data quality, quantity, and timeliness across continental and specific countries. To 

ensure a comprehensive and representative analysis, countries were selected from each continent with 

diverse economic statuses and geographical locations, based on World Bank classifications. This 

selection included nations with well-established genomic surveillance systems (example: the United 

Kingdom and Denmark (Europe), the United States (North America), and Australia (Oceania)), 

countries comparable to South Africa in terms of economic and regional context (example: Brazil 

(South America), India and Thailand (Asia), Kenya and Nigeria (Africa)), and those facing distinctive 

genomic surveillance challenges (example: Singapore (Asia) and Canada (North America)).  The 

genomic surveillance trends of each selected country and globally were analysed based on the 

components outlined in Figure 4.1, utilising data from Our World in Data (OWID) for each country’s 

genomic surveillance statistics. Particular emphasis was placed on comparing these approaches to those 

adopted in South Africa, enabling a reciprocal evaluation of genomic data-sharing practices.  

4.2.2.1 Justification of Country selection 

The selection of countries for comparison with South Africa’s SARS-CoV-2 genomic 

surveillance was based on their representation of the continent they belonged to.  Countries with 

advanced genomic surveillance infrastructures—such as the United Kingdom, United States, Australia, 

and Denmark—were included due to their high sequencing capacity, rapid data dissemination, and 

significant contributions to global databases like GISAID. Brazil, India, Thailand, Kenya, and Nigeria 

were selected for their socioeconomic and regional comparability to South Africa, facing similar 

healthcare and resource challenges. Singapore and Canada were included to illustrate unique 

surveillance challenges: Singapore’s intensive but small-scale approach and Canada’s coordination 

across vast provinces. This selection ensures a diverse global perspective, enabling an assessment of 
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South Africa’s standing, identifying strengths, and informing strategies to enhance its genomic 

surveillance capacity. 

4.2.3 Publication Output 

Guided by a study published in Scientometrics (Teixeira da Silva, Tsigaris and Erfanmanesh, 

2021), we performed a basic search for publications on Clarivate's Web of Science (WoS) and Elsevier’s 

Scopus to quantify research output. We examined documents published from 1 January 2020, to 24 

January 2024, using search queries "SARS-CoV-2," "COVID-19," "Coronavirus 2019," "2019-nCoV," 

"novel coronavirus," "SARS-CoV-2 infection," and "COVID" in the topic and keywords. Data was 

downloaded on 24 January 2024. The searches on WoS and Scopus encompassed all databases. We 

retrieved a total of 640,967 documents from WoS and 412,113 documents from Scopus. The data was 

analysed based on various fields, including publication years, document types, organisations/institutes, 

countries of interest and funders. The data was curated manually to identify recurring funding sponsors 

and organisations/institutes. 

4.2.4 Data analysis and visualisation 

Data was analysed and visualised using R version 4.3.1 using available packages and scripts. 

Where applicable, other visualisation tools such as Tableau (online on https://www.tableau.com/) and 

Matplotlib (Python) were used. Quantitative statistical analysis was conducted using R's statistical 

packages to provide a detailed landscape of genomic surveillance.  

 

4.3 Results 

4.3.1 Global Variation in quantity, quality and timeliness of SARS-CoV-2 Genomic Data 

sharing efforts 

An overview of the SARS-CoV-2 genomic surveillance system was highlighted in Figure 4.1.  

Data sharing efforts were trended across selected countries and globally. Figure 4.2 depicts a timeline 

of the first cases and total cases for the selected countries over time.  The total cumulative confirmed 

COVID-19 cases highlight the overall impact of the pandemic on each country. The results show clear 

differences in the progression of total COVID-19 cases between high-income and low- and middle-

income countries over time. High-income countries such as the United States, Brazil, and the United 

Kingdom experienced sustained and substantial increases in cumulative cases, characterised by multiple 

waves of heightened transmission. These steep and continuous rises reflect prolonged community 

spread, influenced in part by higher levels of population mobility and earlier international exposure. In 

contrast, countries including Kenya, Nigeria, and Thailand reported considerably lower case totals with 
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between these two extremes: they experienced large-scale outbreaks with notable mortality, but their 

genomic sequencing contributions, although present, remained considerably lower than those of high-

income countries. Overall, the analysis indicates that global patterns of COVID-19 case detection, 

mortality reporting, and genomic surveillance are strongly influenced by national economic capacity 

and health system resources. Countries with greater resources were able to identify more cases and 

contribute more actively to global genomic monitoring, whereas resource-constrained settings faced 

challenges that likely obscured the full scale and evolution of the pandemic within their borders 

Figure 4.3:  World map indicating selected countries and their respective number of genomes available 

on GISAID as at 19/02/2024, country population, total COVID-19 cases and deathsand total tests 

performed.  Each circle is indicative of the total cases reported per country. 

As of January 27, 2025, a total of 17,176,323 genomes from 223 countries have been submitted 

to GISAID since the first genome was recorded on 20 January 2020 (Wu et al., 2020). In applying 

GISAID filters to the 16,718,242 (97,3%) genomes collected between 01 January 2020 to 31 January 

2024, 16,347,201 (97,8%) were complete genomes with 5,848,259 (35,8%) genomes being high 

coverage. Data is plotted per continent distribution (Figure 4.4a).  Selected countries (Denmark, 

Australia, UK, USA, Singapore, Brazil, Thailand, India. Kenya, Nigeria and South Africa) contributed 

to a total of 10,514,653 (64,3%) of total genomes for the period above, with 10,450,617 (99,4%) having 

complete genomes and 3,841,562 (36,8%) high coverage genomes. Data plotted per individual country 

(Figure 4.4b). The annual counts were as follows: 145, 206, 208, 184 and 105 countries/regions with 

genome contributions amounting to 314,451; 6,383,583; 7,804,540; 1,931,326 and 115,976 

respectively.  
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Figure 4.5 illustrates clear temporal and geographical trends in genome sharing and deposition 

time from 2020 to 2024. Overall, median genome deposition times declined across continents, with the 

most notable reductions in 2024, indicating improvements in sequencing and reporting efficiency. South 

Africa, highlighted in pink, follows this global pattern, showing progressively shorter deposition times 

over the study period. The box plots of total shared genomes show that North America, Asia, and Europe 

consistently contributed the highest number of sequences, while Africa and South America displayed 

greater variability and generally lower submission counts. Despite this, the box plots of median depo-

sition time reveal a gradual convergence between continents, with Africa showing initially longer de-

lays that decrease over time. These trends suggest that although substantial disparities in genomic sur-

veillance capacity were evident in the early stages of the pandemic, reporting practices and turnaround 

times have improved globally, narrowing some of the initial gaps. 
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the log-transformed total number of shared genomes on the y-axis. The notched boxes indicate the 

interquartile range (IQR), with the median represented by the horizontal line inside each box, while the 

whiskers extend to show variability, and individual diamond markers signify outliers. South Africa is 

highlighted in pink for emphasis. The median deposition time represents the duration between sample 

collection and genome submission. 

The temporal patterns in genome submissions show distinct shifts in sequencing activity over 

the course of the pandemic. Monthly trends indicate that 2021 and 2022 were periods of the highest 

global genome sharing, coinciding with major variant waves, followed by a marked decline in 2023 and 

2024 as case numbers stabilised and global sequencing demand reduced. South Africa follows the 

global trajectory but at a much smaller scale, reflecting more limited sequencing capacity despite 

consistent participation. The comparison of deposition delays across countries highlights substantial 

variation in how quickly genomes were uploaded to GISAID. High-income countries such as Denmark, 

the United Kingdom, and Singapore show short median deposition times, suggesting efficient 

sequencing pipelines and data-sharing practices. In contrast, countries such as Kenya and Nigeria 

exhibit substantially longer delays, indicating resource and infrastructural constraints that affect real-

time surveillance capacity. South Africa’s median deposition time sits in the mid-range, demonstrating 

improved turnaround relative to some African peers but still slower than regions with stronger 

sequencing infrastructure. Overall, the results in Figure 4.6 show that while global sequencing effort 

peaked early in the pandemic, disparities in the speed of genome reporting persisted, shaped largely by 

differences in laboratory capacity and public health resourcing. 

