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ABSTRACT 
Corona Virus Disease 2019 (COVID-19) is an ongoing pandemic that has spread rapidly around the 

world and has seen over 431 000 000 identified cases and 5 930 000 deaths caused by this disease by 

the end of January 2022. Many viral lineages have arisen from Severe Acute Respiratory Syndrome 

Corona Virus 2 (SARS-CoV-2) as public health measures from numerous countries have failed to 

contain the spread of the virus. Sequencing of SARS-CoV-2 has enabled the identification and 

classification of the viral lineages, while real-time tracking of the emergence and spread of these 

lineages has been facilitated by the open sharing of genomic surveillance data and collaborative online 

platforms. Several studies have suggested that various mutations may have a functional effect on the 

virus, such as a substitution in the spike protein (D614G) may result in increased transmissibility whilst 

an N439K substitution in the receptor-binding domain (RBD) may assist in neutralizing monoclonal 

antibodies. It is therefore necessary that a fast and reliable sequencing technology be used to rapidly 

and correctly produce SARS-CoV-2 genomes that can be used to identify viral lineages. Many 

sequencing laboratories have begun using Nanopore sequencing as it promises high throughput, real-

time sequencing, at an affordable cost and many of their sequencing platforms allow for portability. 

The sequencing technology has, however, not been verified to produce consensus SARS-CoV-2 

genomes that are comparable to Illumina Sequencing which is currently the gold standard Next 

Generation Sequencing (NGS) technology for SARS-CoV-2 sequencing. In this study, we compared 

the Illumina and Nanopore sequencing platforms by comparing the SARS-CoV-2 genomes produced 

by the Illumina MiSeq and Oxford Nanopore Technology (ONT) GridION X5. The results show that 

the GridION is currently unsuitable for SARS-CoV-2 genomic surveillance as consensus genomes 

produced by the platform have a lower quality than those produced by the MiSeq which reduces the 

reliability of the data obtained from the genomes. These results can be used to better understand the 

Nanopore sequencing technology and how it differs from the Illumina technology which will help in 

updating the Nanopore technology to produce consensus genomes at a faster rate than the Illumina 

technology whilst still having a similar quality. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

COVID-19 is a viral pneumonia that started a pandemic in the Hubei province of China in December 

2019 (Khan et al., 2020). The disease is caused by a type of coronavirus known as SARS-CoV-2 that 

belong to the clade Riboviria, kingdom Orthornavirae, phylum Pisuviricota, class Pisoniviricetes, order 

Nidovirales, suborder Cornidovirineae, family Coronaviridae, subfamily Orthocoronavirinae, genus 

Betacoronavirus, subgenus Sarbecovirus (Zhou et al., 2020).  

 

SARS-CoV-2 is transmitted via droplet nuclei with an incubation period of 2 – 14 days (Lu et al., 2020). 

Common symptoms include fever, cough, shortness of breath, fatigue, muscle or body aches, headache, 

loss of taste or smell, nausea or vomiting, and/or diarrhea (Fiorillo et al., 2020). SARS-CoV-2 spread 

rapidly across the globe and on 11 March 2020, it was declared a global pandemic by the World Health 

Organization (WHO) (World Health, 2020b).  

 

To help curb the spread of SARS-CoV-2 and end the COVID-19 pandemic, infected individuals needed 

to be rapidly screened and isolated to prevent transmission chains from occurring (Seemann et al., 

2020). SARS-CoV-2 sequencing has allowed for the rapid identification of the virus and the 

development of new diagnostic tests and other tools as sequencing provides the genotypic information 

of the specific strain infecting the patient allowing for a rapid response to the COVID-19 pandemic 

(Seth-Smith et al., 2019, St Hilaire et al., 2020). NGS is a technique used to study pathogens by 

determining the order of nucleotides in the genomes. It has been crucial in the COVID-19 pandemic as 

it has allowed us to better understand the epidemiology of the virus and identify mutations critical in 

the development of vaccines and subsequent intervention methods. Obtaining sequences promptly and 

sequencer portability are major challenges associated with whole-genome sequencing (WGS) (Shaw 

and Sugden, 2018). 