Considering that the median days to deposition on GISAID were plotted since 10 January 2020, 

the distribution of data clearly indicates a reduction in the duration between sampling and genomic data 

sharing to approximately 10 days, which is significantly shorter than the estimated average of 37 days. 
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Figure 4.6: The number of shared genomes in South Africa with global trends and turnaround times 

per country.  a) The number of shared genomes in South Africa each month during 2020–2024, b) The 

median number of shared genomes in South Africa and global trends from 2020 to 2024, and c) Average 

sequencing turnaround time per country as per GISAID submission tracker (date accessed: 27 January 

2025. The circles represent the median days from specimen collection to GISAID deposition and the 

bars indicate value distribution per country.  The red dashed line represents an overall average 

turnaround time across all countries listed. Data obtained from GISAID submission tracker. 

 

SARS-CoV-2 variants shifted in clear waves globally, with Delta replacing earlier variants in 

2021 and Omicron subsequently displacing Delta and diversifying into multiple sublineages that have 

remained dominant through 2024 (Figure 4.7).  

a)                       b) 

 

 

 

 

 

 

 

c) 
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Figure 4.7: SARS-CoV-2 variant prevalence by a) country based on genomic sequencing data from 

OWID at https://ourworldindata.org/ (date accessed: 19/02/2024), and b) Variant progression over time 

globally and c) in South Africa (data from GISAID) 

a) 

 

 

 

 

 

 

 

b) 
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The variant progression plots show clear shifts in SARS-CoV-2 lineage dominance over time 

across countries and globally. Early in the pandemic, multiple lineages circulated at low levels, before 

the emergence of highly transmissible variants led to rapid replacement patterns. The Alpha and Beta 

variants dominated in early 2021 in regions such as the United Kingdom and South Africa, respectively, 

followed by the global rise of Delta in mid-2021. In late 2021, Delta was rapidly displaced by Omicron, 

which has remained the predominant variant group through 2022 and 2023, although with substantial 

diversification into multiple Omicron sublineages. Countries such as the United States, United 

Kingdom, Denmark, and Singapore show rapid turnover between Omicron subvariants, reflecting more 

intensive genomic surveillance. In contrast, countries with lower sequencing frequency, including 

Kenya, Nigeria, and Thailand, display broader periods of apparent variant dominance, likely reflecting 

lower resolution in detection..  

Table S4.1 and Figure 4.8 provides insight into testing rates, case prevalence, the proportion of 

global cases, and sequencing intensity across countries between January 2020 and 2024. In Figure 4.8a, 

a moderate to strong positive correlation (r = 0.72, p = 0.008) is observed between prevalence rate and 

testing rate per 1,000 persons, indicating that countries conducting more tests detected more cases and 

therefore reported higher prevalence. Figure 4.8b shows that the United States accounted for the largest 

share of global reported cases, followed by India, Brazil and the United Kingdom. In Figure 4.8c, se-

quencing rates reveal notable differences in genomic surveillance capacity: Denmark sequenced over 

20% of all reported cases, with the United Kingdom and Canada also sequencing comparatively high 

proportions. In contrast, the higher sequencing percentages in Kenya and Nigeria likely reflect the com-

bination of low testing coverage and smaller numbers of reported cases, resulting in a higher proportion 

of those limited cases being sequenced rather than indicating extensive genomic surveillance. Overall, 

these findings show that countries with higher testing capacity not only detect more infections but also 

sequence a greater proportion of cases, while lower-resourced settings tend to have both reduced case 

detection and more restricted genomic surveillance efforts.  
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Figure 4.10:  a) Top ten funding sponsors and b) academic institutions in terms of SARS-CoV-2 

research in South Africa until January 2024 

 

Table 4.1:  Document type and sources published in South Africa (WoS) 

1 

DOCUMENT TYPE Publication volumes 

Article 4518 

Review 938 

Book Chapter 469 

Note 265 

Letter 187 

Editorial 178 

Conference Paper 127 

Book 31 

Short Survey 26 

Data Paper 5 

Retracted 2 

Erratum 1 

SOURCE TITLE   

South African Medical Journal 202 

International Journal of Environmental Research And Public Health 122 

Plos One 105 

Lancet 80 

Hts Teologiese Studies Theological Studies 68 

Sustainability Switzerland 65 

BMJ Global Health 59 

Vaccines 59 

Pan African Medical Journal 54 

Frontiers In Public Health 52 

South African Family Practice 47 
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4.4 Discussion 

Although GISAID serves as the primary global repository for SARS-CoV-2 genomic data and 

remains the dominant platform used for data sharing in South Africa and many collaborating countries, 

reliance on GISAID alone introduces certain limitations. Not all genomic laboratories or surveillance 

networks upload data exclusively to GISAID; some sequences may also be deposited in alternative 

repositories such as NCBI GenBank or the European Nucleotide Archive (ENA). As a result, there is a 

possibility that some regional or temporally relevant data were not captured in this analysis. In addition, 

variations in institutional upload capacity, data-sharing policies, and delays in sequence submission 

may further influence the representativeness of the dataset. Therefore, while GISAID provides a robust 

and widely adopted framework for comparative genomic surveillance, the findings presented here 

should be interpreted with the understanding that the dataset may not reflect the full spectrum of 

sequencing activity across all laboratories and national platforms.  

The findings of this study highlights the role of genomic surveillance in managing the SARS-

CoV-2 pandemic, with South Africa playing a pivotal role in global efforts.  A comparative analysis 

reveals disparities in genomic data sharing capabilities across different socioeconomic settings, 

emphasising the urgent need for equitable access to sequencing technologies and resources (Brito et al., 

2022).  South Africa's genomic surveillance system, supported by organisations like the Network for 

Genomic Surveillance in South Africa (NGS-SA) (Msomi et al., 2020), has demonstrated significant 

capacity in tracking viral evolution, identifying variants of concern (VOCs), and informing public 

health interventions.  However, challenges remain in ensuring consistent data quality, quantity, and 

timely reporting across all regions. 

High-income countries like as the United Kingdom, the United States, Australia, and Denmark 

benefit from advanced sequencing infrastructure, extensive government funding, and well-integrated 

healthcare systems that enable high sequencing coverage and rapid turnaround times (Burns et al., 2019; 

Stark et al., 2019; Struelens et al., 2024). Their ability to generate and share high-quality genomic data 

in real-time has significantly influenced global pandemic responses (Tosta et al., 2023). These countries 

have successfully integrated genomic surveillance into routine public health frameworks, demonstrating 

the impact of continuous investment in cutting-edge sequencing technologies (Gim, 2022; Hoang et al., 

2022; Akande et al., 2023; Roman, 2023).  For example, the UK's COG-UK consortium exemplifies 

this integrated approach (Marjanovic et al., 2022).  Middle-income countries like South Africa, Brazil, 

India, and Thailand exhibit substantial advancements in genomic surveillance despite facing resource 

constraints (Konono et al., 2024). South Africa, in particular, has played a pivotal role in the early 

detection of key SARS-CoV-2 variants, including Beta and Omicron (Cele et al., 2021; Tegally et al., 

2021; Ahmed et al., 2022). Through strong public-private collaborations and international partnerships, 

South Africa has optimised its genomic sequencing capabilities, aligning itself with global best practices 
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(de Oliveira et al., 2022). However, persistent challenges such as disparities in sequencing coverage 

across different provinces and delayed data reporting need to be addressed to further enhance the 

efficiency of its genomic surveillance system (Staunton, Swanepoel and Labuschaigne, 2020; Belman, 

Saha and Beale, 2022; Pronyk et al., 2023). Low-income countries such as Kenya and Nigeria face 

more profound difficulties in genomic surveillance due to inadequate infrastructure, limited funding, 

and low sequencing capacities (A. Lambisia et al., 2022; Khemchandani, 2022; Ozer et al., 2022). These 

challenges lead to inconsistencies in genomic data quality and slower detection of emerging variants 

(Bosonkie et al., 2023; Pronyk et al., 2023). However, international collaborations and capacity-

building initiatives are helping to bridge some of these gaps. South Africa’s model of leveraging 

existing infectious disease expertise, particularly from its HIV and tuberculosis research programs, 

provides a framework that other low-resource settings could adopt to strengthen their genomic 

surveillance efforts (Eike et al., 2022). 