 

Sequencing technologies that have been used for SARS-CoV-2 include Sanger, Illumina, ION torrent, 

and Nanopore sequencing. The most widely used technology, however, is Illumina sequencing 

(GISAID, 2022). Relatively long sequencing times and the high costs associated with library 

preparation for high-throughput sequencing are limitations associated with Illumina sequencing (Gohl 

et al., 2020). This is overcome with Nanopore sequencing which sequences in real-time and is a long-

read sequencing technology. The ONT flongle and minion are sequencing platforms that allow for 

sequencer portability but the technology is limited by the high number of false negatives, such as 

incorrect basecalling resulting in wrong variant calls, and low sensitivity to mutational changes (Wang 

et al., 2020b). 
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The purpose of this study was to compare the quality of consensus genomes produced by the ONT 

GridION and Illumina MiSeq for 2608 SARS-CoV-2 positive nasopharyngeal swabs received by the 

Kwazulu-Natal Research Innovation and Sequencing Platform (KRISP) for routine genomic 

surveillance. Amplicons for both the MiSeq and the GridION were generated using the ARTIC  

polymerase chain reaction (PCR) tiling method (Quick, 2020). Libraries for the MiSeq were prepared 

using the Nextera Flex deoxyribonucleic acid (DNA) library Preparation method with Nextera DNA 

CD Indexes, whilst libraries for the GridION were prepared using the Ligation sequencing kit 96 

barcode plate (Pillay et al., 2020). Sequence alignment for the MiSeq was performed using Genome 

Detective, whilst the ARTIC protocol was used for the GridION (Cleemput et al., 2020, Nick Loman, 

2020). Consensus genomes produced were uploaded to Nextclade Online Tool 

(https://clades.nextstrain.org/) for sequence analysis and the results were compared (Figure 1). 

Although GridION sequencing was able to produce complete SARS-CoV-2 genomes, the sequence 

quality observed was not as good as that obtained with MiSeq sequencing 

 

 
Figure 1.  SARS-CoV-2 sequencing workflow for the GridION and the MiSeq: The figure above 

illustrates the workflow used for sequencing SARS-CoV-2 on the Illumina MiSeq and the ONT 

GridION. Nucleic acid extraction was performed on the Chemagic 360 nucleic acid extractor (Perkin 

Elmer) and the tiling PCR method was used for cDNA synthesis. Sequencing libraries for the MiSeq 

were prepared using the Nextera Flex DNA Library Preparation and Nextera DNA CD Indexes and 
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pooled prior to sequencing whilst sequencing libraries for the GridION were prepared using the Ligation 

sequencing kit 96 barcode plate. GridION libraries were also pooled prior to sequencing. Genome 

Detective was used to assemble sequences from the MiSeq, whilst the ARTIC network was used to 

assemble sequences from the GridION. Consensus genomes were then compared on the Nextclade 

online analysis tool. 

  



Page 4 of 100 
 

1.2 Literature Review 

SARS-CoV-2 

SARS-CoV-2 is a ribonucleic acid (RNA) virus belonging to the order Nidovirales, suborder 

Cornidovirineae, family Coronaviridae, subfamily Orthocoronavirinae, genus Betacoronavirus (β-

CoV), subgenus Sarbecovirus, and has structural similarities to other coronaviruses, such as SARS-

CoV and Middle Eastern Respiratory Syndrome (MERS) (Zhu et al., 2020). The virus has a positive-

sense, single-stranded RNA (+ssRNA) surrounded by a nucleocapsid (N) protein, while envelope (E), 

membrane (M), and spike (S) proteins form the viral envelope, see Figure 2 (Rahimi et al., 2021). These 

proteins are key to the virus’s replication and infectivity and are thus the focus of studies on the viral 

structure and drug discovery (Scudellari, 2020). The viral genome is approximately 30 kb in length and 

comprises a structural gene unit that codes for the S, E, M, and N proteins and two large open reading 

frames (ORF1a and ORF1b) which encode sixteen non-structural proteins, including RNA-dependent 

RNA polymerase (Kim et al., 2020). 
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Figure 2. SARS-CoV-2 schematic figure (Rahimi et al., 2021). Structural proteins such as the Spike 

(S1 and S2), Nucleocapsid (N), Membrane (M), and Envelope (E) form the viral structure. The S, M, 

and E proteins are embedded in the viral envelope. *UTR, 5′ untranslated region; *OFR, open reading 

frame; *nsp, non-structural protein 

 