Analysis of SARS-CoV-2 genomic data sharing trends between 2020 and 2024 reveals 

significant improvements in sequencing efficiency and global data deposition times (Chen et al., 2022; 

Ekusai-Sebatta et al., 2023; Feng et al., 2024). The global decline in genome deposition time suggests 

advancements in sequencing turnaround and reporting mechanisms. South Africa, while initially 

exhibiting higher deposition times, has progressively improved in this regard, aligning with global 

trends (Tegally et al., 2023; GISAID - Initiative, 2024). Despite these gains, regional inconsistencies 

within South Africa highlight the need for uniform capacity-building strategies to ensure timely data 

sharing across all provinces.  Genomic surveillance has been instrumental in tracking variant evolution 

and informing public health responses (Hughes et al., 2022; Attar Cohen et al., 2023). South Africa’s 

ability to rapidly detect and report major variants, such as Beta and Omicron, underscores the 

effectiveness of its surveillance system. However, global trends indicate the emergence of newer sub-

variants (e.g., XBB, BA.2.86, and EG.5), emphasising the necessity for continuous genomic monitoring 

(Esmaeilzadeh et al., 2024). While high-income countries have the resources to conduct large-scale 

sequencing, middle- and low-income nations must strengthen their surveillance frameworks to avoid 

being disproportionately affected by delayed variant detection (De Jong et al., 2023). 

The study reveals a strong positive correlation between SARS-CoV-2 testing rates and reported 

prevalence. Countries with higher testing rates, such as Denmark and the United Kingdom, have been 

able to sequence and share a greater proportion of viral genomes (Brito et al., 2022; Chen et al., 2022). 

In contrast, lower testing rates in Kenya and Nigeria have led to an underestimation of actual case 

numbers, skewing sequencing rates (Jacobs and Okeke, 2022; Waitumbi et al., 2022). This discrepancy 

underscores the need for enhanced diagnostic testing infrastructure alongside genomic surveillance to 

ensure accurate epidemiological assessments.  Scientific research output related to SARS-CoV-2 has 

followed a distinct trajectory, with an initial surge in publications from 2020 to 2022, followed by a 

gradual decline by 2024. South Africa has contributed significantly to global research, particularly in 
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the fields of genomic surveillance, variant analysis, and public health interventions. Key funding 

sources and leading academic institutions have played a crucial role in driving research efforts, 

highlighting the importance of sustained investment in scientific innovation (Fu, Chou and Wang, 

2022). 

Several key strategies can strengthen South Africa's genomic surveillance framework.  

Investment in infrastructure, including expanding laboratory networks and improving data processing 

efficiency, will enhance real-time genomic surveillance capabilities (Inzaule et al., 2021; Wilkinson et 

al., 2021).  Continued capacity-building initiatives, such as training scientists and technicians in 

bioinformatics and genomic sequencing, will ensure a skilled workforce (Mboowa, Sserwadda and 

Aruhomukama, 2021; Kotze, Mashamba-Thompson and Stephens, 2023; Uvere et al., 2023).  

Strengthening regional and international collaborations through partnerships with high-income 

countries and international organisations can facilitate knowledge exchange, technology transfer, and 

funding support (Knoppers, Abdul-Rahman and Bédard, 2007; Varshney et al., 2016).  Integrating 

genomic data seamlessly into public health policies will improve pandemic preparedness and response 

(Mboowa and Sserwadda, 2019). Finally, addressing data quality and reporting timeliness by 

standardising sequencing protocols and improving data-sharing frameworks will enhance the reliability 

and accessibility of genomic information (Jamin et al., 2021).  

4.5 Conclusion 

South Africa's genomic surveillance efforts during the SARS-CoV-2 pandemic provide a 

compelling case study, showcasing how strategic investments, capacity building, and data integration 

can yield significant achievements.  While South Africa has made remarkable progress and contributed 

substantially to the global response, disparities in sequencing capacity, data quality, and reporting 

efficiency persist.  Addressing these challenges, alongside those faced by other emerging economies, 

requires targeted investments, technological advancements, and robust capacity-building initiatives.  By 

adopting best practices and fostering stronger collaboration networks, South Africa can solidify its 

leadership in African genomic surveillance.  Bridging these gaps will not only enhance future responses 

to SARS-CoV-2 but also bolster global preparedness for emerging infectious diseases, ultimately 

improving the timeliness and effectiveness of pandemic responses worldwide.   
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Chapter Five: General Discussion, conclusions, future recommendations 

and study limitations 
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5.1 General Discussion 

In this final chapter of the study, I explore the complex dimensions of genomic surveillance 

and the analysis of SARS-CoV-2, as presented across three preceding, investigative chapters. I proceed 

to outline future recommendations, highlighting areas primed for further exploration and proposing 

platforms that could enhance the depth of subsequent investigations. Finally, I acknowledge the 

limitations inherent in the study, reflecting on the constraints that bound the research scope and the 

potential implications these limitations may have on the generalisability and applicability of the 

findings. Through this discourse, I aim to make a substantial contribution to the field of genomic 

surveillance, laying a solid foundation for future research efforts. My goal is to support the enhancement 

and preparation for future outbreaks, ensuring that the scientific community is better equipped to 

respond effectively and in a timely manner. 

Chapter two presents the study’s first objective which is to conduct an assessment and 

comparison of SARS-CoV-2 genomic data. This chapter, entitled “Reflective evaluation of Next-

Generation Sequencing data during early phase detection of the Delta variant,” employs a retrospective 

data analysis from two NGS platforms, Illumina MiSeq and Ion Torrent (Ramphal et al., 2024). These 

platforms Ire pivotal during the peak of the pandemic, with the analysis utilising online software tools, 

Genome Detective and NextClade, to examine data variability (Vilsker et al., 2019; Aksamentov et al., 

2021). The fundamental paradigm in this chapter was of technological and analytical advancements.  

Utilising advanced sequencing technologies and bioinformatics tools is key to swiftly identifying VOCs 

and evaluating their potential public health impacts. Yet, the integrity and quality of the data generated 

by these technologies, critical for comparison and research, often goes under examined.  Data quality 

discrepancies between technologies prompted us to analyse the same sample set on two NGS platforms: 

the Ion Torrent S5 and Illumina MiSeq (Gozashti and Corbett-Detig, 2021; Plitnick et al., 2021). The 

analysis, both retrospective and comprehensive, highlights the crucial role of genomic surveillance in 

tracking and mitigating the spread of SARS-CoV-2, while pointing out the distinct strengths and 

weaknesses of each platform. The Ion Torrent S5 excels in sequencing samples with low viral loads, 

offering genomic coverage, which makes it particularly useful for early detection of infections. In 

contrast, the Illumina MiSeq stands out for its efficient library preparation, making it a steadfast tool 

for ongoing genomic surveillance efforts.  The findings call for ongoing enhancements in sequencing 

technology, primer design and bioinformatics, to improve the precision and speed of genomic 

surveillance. Addressing identified shortcomings, such as the necessity for updated primer sets and 

overcoming hurdles in real-time variant tracking, is vital for a deeper understanding of the virus's 

evolution and prompt public health interventions. Ultimately, both the Ion Torrent S5 and Illumina 

MiSeq, when integrated with suitable software, provide complementary benefits for the genomic 

monitoring of SARS-CoV-2 (Pritchard et al., 2022). This study provides critical insights into the 
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comparative efficacy and data quality of genomic epidemiology methods, serving as a foundational 

guide for enhancing future pandemic preparedness and response strategies. 