Each of the viral spike proteins is made up of three identical spike glycoproteins that consist of two 

functional subunits (Walls et al., 2020). The subunits mediate the binding to the human Angiotensin-

Converting Enzyme 2 (ACE2) receptor, found on lung and body cells, and the fusion of the cellular and 

viral membranes (Wan et al., 2020). Once the virus particle is fused to the cell, the viral genomic RNA 

is injected into the cell and the host cellular machinery translates the RNA into protein chains. Following 

viral entry, two large open reading frames, ORF1a and ORF1b, are immediately transcribed resulting 

in polyproteins pp1a and pp1ab. The polyproteins are processed into individual non-structural proteins 

that form the viral replication and transcription complex (V’kovski et al., 2021). Viral replication is 

then achieved by cleaving the protein chains, with a protease, into functional units to make new proteins 

required for replication (Zhang et al., 2020). 

 

SARS-CoV-2 mutates at a relatively consistent and moderate rate, equating to approximately 33 

changes per year across the viral genome (Candido et al., 2020, Laamarti et al., 2020). Viral genomes 

are used to identify regions of the genome that are subjected to greater selection pressure. This is 

important as it assists in the development of effective therapeutics, vaccines, and diagnostics that target 

unchanged, conserved parts of the viral genome (Wang et al., 2020a). Phylogenetic analysis of 

sequencing data classifies genomes into different sub-groups based on genetic similarity and observed 

mutations (Rambaut et al., 2020, Tegally et al., 2021b). There have been a number of variants of interest 

(VOIs) and five variants of concern (VOCs) that have been identified since December 2020. These have 

been summarized in Table 1.  

 

A viral lineage is defined as a group of closely related viruses with a common ancestor. Lineages are 

further divided into clades by the presence of signature mutations (Tegally et al., 2021b). All clades 

share a common ancestor and all descendants of the clade and are named after the frequency of the 

clade has exceeded 20 %. A viral variant is a genome genetically distinct from the reference genome as 

it contains one or more mutations and a strain is a variant that has unique and stable phenotypic 

characteristics. The D614G variant carries a mutation in the spike glycoprotein and was first detected 

in early March 2020 at a significant level and over two months spread to global dominance (Korber et 

al., 2020). The mutation has been shown to enhance viral infectivity, replication fitness, and early 

transmission (Hou et al., 2020). A mutation in the RBD of the spike protein, Y453F, first identified in 

Denmark, showed an increased binding infinity for the ACE2 receptor (Lauring and Hodcroft, 2021). 
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March 2022, 9 021 143 SARS-CoV-2 consensus genomes had been shared via the Global Initiative on 

Sharing All Influenza Data (GISAID) (GISAID, 2022). 

 

Various sequencing technologies are currently used for SARS-CoV-2 sequencing (GISAID, 2022). 

These can be broken down into groups referred to as generations: first (Sanger), second (high 

throughput), and third (long-read) generation sequencing (Heather and Chain, 2016). NGS is used to 

refer to second and third-generation sequencing technologies and includes Sequencing by Synthesis 

(SBS) (Illumina), Ion Torrent (Thermo Fisher Scientific), Single-molecule real-time (Pacific 

Bioscience), and Nanopore sequencing (ONT) (Liu et al., 2012). 

 

NGS surveillance assists in identifying disease origins within human populations, management of 

outbreaks, identifying transmission chains, examining viral population structure, and tracking disease 

prevalence. It also plays a significant role in monitoring the trends in COVID-19 and deaths at a national 

and global level, monitors the spread and evolution of SARS-CoV-2 and the impacts it has on disease, 

and enables the rapid detection, isolation, testing and management of cases. Furthermore, surveillance 

helps to evaluate the impact of the pandemic on healthcare systems and plays a significant role in 

detecting and containing clusters and outbreaks, especially among vulnerable populations. NGS can 

also be used for diagnostic purposes to identify pathogens early in the outbreak, to identify regions of 

the genome for use in diagnostic testing, and in the detection of co-infections. As COVID-19 cases are 

still increasing, the WHO has stated that epidemiological analyses should include the identification and 

reporting of new cases, and the inclusion of consensus genomes within 24 hours of new infections 

(World Health, 2020a). 

 

Illumina Sequencing 

Illumina MiSeq sequencing is currently the most widely used SARS-CoV-2 sequencing technology 

(GISAID, 2022). The technology makes use of SBS which provides high throughput, short-read 

sequencing. With SBS, as new DNA forms, fluorescently labelled bases are incorporated into the DNA. 

The fluorescent tags are washed off as bases are incorporated and more modified bases are added (Liu 

et al., 2012). This is repeated until the maximum number of cycles, and thus read length, is achieved. 

During library preparation, which is performed before SBS, RNA is converted to cDNA via bridge 

amplification. Bridge amplification is a process by which complementary DNA strands, otherwise 

known as the reverse strand, are generated in a flow cell for further sequencing and analysis. The flow 

cell is coated with two types of oligos that are complementary to the two adapters of the fragment strand, 

respectively. As the fragment strand is added to the flow cell, it hybridizes into one of the oligos on the 

surface of the cell. A polymerase then moves along the strand and in the process creates the 

complementary DNA strand. The now double-stranded DNA is denatured and the forward strand, the 

original strand, is washed away. The reverse strand then folds over and hybridizes to the second oligo 
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infrastructure to reduce preventable harm, and the relatively short reads may decrease the accuracy in 

certain genomic regions (Mantere et al., 2019). 

 

Nanopore Sequencing 

Nanopore sequencing makes use of long-read single-molecule sequencers that utilize nanopores to read 

longer contiguous strands of DNA than other NGS technologies. Reads produced may range between 

10 000 and 100 000 bp in length and have the potential to produce molecules over 100 000 bp long (de 

Lannoy et al., 2017). A major advantage of long-read sequencing is that longer reads are more likely to 

be distinct from other reads. This allows for the sequencing of highly polymorphic or highly repetitive 

regions as the assemblies are less ambiguous. With some systems, amplification-free sequencing can 

be achieved. This facilitates the examination of epigenetic modifications and may remove some 

amplification bias (van Dijk et al., 2014). 

 

ONT has produced a range of sequencers based on nanopores. These systems are designed to be 

relatively mobile, generate ultra-long reads, and require less experience and expertise to operate 

(Nicholls et al., 2019). ONT sequencing platforms are summarized in Table 3. 
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1.3 Research Question 

Will the ONT GridION produce SARS-CoV-2 consensus genomes that are comparable to consensus 

genomes produced by the Illumina MiSeq? 

 

1.4 Hypothesis  

The ONT GridION will produce SARS-CoV-2 consensus genomes with a similar quality, when 

comparing genome coverage, concordance to reference, and the number of mutations and gaps, to 

consensus genomes produced by the Illumina MiSeq. 

 

1.5 Aims and Objectives 

Aim: To compare the sequence quality of consensus genomes produced by the MiSeq and the GridION 

for positive COVID-19 nasopharyngeal and oropharyngeal swabs and determine the effect of cycle 

threshold (Ct) score on sequencing coverage. 

 

Objectives: 

1. To compare the coverage, concordance, mutations, and gaps for consensus genomes obtained 

from the GridION and the MiSeq for COVID-19 positive swabs. 

2. To determine the effect of sample Ct score on the genome coverage and number of reads of 

SARS-CoV-2 sequences produced by the GridION and the MiSeq. 

 

1.6 Methodology 

The study population was comprised of 2608 COVID-19-positive male and female patients whose 

nasopharyngeal and oropharyngeal swabs, collected between December 2020 and March 2021, 

underwent RNA extraction on the automated Chemagic 360 system (Perkin Elmer) using the NA/gDNA 

kit (Figure 3). 
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Figure 3. Diagrammatic representation of RNA extraction using Chemagic 360. 

Figure 3 illustrates the RNA extraction protocol for naso- and oropharyngeal swabs using the Chemagic 

360. Swabs underwent lysis using lysis buffer and proteinase K, binding was via the silica magnetic 

beads,  and washing and elution were performed using the wash and elution buffer respectively. 

 

Tiling PCR was then performed for complementary cDNA synthesis using SuperScript IV reverse 

transcriptase (Life Technologies) and the ARTIC protocol. Illumina library preparation was achieved 

using the Nextera DNA Flex Library Prep Kits as per the manufacturer’s instructions, and sequencing 

was performed on the Illumina MiSeq. The ARTIC protocol was used as per the manufacturer’s 

instructions to prepare libraries on FLO-MIN106 flowcells, and sequencing was performed using the 

ONT GridION X5 (Figure 4). 