Chapter three progresses to the study's second objective, which is to examine existing SARS-

CoV-2 genomic surveillance trend data within a Ill-annotated South African province.  This chapter 

entitled “Retrospective Evaluation of SARS-CoV-2 Genomic Surveillance Data from KwaZulu-Natal, 

2020-2023” examines the geographical, demographical and epidemiological trends in the region.  It 

emphasises sequencing trends, turnaround times and the distribution of SARS-CoV-2 lineages. This 

study aimed to shed light on district-level transmission patterns and pinpoint potential limitations, 

contributing to refining future genomic surveillance strategies. The study conducted on samples from 

KZN in South Africa provides a comprehensive analysis of SARS-CoV-2 genomic epidemiology 

through routine genomic surveillance data, emphasising the region's unique demographic and socio-

economic challenges. This research underscores the importance of genomic surveillance in 

understanding the virus's transmission dynamics, the diversity of circulating lineages and the 

implications for public health strategies (Raghwani et al., 2021; Lambrou et al., 2022; Espinoza et al., 

2023; Tajudin et al., 2024). The commitment to genomic surveillance in KZN, as evidenced by the 

collection of 6089 genomic sequences across all 11 districts, underlines the critical role of this approach 

in guiding public health responses to the pandemic.  The identification of 134 individual lineages, 

including major variants such as Alpha, Beta, Delta and Omicron, along with their sub-lineages, 

highlights the viral diversity within KZN. This diversity is crucial for understanding the virus's 

evolution and the potential emergence of new variants that could influence public health strategies. The 

analysis of case fatality rates and genomic surveillance rates across districts reveals the complex 

interplay between demographics, healthcare capacity and surveillance efforts in determining the 

pandemic's impact. The urban district of eThekwini, for instance, demonstrated an effective healthcare 

response and robust genomic surveillance, despite a high incidence of COVID-19 cases.  The 

demographic analysis, revealing a predominance of females and certain age groups in the genomic 

sequences, alongside the urban-rural divide in viral spread and diversity, underscores the need for 

tailored public health strategies. Urban centres like eThekwini, with their high population density and 

mobility, present different challenges and opportunities for viral containment compared to rural areas, 

which may face issues related to healthcare access and slower transmission rates (Robishaw et al., 2021; 

Walker et al., 2022; Napit et al., 2023). The study recognises the limitations related to the exclusion of 

some samples and biases in sample collection. These challenges underscore the critical importance of 

complete, high-quality metadata, as Ill as mandatory quality checks on data capturing efforts (Gozashti 

and Corbett-Detig, 2021).  Such standards are essential to ensure the data’s comprehensiveness and 

representativeness, thereby enabling more meaningful analysis and insights (Plasek et al., 2020; Seitz, 

2020).  In conclusion, this research offered valuable contributions to the global body of knowledge on 

COVID-19, highlighting the critical role of genomic surveillance in informing and shaping effective 
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public health responses in urban and rural settings. The ongoing evolution of SARS-CoV-2 and the 

emergence of new variants require ongoing research and adaptable public health strategies to manage 

the pandemic and future outbreaks effectively. 

The concluding investigative chapter addresses the study’s third objective. The study’s 

investigation into SARS-CoV-2 genomic surveillance in South Africa underscores the critical 

importance of data sharing in ensuring effective pandemic response strategies. Chapter 4, titled 

“Unveiling South Africa's Triumphs: An Exploration of SARS-CoV-2 Genome Sharing Trends and 

Impacts, 2020–2024,” provided a comparative analysis of South Africa’s genomic data sharing relative 

to global trends. The findings demonstrated both the successes and the limitations of South Africa’s 

surveillance efforts, offering a roadmap for refining future outbreak preparedness strategies.  South 

Africa has established itself as a leader in genomic surveillance within the African continent, 

contributing significantly to global databases such as GISAID. Early detection of key SARS-CoV-2 

variants, including Beta (B.1.351) and Omicron (B.1.1.529), showcased the country’s robust 

sequencing infrastructure and collaborative networks (Tegally et al., 2021; Tegally et al., 2021). 

However, the study also revealed disparities in sequencing coverage across different regions within 

South Africa, highlighting the need for uniformity in data collection and reporting (Moodley et al., 

2022).  A comparative analysis with high-income countries such as the United Kingdom, United States, 

Australia, and Denmark illustrated how Ill-funded infrastructure and advanced sequencing capabilities 

facilitate more extensive and timely genomic surveillance (Lambrou et al., 2022). In contrast, countries 

with similar economic standing to South Africa, such as Brazil, India, and Thailand, demonstrated 

varying degrees of success in genomic data sharing, influenced by factors such as resource allocation, 

healthcare infrastructure, and policy integration (Cimerman et al., 2021; Giovanetti et al., 2022; 

Horovitz, Félix and Ferraz, 2024).  Additionally, low-income countries such as Kenya and Nigeria faced 

persistent challenges in maintaining consistent sequencing efforts due to financial and logistical 

constraints. Despite these challenges, the study observed increasing international collaborations aimed 

at addressing these disparities and promoting more inclusive global genomic surveillance frameworks.  

The study focused on three critical metrics of genomic surveillance: quantity, quality, and timeliness 

(Feng et al., 2024).  A) Quantity - South Africa has contributed a substantial number of SARS-CoV-2 

sequences to international databases, aligning itself with middle-income countries that have made 

notable progress in genomic surveillance. However, sequencing efforts fluctuated throughout different 

pandemic waves, influenced by funding availability, sample collection constraints, and shifts in 

research priorities. B) Quality - Data completeness and metadata accuracy Ire identified as crucial 

factors in determining the utility of genomic information. While South Africa met global data quality 

standards, disparities in metadata completeness across provincial datasets indicated the need for 

enhanced training and standardisation. C) Timeliness - The chapter revealed a progressive reduction in 

genome deposition time, aligning with global trends of improved sequencing efficiency. However, 
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some regions within South Africa exhibited longer deposition times, which could be mitigated through 

increased automation and streamlined data submission processes (Brito et al., 2022; Chen et al., 2022; 

Walker et al., 2022; Feng et al., 2024).  The COVID-19 pandemic underscored the indispensable role 

of genomic surveillance in real-time outbreak monitoring and response. The findings from Chapter 4 

reinforce the necessity of sustained investment in genomic infrastructure, particularly in middle-income 

countries striving to balance resource limitations with global health contributions (Forero et al., 2016). 

Strengthening regional and international collaborations is essential, as expanding cross-border 

partnerships will facilitate knowledge exchange, technology transfer, and financial support, helping 

countries with limited sequencing capacities to bridge existing gaps (Yeh et al., 2019). Enhancing data 

quality and reporting standards through standardised protocols for metadata completeness and uniform 

sequencing practices will improve the reliability and comparability of genomic data across different 

regions (Gozashti and Corbett-Detig, 2021). Additionally, investing in workforce development by 

implementing training programs focused on bioinformatics and sequencing methodologies will equip 

local scientists with the expertise necessary to sustain and expand genomic surveillance initiatives 

(Attar Cohen et al., 2023; Kotze, Mashamba-Thompson and Stephens, 2023; Uvere et al., 2023). 

Furthermore, integrating genomic surveillance with public health decision-making is crucial to ensuring 

that sequencing efforts translate into actionable insights, guiding interventions such as vaccine 

development and targeted containment measures (Robishaw et al., 2021; Domman et al., 2022; 

Struelens et al., 2024).  The comparative analysis highlighted the substantial impact of economic 

disparities on genomic surveillance capacity. High-income nations demonstrated rapid turnaround times 

and extensive sequencing coverage due to Ill-funded public health infrastructures (De Jong et al., 2023). 

In contrast, middle- and low-income countries faced challenges such as inconsistent funding, logistical 

constraints, and fragmented healthcare systems (Tekola-Ayele and Rotimi, 2015; Belman, Saha and 

Beale, 2022). To address these disparities, strategic interventions should include increasing government 

and private sector investment, as sustained funding from national budgets and private-public 

partnerships will enhance genomic surveillance infrastructure, making it more resilient to future public 

health emergencies (Maison et al., 2021; Robishaw et al., 2021). Leveraging cost-effective sequencing 

technologies, such as portable sequencing platforms and automated bioinformatics pipelines, could 

reduce the financial burden associated with large-scale sequencing initiatives. Lastly, developing 

equitable data-sharing policies will ensure that all countries, regardless of economic status, have access 

to global genomic data repositories, promoting collaborative research, transparency and improving 

global outbreak response mechanisms (Plasek et al., 2020; Seitz, 2020; Robishaw et al., 2021; Ling-Hu 

et al., 2022).  Chapter 4 provided a comprehensive evaluation of South Africa’s SARS-CoV-2 genomic 

surveillance efforts, highlighting both achievements and areas requiring improvement (de Oliveira et 

al., 2022). The synthesis of these findings reinforces the importance of genomic data sharing in guiding 

effective pandemic responses and emphasises the need for sustained investments in sequencing 

infrastructure, workforce training, and international collaboration.  While South Africa has made 
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commendable strides in genomic surveillance, future efforts must focus on addressing regional 

disparities, enhancing data reporting standards, ensuring the seamless integration of genomic insights 

into public health policies (Inzaule et al., 2021). By leveraging lessons learned from the COVID-19 

pandemic, South Africa and other middle-income nations can build resilient genomic surveillance 

frameworks that not only address current challenges but also strengthen preparedness for future 

infectious disease outbreaks. 

In support of the overall findings and observations, studies have highlighted several aspects in 

terms of improving science in Africa (de Oliveira et al., 2022; Mfuh, Abanda and Titanji, 2023; de 

Oliveira and Baxter, 2024). The papers emphasise the critical need to strengthen genomic capacity in 

Africa, particularly in response to climate change affecting pathogen behaviour. It underscores the im-

portance of involving the continent's predominantly young population in scientific research to tackle 

health challenges effectively. Despite Africa bearing a significant disease burden, its scientific output 

remains low, highlighting the urgency of boosting research capacity (Kramer and Libhaber, 2018; Con-

fraria and Wang, 2020). The studies also underscore the importance of bolstering genomics infrastruc-

ture and empowering local scientists as crucial steps for enhancing global health security and addressing 

emerging pathogens (de Oliveira and Baxter, 2024). 

South Africa played a pivotal role in genomic surveillance during the SARS-CoV-2 pandemic, 

contributing to our understanding of the virus's transmission dynamics and evolution. The NGS-SA led 

studies focusing on the early transmission dynamics of the virus, revealing a heterogeneous spread with 

multiple distinct introductions (Giandhari et al., 2021). Notably, in KwaZulu-Natal, this phase was 

marked by hospital-acquired transmission and early mortality, characterised by numerous international 

introductions, predominantly involving lineages B.1 and B at the time (Lessells, Moosa and de Oliveira, 

2020; Tegally et al., 2021). This included instances of locally acquired infections within a Durban 

hospital, underlining the complexity of the pandemic's spread within the country (Lessells, Moosa and 

de Oliveira, 2020).  Similarly, in Cape Town, genomic surveillance played a crucial role in tracking at 

least nine early introductions of the virus, including an early-localised transmission in a shopping centre 

(Engelbrecht et al., 2021). This detailed tracking exemplified the effectiveness of genomic surveillance 

in understanding the initial spread events and circulating variants. Additionally, South African 

researchers successfully adapted Illumina protocols to improve the speed and accuracy of outbreak 

investigations (Pillay et al., 2020). This adaptation exemplified the nation's agility in genomic research 

during urgent public health crises.  Moreover, the identification of novel SARS-CoV-2 lineages, the 

rapid detection of new variants like Beta and Omicron and the implementation of commercial 

genotyping assays for monitoring circulating variants, all highlight the robustness of South Africa's 

genomic surveillance system. This system has not only been critical for tracking the virus's spread 

within South Africa but has also provided key insights into the pandemic's dynamics across the African 

continent (Tegally, Wilkinson, Lessells, et al., 2021; Umunnakwe et al., 2022).  Additionally, the use 
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of tandem targeted RT-PCR-based genotyping assays and whole genome sequencing for variant 

surveillance reflects the adaptability of the surveillance system in South Africa (Pinkhover et al., 2022). 

Furthermore, the study of reinfection trends in the context of the emergence of the Omicron variant 

provides crucial insights into the dynamics of viral spread and immune evasion in South Africa (Pulliam 

et al., 2022). The nation's contributions have been instrumental in expanding our understanding of 

SARS-CoV-2's spread and evolution, both within South Africa and on a larger scale across Sub-Saharan 

Africa (Tegally, San, et al., 2022). Through these collective efforts, South Africa has underscored its 

critical role in genomic surveillance, offering valuable insights into the pandemic's spread and 

evolution.  

The history of coronaviruses, marked by outbreaks such as SARS-CoV (2002-2003), MERS-

CoV (2012-present) and SARS-CoV-2 (2019-present), demonstrates the critical role of effective sur-

veillance systems (Da Costa et al., 2021). Poor surveillance, characterised by delayed detection, inade-

quate global health infrastructure, insufficient genomic monitoring and slow information sharing, sig-

nificantly contributed to the spread and impact of these viruses (De Wit et al., 2016; Yin and Wunder-

ink, 2018; Da Costa et al., 2021). The COVID-19 pandemic highlighted these deficiencies, demonstrat-

ing the urgent need for robust, coordinated and transparent global surveillance to swiftly detect, monitor 

and respond to emerging viral threats. Strengthening surveillance infrastructure and promoting interna-

tional collaboration are essential to mitigate future pandemics (Faculty of Pharmacy Kampala Interna-

tional University Uganda and David, 2024). In summary, South Africa's genomic surveillance of SARS-

CoV-2 stands as a testament to the tenacity of human spirit and the inexorable march of scientific pro-

gress. The nation's unwavering commitment, collaborative ethos and pioneering efforts have redefined 

the boundaries of what is achievable in the realm of viral genomics. The impact of this research trans-

cends the immediate crisis, ushering in an era where proactive surveillance and rapid response mecha-

nisms hold the key to averting future pandemics. As the world takes stock of the monumental strides 

made during the pandemic, South Africa's legacy will forever shine as a beacon of hope and inspiration, 

reminding us that in the face of adversity, scientific inquiry can illuminate the path to a safer and health-

ier future.  

 

5.2 Conclusions 

South Africa’s response to the SARS-CoV-2 pandemic exemplifies the country’s remarkable 

advancements in genomic surveillance, demonstrating a steadfast commitment to transparency, 

scientific excellence, and global collaboration. Through its robust and timely data-sharing strategies, 

South Africa has played a crucial role in enhancing the global understanding of the virus, tracking its 

evolution, and facilitating swift responses to emerging variants (Mahomed and Staunton, 2021; Tegally 

et al., 2021a; Tegally et al., 2021b). This proactive approach has not only strengthened global public 
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health efforts but also set a precedent for how nations can leverage genomic surveillance to mitigate the 

impact of infectious disease outbreaks.  Despite facing socio-economic challenges, South Africa has 

navigated the complexities of public health crises with innovation and resilience. The nation’s ability 

to optimise limited resources for high-impact genomic surveillance serves as an inspiring model for 

other countries with constrained healthcare infrastructure. Its experience highlights the indispensable 

role of equitable access to genomic technologies, reinforcing the need for stronger international 

partnerships and resource-sharing frameworks. The country’s leadership in genomic data transparency 

has fostered a spirit of global cooperation, emphasising that collective action is vital in managing current 

and future pandemics.  Looking ahead, building long-term resilience within the healthcare system must 

be a priority. This entails not only strengthening existing infrastructure but also fostering continuous 

innovation in public health practices. Ensuring equitable access to healthcare, regardless of socio-

economic status, is paramount in creating robust and inclusive health systems. The lessons learned from 

South Africa’s response to the pandemic provide invaluable insights for shaping future public health 

policies, offering a roadmap for regions worldwide to develop more resilient and adaptive healthcare 

frameworks.  The findings of this thesis reinforce the pivotal role of genomic surveillance in infectious 

disease management. By evaluating global trends, comparing surveillance strategies, and identifying 

key challenges and opportunities, this research underscores the necessity of sustained investment, cross-

border collaboration, and the integration of sequencing data into public health decision-making. These 

insights contribute to strengthening pandemic preparedness, ensuring timely responses to emerging 

pathogens, and enhancing global health security. Ultimately, this study advocates for a more equitable, 

cooperative, and science-driven approach to public health, ensuring that the world is better equipped to 

confront future health crises with resilience and efficiency.  

5.3 Future recommendations and limitations 

While this study provides valuable insights into SARS-CoV-2 genomic surveillance in South 

Africa and its global implications, several limitations should be acknowledged. First, the study relies 

on publicly available genomic data from GISAID and case data from global repositories, which may be 

subject to reporting biases, inconsistencies, and delays (Khare et al., 2021; GISAID - Initiative, 2024). 

Variations in sequencing capacity across different regions within South Africa and other countries may 

have influenced comparative analyses. Second, while South Africa has made significant progress in 

genomic surveillance, limitations in sequencing infrastructure, funding availability, and skilled 

workforce distribution may have affected the completeness and timeliness of data reporting 

(Adebamowo et al., 2018; Hill et al., 2021). The study does not fully account for the operational and 

logistical challenges that may have influenced genome-sharing trends. Lastly, while the study provides 

a strong framework for genomic surveillance in the context of SARS-CoV-2, its applicability to future 
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pandemics remains uncertain. The evolution of pathogens, advancements in sequencing technologies, 

and changing public health priorities may require adaptations to the strategies outlined in this research. 