 

 
Figure 4. Library preparation and sequencing on the Illumina MiSeq and ONT GridION X5. 

Figure 4 illustrates the library preparation and sequencing workflow for the MiSeq and the GridION 

X5. cDNA synthesis was achieved using SuperScript IV reverse transcriptase. The NEXTERA DNA 

FLEX and ARTIC protocol were used for the MiSeq and GridION, respectively. Libraries were 

normalized before being pooled and sequenced on the Illumina MiSeq and ONT GridION X5. 

 

The Nextclade online tool was used to analyze consensus genomes produced by both the Illumina 

MiSeq and the ONT GridION. Wilcoxon tests were used to compare the sequence quality, coverage, 

number of mutations, and type of mutation detected by both platforms. Sample Ct score was then 

correlated to sequence coverage and the number of reads for both platforms. 
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Bridging Chapters 1 and 2 

Chapter 1 provides a general overview of the SARS-CoV-2 viral structure and a summary of the virus’s 

replication cycle and host immune evasion. It also assesses the different VOIs and VOCs and how the 

WGS of the virus was achieved. The advantages and disadvantages of SARS-CoV-2 sequencing using 

Illumina and Nanopore sequencing platforms are highlighted and the different sequencing platforms are 

compared.  COVID-19 is an ongoing pandemic that has seen the SARS-CoV-2 virus mutate multiple 

times resulting in different VOIs and VOCs. Rapid identification of these variants may increase the 

understanding of transmission chains. Chapter 2 compares the Illumina MiSeq and ONT GridION to 

determine whether sequences produced by the GridION can be accurately used to identify variants 

swiftly. The article was accepted by BMC Genomics on 08 April 2022 and published on 22 April 2022 

(https://doi.org/10.1186/s12864-022-08541-5). In this study, I assisted in RNA extraction and 

sequencing and performed sequence analysis and curation. I also wrote the original draft used for 

submission. 
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CHAPTER 2 

COMPARISON OF  SARS-COV-2 SEQUENCING USING THE ONT GRIDION AND THE 

ILLUMINA MISEQ 
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Bridging Chapters 2 and 3 

Chapter 2 compares sequences produced by the ONT GridION to those produced by the Illumina MiSeq 

to determine whether nanopore sequencing can be used in SARS-CoV-2 genomic surveillance. Chapter 

3 is a preprint published in medrxiv.org and it shows the mutations identified in the SARS-CoV-2 spike 

protein from genomic surveillance of travelers in Africa. In this study, I assisted in SARS-CoV-2 

sequence assembly, whole-genome analysis, and data curation. This helped to identify how the SARS-

CoV-2 virus was spreading across Africa, thus allowing healthcare facilities to isolate infected 

individuals and prevent the spread of the different variants. Consensus genomes analyzed in this study 

were from both the ONT GridION and the Illumina MiSeq.  
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CHAPTER 3 

A NOVEL VARIANT OF INTEREST OF SARS-COV-2 WITH MULTIPLE SPIKE 

MUTATIONS DETECTED THROUGH TRAVEL SURVEILLANCE IN AFRICA 
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Bridging Chapters 3 and 4 

Chapter 3 shows how genomic surveillance helped identify the SARS-CoV-2 mutations that were 

producing VOIs and VOCs. As the pandemic continued through 2021, it was necessary to continue 

SARS-CoV-2 genomic surveillance to detect new variants and prevent their spread across communities. 

Chapter 4 highlights how continued genomic surveillance using Illumina and ONT sequencing 

platforms allowed transmission chains and new variants to be identified across Africa. The article was 

published in the journal Science and I assisted in SARS-CoV-2 sequence assembly, genome analysis, 

and data curation. 
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CHAPTER 4 

A YEAR OF GENOMIC SURVEILLANCE REVEALS HOW THE SARS-COV-2 

PANDEMIC UNFOLDED IN AFRICA 
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Bridging Chapters 4 and 5 

Chapter 4 shows how genomic surveillance helped to identify VOIs and VOCs from travelers in Africa. 

This is essential, as patients can then be isolated, which may help prevent transmission chains from 

occurring within communities. SARS-CoV-2 sequencing allows for the rapid identification of variants 

within communities. Chapter 5 shows how the sequencing of SARS-CoV-2 assisted in identifying the 

Delta variant in South Africa and is a preprint that can be obtained from medrxiv.org. In this study, I 

assisted in SARS-CoV-2 data production, sequence assembly, genome analysis, and data curation. 
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CHAPTER 5 

RAPID REPLACEMENT OF THE BETA VARIANT BY THE DELTA VARIANT IN 

SOUTH AFRICA 
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CHAPTER 6: GENERAL DISCUSSION 

Synthesis 

COVID-19 is a continuing pandemic that has seen over 440 000 000 confirmed cases globally. The 

pandemic requires continued surveillance and tests to be conducted repeatedly on a large proportion of 

the population to detect outbreaks before they begin to spread (Esbin et al., 2020). Rapid, accurate 

SARS-CoV-2 sequencing may help to identify infected individuals, encourage isolation, and thus 

reduce the spread of the virus (Bajaj and Purohit, 2020, Maurier et al., 2019). 

 

Although patients may not be showing overt COVID-19 symptoms, testing is a major recommended 

part of the hospital’s infection control policies and require patient biological samples to be provided via 

appropriate means. Nasopharyngeal specimens are the sample of choice for SARS-CoV-2 testing but 

nasal and oropharyngeal samples are also accepted (Wölfel et al., 2020). Saliva samples have also been 

used, but with highly variable results while various studies are evaluating the use of other types of 

samples such as stool samples (Szymczak et al., 2020). Patients at healthcare facilities have refused to 

test for SARS-CoV-2 via nasopharyngeal swabs as this collection method has been reported to be very 

uncomfortable. The less-invasive methods, such as the nasal, throat, saliva, and self-administered swabs 

have assisted in detecting SARS-CoV-2 but with limitations that have to be addressed (Johnson et al., 

2021). Testing of individuals with consistent COVID-19 symptoms would be more cost-effective than 

restricting testing to individuals with symptoms severe enough to warrant hospitalization. Furthermore, 

expanding testing to asymptomatic individuals may decrease infections, death, and hospitalization as 

infected individuals can be identified and isolated thus preventing further spread of the virus (Schuetz 

et al., 2020). 

 

SARS-CoV-2 respiratory specimens are to be stored between 2 – 8 °C for up to 72 hours after collection 

and at or below -70 °C if samples are to be transported or there is a delay in analysis (Prevention, 2020). 

Sequencing may be affected by sample quality. Thus, samples must be sequenced as soon as possible 

after collection or stored in cold temperatures to maintain RNA integrity (Yilmaz Gulec et al., 2021). 

Many laboratory settings require SARS-CoV-2 samples to be shipped in or inactivated before 

sequencing.  This, however, is not always possible as some hospitals lack the necessary biosafety 

conditions. Sample inactivation time, storage temperature, and storage time have led to at least 10.2 % 

of positive cases being called negative (Prevention, 2020, Yilmaz Gulec et al., 2021). 

 

The complexity and expensive nature of molecular diagnostics and NGS have resulted in backlogs in 

laboratory facilities as the personnel who are competent in using specialized lab equipment and reagents 

are required (Esbin et al., 2020). Although diagnostic tests such as RT-PCR are advantageous as they 

are easy to use and are more tolerant of variable DNA quality than NGS, they are limited by the 
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multiplex capabilities seen with NGS platforms (1). Several initiatives have been established to help 

with this matter namely, COVID-19 Genomics UK Consortium (COG-UK), The Indian SARS-CoV-2 

Genomics Consortium (INSA-COG), NGS-SA, and SARS-CoV-2 Sequencing for Public Health 

Emergency Response, Epidemiology, and Surveillance (SPHERES). 

 

Many lineages of SARS-CoV-2 have emerged since the beginning of the COVID-19 pandemic and are 

still circulating (Tegally et al., 2021a). Sequencing of SARS-CoV-2 has assisted in the identification of 

new variants due to the mutations that are identified with NGS (Rambaut et al., 2020). SARS-CoV-2 

genomic surveillance makes it easy for new variants, causing outbreaks, to be identified and has allowed 

the development of vaccines and rapid diagnostic methods (Seth-Smith et al., 2019). This information 

can be used to better understand how this impacts health. The Network for Genomic Surveillance in 

South Africa (NGS-SA), which includes the National Institute for Communicable Diseases (NICD), 

KRISP, University of Cape Town, Stellenbosch University, the University of the Free State, the 

University of Pretoria, the University of the Witwatersrand, and the National Health Laboratory Service 

(NHLS), continues to monitor and assess the evolution of SARS-CoV-2. 