To overcome these limitations and strengthen future genomic surveillance efforts, several 

targeted and innovative recommendations should be explored to improve effectiveness and pandemic 

preparedness. First, strengthening genomic surveillance infrastructure requires increased investment in 

high-throughput sequencing technologies, ensuring that resource-limited regions have access to next-

generation sequencing (NGS) platforms for real-time pathogen monitoring (Pronyk et al., 2023; 

Gerilovych et al., 2024). Establishing decentralised sequencing laboratories outside major urban centres 

would improve data collection efficiency and reduce delays, while targeted workforce development 

programs in bioinformatics and genomic epidemiology would cultivate expertise in genomic 

surveillance (Abrudan et al., 2021; de Oliveira et al., 2022). To sustain these advancements, 

governments and funding agencies should implement long-term financial models to ensure continued 

investment beyond pandemic periods, preventing infrastructure degradation due to fluctuating 

resources.  International collaboration and data sharing must also be improved through standardised and 

enforceable data-sharing policies that balance transparency with ethical concerns. Establishing regional 

genomic surveillance hubs, particularly in LMICs, could facilitate data exchange and real-time 

pathogen tracking. High-income nations with established genomic capabilities should engage in 

capacity-building partnerships, providing LMICs with access to technology, training, and infrastructure 

to develop independent genomic surveillance systems. Additionally, incentivising data sharing through 

grants, technical support, and scientific recognition would encourage more institutions and researchers 

to contribute genomic data to global repositories.  Genomic surveillance should also be seamlessly 

integrated into public health decision-making to maximise its impact. Governments must implement 

automated bioinformatics pipelines for real-time genomic analysis, allowing for early detection of 

emerging variants and guiding immediate public health responses. Linking genomic surveillance with 

epidemiological databases would provide a more comprehensive understanding of pathogen 

transmission dynamics, informing targeted interventions. Moreover, genomic insights should be 

leveraged for vaccine development by predicting viral evolution, ensuring the timely formulation of 

updated vaccines. Public health agencies should also establish advisory panels composed of genomic 

scientists, epidemiologists, and policymakers to ensure that genomic surveillance findings directly 

influence policy decisions (Moodley et al., 2022).  To address socioeconomic barriers to genomic 

surveillance, cost-effective solutions should be prioritised. Research and development into portable 

sequencing technologies, such as nanopore sequencing, would enable rapid, field-based genomic 

analysis at a lower cost, reducing reliance on centralised laboratories. Public-private collaborations 

should be strengthened to facilitate affordable access to sequencing reagents, equipment, and analytical 

software for LMICs (Belman, Saha and Beale, 2022; Gomes, Rebelo and Alves De Sousa, 2022; 

Espinoza et al., 2023). Furthermore, public health literacy on genomic surveillance must be improved 
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through targeted awareness campaigns and educational programs to ensure policymakers, healthcare 

professionals, and the public understand its significance, fostering long-term support and sustainability 

(de Oliveira, 2022).  Future research must extend beyond SARS-CoV-2 to focus on genomic 

surveillance of other high-risk pathogens, particularly zoonotic diseases. Integrating human and animal 

genomic surveillance under a One Health framework would allow for early detection of potential spill-

over events, mitigating future outbreaks (One Health High-Level Expert Panel (OHHLEP) et al., 2022; 

Hayman et al., 2023). Novel research should also explore the use of artificial intelligence and machine 

learning in genomic epidemiology to improve predictive modelling for pathogen evolution. 

Additionally, investigating how climate change influences the emergence and spread of infectious 

diseases using genomic data could provide valuable insights into long-term global health risks. 

Addressing antimicrobial resistance (AMR) through genomic surveillance is another critical avenue, 

enabling the tracking of resistance patterns and informing targeted antimicrobial stewardship programs 

(Abrudan et al., 2021). 

 

By advocating for these recommendations, future research may help establish a more resilient, 

globally integrated, and equitable genomic surveillance system, strengthening pandemic preparedness. 

These innovative approaches will strengthen real-time pathogen tracking while fostering proactive, 

data-driven public health strategies to mitigate future health crises effectively. Building on the lessons 

of the COVID-19 pandemic—guided by principles of equity, innovation, and collaboration—will 

ensure sustained preparedness and prevent the loss of invaluable knowledge and experience gained 

during this unprecedented time. In alignment with this study’s rationale, I conclude with a powerful 

statement:   

“By empowering African scientists and building a strong genomic infrastructure, I can 

collectively pave the way to a healthier future for all” 

– Prof Tulio de Oliveira and Dr Cheryl Baxter 

(de Oliveira and Baxter, 2024)  
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Appendices 

Appendix A – Accession numbers 

Chapter 2 dataset 

Epidemic data is freely available on the open-source Global Initiative on Sharing All Influenza 

Data (GISAID) database and accessed using the GISAID Identifier: EPI_SET_230203ym; doi: 

https://doi.org/10.55876/gis8.230203ym. 

 

Chapter 3 dataset 

South African genomic sequences dataset (EPI_SET_230908yt, doi: 

https://doi.org/10.55876/gis8.230908yt) and the KZN sample cohort (EPI_SET_230914wa, doi: 

https://doi.org/10.55876/gis8.230914wa) and corresponding metadata files can be accessed from 

GISAID.  

 

Chapter 4 dataset 

South African dataset used for comparison with global trends (EPI_SET_250217no,  

doi: https://doi.org/10.55876/gis8.250217no).  Other GISAID data was obtained from “EpiCoVTM” -  

select “Transmission tracker”, and “Downloads” tab – under “Submission and Variant statistics”, select 

“Global by month (xlsx)”, and “Genomic epidemiology”, select “nextregions”. 
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Appendix B – Supplementary information 

Chapter 2 Supplementary Tables 

Table S2.1:  Summary of sample set used for comparison of NGS platforms 

 

Table S2.2: GISAID Accession identifiers (EPI_SET ID: EPI_SET_230203ym, 

doi:10.55876/gis8.230203ym) 

 

Run no. No. of samples Collection dates Extraction date Location Uploaded to 

GISAID 

Run A 92 May 2021 15 June 2021 NHLS Eastern Cape 86 (93,5%) 

Run B 91 March to June 2021 15 June 2021 NHLS and Private labs 
in Eastern Cape 

70 (76,9%) 