 

Identification of new variants is important as it helps us determine viral transmissibility and resistance, 

which are important factors for understanding how to manage the virus (Prevention, 2021). To help 

prevent the transmission of variants and possible deaths occurring due to infection, real-time 

polymerase chain reaction (RT-PCR) tests are performed by diagnostic laboratories. RT-PCR is 

currently a gold standard within diagnostic laboratories for SARS-CoV-2 detection, as it is extremely 

sensitive and can amplify and identify a single copy of the genomic sequence using PCR. RT-PCR is, 

however, limited by high costs and the relatively long analysis times that have created bottlenecks 

within diagnostic laboratories. Furthermore, the genetic diversity of the SARS-CoV-2 virus affects the 

sensitivity and specificity of detection via PCR as primers specific to all strains need to be constructed 

to amplify all strains present within the population whilst still excluding all other viruses (Afzal, 2020, 

Bezier et al., 2020). Sequencing of SARS-CoV-2 overcomes these challenges as NGS technologies use 

platforms that are capable of sequencing millions of small DNA fragments simultaneously and 

bioinformatics software is then used to analyze and piece these fragments together by mapping them 

against a reference genome (Niedringhaus et al., 2011, Rambaut et al., 2020).  

 

LamPORE is a novel diagnostic platform used for the detection of SARS-CoV-2 RNA as it combines 

loop-mediated isothermal amplification with nanopore sequencing (James et al., 2020). This has the 

potential to be used to analyze thousands of samples per day on a single instrument thus helping remove 

the bottlenecks occurring within laboratories. LamPORE has a detection limit of 10 genome copies/µl 

of extracted RNA, which is higher than the limit achieved by RT-PCR but was not associated with a 
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significant reduction in clinical samples. LamPORE has a similar performance as RT-PCR and promises 

high-throughput testing (Peto et al., 2020). 

 

NGS is associated with deep sequencing, which increases the detection of unique variants. NGS also 

has a high sensitivity for the detection of low-frequency variants, faster turnaround time for high sample 

volumes, genomic coverage that is comprehensive, lower limit of detection, higher throughput as a 

result of sample multiplexing, and the possibility of sequencing thousands of genes or gene regions 

simultaneously (Jamuar et al., 2014, Konig et al., 2015, Rivas et al., 2011, Schuster, 2008, Shendure 

and Ji, 2008). Illumina sequencing is the most widely used sequencing technology for SARS-CoV-2, 

as it sequences from both ends resulting in higher coverage, a higher number of reads, and more data 

when compared to single-end sequencing systems (Ambardar et al., 2016, GISAID, 2022). Furthermore, 

all genomic changes which result in new variants, such as insertions, deletions, inversion, repetitive 

sequence elements, new transcripts, and gene fusions, are detected more easily than single-end 

sequencing technologies, resulting in the identification of new VOIs and VOCs (Ambardar et al., 2016). 

 

Many VOIs and VOCs, such as B.1.351, B.1.525, A.23.1, and C.1.1, spread across Africa as a result of 

the mobility of infected individuals across countries (Cele et al., 2021, Wibmer et al., 2021). SARS-

CoV-2 genomic surveillance has been at the forefront of Africa’s response to the COVID-19 pandemic 

and lack of genomic surveillance may result in Africa becoming a source of new variants. The first 

wave of the pandemic in Africa saw introductions generally from Europe, but as the pandemic 

progressed, there was an increase in the spread of the virus within and between African countries 

(Wilkinson et al., 2021). Phylogenetic analysis of VOIs and VOCs helps to determine how some of the 

key SARS-CoV-2 variants are spreading within Africa (Rambaut et al., 2020). Using molecular 

surveillance to monitor pandemics depends on continuous and consistent sampling through time, rapid 

virus genome sequencing, and rapid reporting. The success of genomic surveillance requires high 

COVID-19 testing, high sequencing of positive samples within days of sampling, and persistent 

analyses of the consensus genomes to identify mutational changes (Wilkinson et al., 2021). 