GISAID accession ID 

EPI_ISL_3275348 EPI_ISL_2693858 EPI_ISL_2693894 EPI_ISL_2727200 

EPI_ISL_2693824 EPI_ISL_2693859 EPI_ISL_2693895 EPI_ISL_2727201 

EPI_ISL_2693825 EPI_ISL_2693860 EPI_ISL_2693896 EPI_ISL_2727202 

EPI_ISL_2693826 EPI_ISL_2693861 EPI_ISL_2693897 EPI_ISL_2727203 

EPI_ISL_2693827 EPI_ISL_2693862 EPI_ISL_2693898 EPI_ISL_2727204 

EPI_ISL_2693828 EPI_ISL_2693863 EPI_ISL_2693899 EPI_ISL_2727205 

EPI_ISL_3275349 EPI_ISL_2693864 EPI_ISL_2693900 EPI_ISL_2727206 

EPI_ISL_2693829 EPI_ISL_2693865 EPI_ISL_2693901 EPI_ISL_2727207 

EPI_ISL_2693830 EPI_ISL_2693866 EPI_ISL_3275374 EPI_ISL_2727208 

EPI_ISL_2693831 EPI_ISL_2693867 EPI_ISL_3275375 EPI_ISL_2727209 

EPI_ISL_3275350 EPI_ISL_2693868 EPI_ISL_2727175 EPI_ISL_2727210 

EPI_ISL_2693832 EPI_ISL_2693869 EPI_ISL_2727176 EPI_ISL_2727211 

EPI_ISL_2693833 EPI_ISL_2693870 EPI_ISL_2727177 EPI_ISL_2727212 

EPI_ISL_2693834 EPI_ISL_2693871 EPI_ISL_2727178 EPI_ISL_2727213 

EPI_ISL_2693835 EPI_ISL_2693872 EPI_ISL_2727179 EPI_ISL_2727214 

EPI_ISL_2693836 EPI_ISL_2693873 EPI_ISL_2727180 EPI_ISL_2727215 

EPI_ISL_2693837 EPI_ISL_2693874 EPI_ISL_3275376 EPI_ISL_2727216 

EPI_ISL_2693838 EPI_ISL_2693875 EPI_ISL_3275377 EPI_ISL_2727217 

EPI_ISL_3275351 EPI_ISL_2693876 EPI_ISL_3275378 EPI_ISL_2727218 

EPI_ISL_2693839 EPI_ISL_2693877 EPI_ISL_2727181 EPI_ISL_2727219 

EPI_ISL_2693840 EPI_ISL_2693878 EPI_ISL_2727182 EPI_ISL_2727220 

EPI_ISL_2693841 EPI_ISL_2693879 EPI_ISL_2727183 EPI_ISL_2727221 

EPI_ISL_2693842 EPI_ISL_2693880 EPI_ISL_2727184 EPI_ISL_2727222 

EPI_ISL_3275352 EPI_ISL_2693881 EPI_ISL_2727185 EPI_ISL_2727223 

EPI_ISL_2693843 EPI_ISL_2693882 EPI_ISL_2727186 EPI_ISL_2727224 

EPI_ISL_2693844 EPI_ISL_2693883 EPI_ISL_2727187 EPI_ISL_2727225 

EPI_ISL_2693845 EPI_ISL_2693884 EPI_ISL_2727188 EPI_ISL_2727226 

EPI_ISL_2693846 EPI_ISL_3275353 EPI_ISL_3275379 EPI_ISL_2727227 

EPI_ISL_2693847 EPI_ISL_2693885 EPI_ISL_2727189 EPI_ISL_2727228 

EPI_ISL_2693848 EPI_ISL_2693886 EPI_ISL_2727190 EPI_ISL_2727229 

EPI_ISL_2693849 EPI_ISL_2693887 EPI_ISL_2727191 EPI_ISL_2727230 

EPI_ISL_2693850 EPI_ISL_3275354 EPI_ISL_2727192 EPI_ISL_2727231 

EPI_ISL_2693851 EPI_ISL_2693888 EPI_ISL_2727193 EPI_ISL_2727232 

EPI_ISL_2693852 EPI_ISL_2693889 EPI_ISL_2727194 EPI_ISL_2727233 

EPI_ISL_2693853 EPI_ISL_2693890 EPI_ISL_2727195 EPI_ISL_2727234 

EPI_ISL_2693854 EPI_ISL_2693891 EPI_ISL_2727196 EPI_ISL_2727235 

EPI_ISL_2693855 EPI_ISL_3275355 EPI_ISL_2727197 EPI_ISL_2727236 

EPI_ISL_2693856 EPI_ISL_2693892 EPI_ISL_2727198 EPI_ISL_2727237 

EPI_ISL_2693857 EPI_ISL_2693893 EPI_ISL_2727199 EPI_ISL_2727238 
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Table S2.3: Sequencing data for runs performed on the Illumina MiSeq 

Run no. 
Date of Se-

quencing 

Success 

Rate of 

Run (%) 

Greater 

than 

80% cov-

erage 

Cluster 

Density 

(K/mm2) 

Cluster 

Passing 

filter (%) 

Mean read 

Length (bp) 

Coverage 

Depth 

Q30 Score 

(%) 

Data Ob-

tained (Mb) 

Run A June 2021 93,5 % 90,7 % 1219 88,7 400 50X N/A* 10485 

Run B June 2021 94,5 % 69,8 % 1293 92,3 400 50X 79,6 11681,3 

* Not captured upon run completion 

 

Table S2.4:  Sequencing data for runs performed on the Ion Torrent S5 

Run no. 
Date of Se-

quencing 

Success Rate of 

Run (%) 

Greater than 

80% coverage 
Total Reads 

Mean Read 

length (bp) 

Average Cover-

age depth of 

Reference 

Run A 29 June 2021 100 % 100 % 97,119,395 192 235.4X 

Run B 07 July 2021 91,2 % 98,8 % 81,275,308 185 176.5X 

 

 

Table S2.5: Absence of S-gene coverage on the Illumina MiSeq due to low viral load 

Sample 

ID 

Estimated 

Viral load  

MiSeq Ion Torrent S5 

GC 

(%) 

S-gene 

coverage 
Clade 

Mutations 

(S-gene) 
GC (%) 

S-gene 

coverage 
Clade Mutation  

(S-gene) 

K016879 low 2,6 None 19A - 100,0 100,0% 19A 

S:H66Y, 
S:T478K, 

S:N501Y, 
S:D614G 

K016899 - 13,5 None 20C - 98,1 98,6% 19A S:A701V 

K016931 low 9,3 None 
21A 
(Delta) 

- 99,7 100,0% 
20H (Beta, 

V2) 

S:K417N, 

S:E484K, 

S:N501Y, 
S:D614G, 

S:A701V 

K016938 low 3,3 None 19A - 82,4 100,0% 19A - 

K016943 low 5,2 None 19B - 97,7 93,1% 20A S:D614G 

K016950 low 6,8 None 19A - 99,7 100,0% 19A S:D614G 
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Table S2.6: Total mutations obtained betIen samples sequenced on the Ion torrent S5 and Illumina 

MiSeq platforms 

 

Sample Lims ID 
Ion Torrent S5 Illumina Miseq 

No. of mutations No. of mutations 

K016680 50 31 

K016681 45 18 

K016682 46 43 

K016683 51 43 

K016684 47 44 

K016685 51 47 

K016686 45 42 

K016687 50  

K016688 45 43 

K016689 53 48 

K016690 51 42 

K016691 48 1 

K016692 50 41 

K016693 51 47 

K016694 14 48 

K016695 53 48 

K016696 49 48 

K016697 49 48 

K016698 49 48 

K016699 50  

K016700 55 53 

K016701 51 39 

K016702 51 51 

K016703 55 50 

K016704 51  

K016705 47 45 

K016706 50 47 

K016707 49 47 

K016708 50 49 

K016709 17 45 

K016710 51 48 

K016711 48 48 

K016712 48 46 

K016713 47 47 

K016714 51 41 

K016715 14 5 

K016716 44 43 

K016717 44 42 

K016718 30 20 

K016719 20 1 

K016720 53 47 

K016721 54 48 

K016722 46 44 

K016723 46 43 

K016724 36 42 

K016725 44 43 

K016726 46 43 

K016727 54 50 

K016728 52 47 

K016729 47 48 

K016730 52 48 

K016731 50 52 

K016732 44 42 

K016733 54 51 

K016734 47 46 

K016735 52 49 

K016736 44 43 
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K016737 49 45 

K016738 54 53 

K016739 44 44 

K016740 53 48 

K016741 53 49 

K016742 53 48 

K016743 52 48 

K016744 51 48 

K016745 52 49 

K016746 47 45 

K016747 48 46 

K016748 45 43 

K016749 50 47 

K016750 52  

K016751 53 47 

K016752 53 49 

K016753 51 48 

K016754 20 25 

K016755 50  

K016756 49 47 

K016757 46 44 

K016758 53 73 

K016759 54 50 

K016760 29 1 

K016761 52 49 

K016762 64 63 

K016763 43 42 

K016764 42 40 

K016765 55 48 

K016766 53 49 

K016767 53 48 

K016768 54 49 

K016769 38  

K016770 53 48 

K016771 53 48 

K016864 50  

K016865 53 35 

K016866 50 46 

K016867 51 47 

K016868 64 53 

K016869 48 45 

K016870 15 5 

K016871 46 44 

K016872 51 44 

K016873 46  

K016874 49 38 

K016875 44  

K016876 50 40 

K016877 51 40 

K016878 51 40 

K016879 24 0 

K016880 51 39 

K016881 52 47 

K016882 80 66 

K016883 69 18 

K016884 37 33 

K016885  40 

K016886 58  

K016887 49 44 

K016888 48 45 

K016889 21  

K016890 39 47 

K016891 44 48 

K016892 52 48 
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K016893 94 92 

K016894 45 45 

K016895 41 23 

K016896 50 48 

K016897  51 

K016898 46 44 

K016899 11 9 

K016900 47 44 

K016901 52 46 

K016902 13 37 

K016903 54 53 

K016904 53 46 

K016905 45 44 

K016906 49 46 

K016907 46 30 

K016908 22 22 

K016909  45 

K016910 47 46 

K016911 37 41 

K016912 48 44 

K016913 49 47 

K016914 49 47 

K016915 10 0 

K016916 49 45 

K016917 32 42 

K016918 52 47 

K016919 56 49 

K016920 14 23 

K016921  39 

K016922  46 

K016923 74 2 

K016924 50 45 

K016925 48 44 

K016926 11 1 

K016927 53 48 

K016928 72 38 

K016929 54 52 

K016930 51 51 

K016931 38 2 

K016932 45 26 

K016933  45 

K016934 47 37 

K016935 46 43 

K016936 69 28 

K016937 48 45 

K016938 0 0 

K016939 52 48 

K016940 25 12 

K016941 50 36 

K016942 53 50 

K016943 14 3 

K016944  6 

K016945 6 22 

K016946 48 47 

K016947 53 47 

K016948  51 

K016949 56 51 

K016950 21 1 

K016951 54 49 

K016952 54 50 

K016953 56 50 

K016954 52 49 
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Chapter 3 Supplementary Tables 