 

Sanger sequencing, with over 99 % accuracy, remains the “gold standard” in clinical and basic research 

applications and is commonly used to validate gene variants identified using NGS (Slatko et al., 2018). 

Sanger sequencing is ideal for the sequencing of single genes and single nucleotide variants, targeted 

sequencing of up to 100 amplicons, sequencing of up to 96 samples without the need for barcoding, and 

sequencing of regions with high GC content, identification of microbes, microsatellite analysis, and 

plasmid sequencing. Furthermore, Sanger sequencing does not require expensive equipment, when 

compared to NGS platforms, and can produce quality data for samples with low viral loads that yield 

low genome coverage for some NGS technologies. However, NGS technologies are more common in 
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research laboratories due to their higher throughput capabilities which are necessary when dealing with 

pandemics (Scientific, 2022). 

 

Illumina Platforms have been used to sequence over 90 % of NGS data worldwide with data outputs 

varying between 1.2 Gb and 6 Tb. The Ion Torrent technology is available in several models and has a 

data output of between 30 Mb and 25 Gb per chip and is also commonly used for microbial targeted 

amplicon and WGS (Loman et al., 2012). Library preparation kits and choice of sequencing platform 

have an impact on the breadth of genome coverage and accuracy of consensus genomes produced by 

the two technologies. The cost per sample for high throughput sequencing using the Ion Torrent and 

Illumina MiSeq are comparable and therefore the two technologies are viable options for genomic 

sequencing of RNA viruses (Marine et al., 2019). AmpliSeq is a SARS-CoV-2 sequencing workflow 

from Ion Torrent that is very easily automated with the Ion Chef and S5 instruments and does not require 

as much training and experience with NGS sample preparation as the Illumina workflow (Plitnick et 

al., 2021). 

 

Sequencing can be long, laborious, and expensive and laboratories are generally not located at the same 

site as sample collection sites (Quick, 2020). Portability and cost are therefore important considerations 

for SARS-CoV-2 sequencing as they determine the number of available sequencing sites and how 

rapidly they can acquire samples (Cleemput et al., 2020). ONT has developed a range of sequencers 

capable of producing large amounts of data within relatively short sequencing times. With sequencing 

platforms such as the flongle and minion, ONT has overcome the portability challenge and has 

facilitated sequencing mobility allowing for SARS-CoV-2 sequencing to occur in different regions 

(Nick Loman, 2020). Although the GridION is not classified as a portable sequencer, it is still small 

enough to be mobile and can be set up at various locations, therefore allowing for rapid, high throughput 

sequencing at mobile healthcare facilities. 

 

ONT promises relatively quick, real-time, SARS-CoV-2 long-read sequencing that is portable and 

relatively cheap (Nick Loman, 2020). The quality of the consensus genomes produced, however, has 

yet to be investigated. Here, we compared the sequences produced by the ONT GridION X5 with those 

of the Illumina MiSeq, which has currently been the gold standard for SARS-CoV-2 NGS sequencing, 

as it is a high throughput and high accuracy sequencing platform that allows for high levels of 

multiplexing (Ambardar et al., 2016, Rambaut et al., 2020). The sequencing platform is, however, large 

and expensive and is characterized by long sequencing times (Illumina, 2022, Quick, 2020). Consensus 

genomes produced by both the Illumina MiSeq and ONT GridION X5 were compared by looking at 

the sequence coverage, the number of mutations, and the type of mutations identified by both platforms. 

The MiSeq had an overall better sequence quality compared to the GridION, as determined by 

Nextclade online tool, and had significantly higher sequence coverage. Analysis of sequence coverage 
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is important as genomes contain genes, noncoding DNA, repetitive sequences, and other elements that 

may alter the alignment of the sequence to a reference genome (van Dijk et al., 2018).  

 

Sequence coverage is, however, not uniform and may be affected by factors such as sample quality, 

sample input, homologous regions, regions of low complexity, hypervariable regions, and high GC 

content (Chiara et al., 2021). The number and type of mutations identified by the MiSeq and the 

GridION differed significantly and may thus impact the information obtained from genomic 

surveillance. To correctly identify genetic mutations, a sufficient number of correctly mapped reads 

mapping a particular region is required (Wei et al., 2011). The MiSeq had an overall higher sequence 

coverage, which is associated with more accurate identification of variants. The