Table S3.1: KwaZulu-Natal demographic representation across the first three years of the SARS-

CoV-2 pandemic (March 2020 to March 2023) 

Demographic   

Characteristic 

No. of Genomes per Year 
Total Genomes 

(n = 6089) 
2020 (n = 1940) 2021 (n = 2584) 2022 (n = 1381) 2023 (n = 184) 

Gender (n (%)) 

Female 1226 (63,2%) 1496 (57,9%) 777 (56,3%) 104 (56,5%) 3603 (59,2%) 

Male 625 (32,2%) 998 (38,6%) 540 (39,1%) 73(39,7%) 2236 (36,7%) 

Unknown 89 (4,6%) 90 (3,5%) 64 (4,6%) 7 (3,8%) 250 (4,1%) 

Age Groups (n (%)) 

<0 - 18 214 (11,0%) 485 (18,8%) 168 (12,2%) 32 (17,4%) 899 (14,8%) 

19 - 30 413 (21,3%) 583 (22,6%) 291 (21,1%) 29 (15,8%) 1316 (21,6%) 

31 - 40 429 (22,1%) 505 (19,5%) 278 (20,1%) 35 (19,0%) 1247 (20,5%) 

41 - 50 310 (16,0%) 404 (15,6%) 221 (16,0% 25 (13,6%) 960 (15,8%) 

51 - 60 241 (12,4%) 295 (11,4%) 180 (13,0%) 29 (15,8%) 745 (12,2%) 

>60 275 (16,8%) 276 (10,7%) 195 (14,1%) 32 (17,4%) 778 (12,8%) 

Unknown 58 (3,0%) 36 (1,4%) 48 (3,5%) 2 (1,1%) 144 (2,4%) 

KwaZulu-Natal Districts (n (%)) 

Amajuba 77 (4,0%) 42 (1,6%) 5 (0,4%) 0 (0,0%) 124 (2,0%) 

eThekwini 641 (33,0%) 989 (38,3% 1123 (81,3%) 117 (63,6%) 2870 (47,1%) 

Harry Gwala 87 (4,5%) 64 (2,5%) 4 (0,3%) 3 (1,6%) 158 (2,6%) 

iLembe 263 (13,6%) 261 (10,1%) 33 (2,4%) 36 (19,6%) 593 (9,7%) 

King Cetshwayo 84 (4,3%) 445 (17,2%) 16 (1,2%) 1 (0,5%) 546 (9,0%) 

Ugu 205 (10,6%) 205 (7,9%) 108 (7,8%) 22 (12,0%) 540 (8,9%) 

uMgungundlovu 125 (6,4%) 91 (3,5%) 67 (4,9%) 0 (0,0%) 283 (4,6%) 

uMkanyakude 202 (10,4%) 152 (5,9%) 3 (0,2%) 1 (0,5%) 358 (5,9%) 

uMzinyathi 52 (2,7%) 11 (0,4%) 1 (0,1%) 0 (0,0%) 64 (1,1%) 

uThukela 86 (4,4%) 21 (0,8%) 10 (0,7%) 0 (0,0%) 117 (1,9%) 

Zululand 118 (6,1%) 303 (11,7%) 11 (0,8%) 4 (2,2%) 436 (7,2%) 

Unknown represents those individuals for which gender and age was not captured at the time of specimen collec-

tion 
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Chapter 3 Supplementary Figures 

  

Figure S3.1: Consortium diagram of KZN Cohort of SARS-CoV-2 in KZN, 2020 – 2023.  The illustration displays the distribution of 6089 genomes and 134 

lineages across the 11 districtsand presents the VOCs that Ire in circulation within the district throughout 2020 and 2023. 
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Figure S3.2: Valuable insights into the distribution trends of genomes across a) gender, b) age and c) districts 

over the first three years of the endemic  
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Figure S3.3:  SARS-CoV-2 Genome count by lineage (2020 – 2023).  All lineages that Ire present in the 

KZN genome dataset are presented (n = 1 to 1162).   
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Figure S3.5:  Linear Regression of the Mean turnaround time and no. of genomes submitted per district.  

(Persons correlation: 0.58; p-value: 0.061 ns) 
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Chapter 4 Supplementary Figures 

Figure S4.1: Global data related to COVID-19 testing policies sourced from Our World in Data (OWID) at 

https://ourworldindata.org/ (date accessed: 19/02/2024) 

Figure S4.2:  Vaccine administration based on income groups, sourced from Our World in Data (OWID) at 

https://ourworldindata.org/ (date accessed 19/02/2024)   



 

139 

 

Figure S4.3: Global distribution of unvaccinated people, sourced from Our World in Data (OWID) at 

https://ourworldindata.org/ (date accessed: 19/02/2024) 
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Supplementary Files 

Supplementary File S1: 

Supplementary File S2: 
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Appendix D – Prompts Used for Generative AI Tools 

Assistance with sentence construction was partially informed by the guidance provided in (Braun 

and Benstoem, 2023) and by prompt usage suggestions obtained from social platforms. Traditional AI tools 

(Grammarly and QuillBot) Ire employed to enhance the clarity and grammatical accuracy of poorly 

structured sentences through general rewording. Below is a comprehensive record of the prompts utilised 

during interactions with generative AI tools in the development of this thesis: 

1. Refinement of Writing and Concepts within Chapters 1 - 5: 

 “Suggest improvements in sentence construction while maintaining my original research and 

meaning.” 

 “Highlight any grammatical errors or other mistakes in the following sections of my thesis” 

 “Does this sentence make sense and does it read Ill?” 

 “Suggest how to define the following aims of my research in a better manner in my thesis 

background while maintaining its originality” 

 “Recommend strategies and techniques to refine my flow and clarity, ensuring it remains my original 

idea.” 

 “What are some effective strategies for improving the clarity and coherence of my thesis structure 

while ensuring it remains true to my original research and findings?”  

 “Shorten the following content for my acknowledgments page and make it more concise” 

 “This is the draft of my main abstract. My aim is to refine the structure to ensure it develops logically 

and adheres to academic standards. Can you assist me in improving the transitions, logical flow and 

sentence clarity, while maintaining my original content and data interpretation?” 

 “Suggest five alternative words for the following without altering the meaning of the sentence: 

Significant, hypothesise, retrospective, highlight, significance, improve, explore, mitigate, enhance, 

rectify, substantiate." 

 “Shorten the following conclusion I have written and polish the language used” 

 

2. Creation of Visual Content: 

 Figure 1.4: Use of specialised design tool to design and create a visual overview of VOCs 

 Figure 4.1: “Generate a visual interpretation of a genomic surveillance system for SARS-CoV-2. 

Include visual representation of components such as sequencing platforms, genomes, resources, data 

sharing networks, sequences, graphs and plots, data and bioinformatics pipelines.  Keep the tone 

blue with clear and concise images in similar shades that provide contrast.” 

 

3. Assistance with R and Python Programming code: 

 “Explain the error and/or warning message displayed and advise how I can correct it.” 
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 ‘Warning message: In plot.xy (xy.coords(data, lineages), lineage = lineage): "lineage” not 

implemented’ 

‘The following object is masked from “package:stats”: filter’ 

‘Error in ‘[.data.frame`(df, , “missing_col”): undefined columns selected’ 

‘Error: package or namespace load failed for “pkg”: object “func” is not exported by 

'namespace:other_pkg' 

‘as.string(c (“Thekwini”, “ILembe”, “Ugu”,….., “zululand)), # Warning: NAs introduced by 

coercion’ 

‘Error: Aesthetics must be either length 1 or the same as the data (5): fill’ 

‘Error: stat_count() must not be used with a y aesthetic.’ 

‘Warning: Removed 1 rows containing missing values (geom_point)’ 

‘Warning: Removed 1 rows containing non-finite values (stat_smooth).’ 

‘Warning: Removed 1 rows containing missing values (geom_point).’ 




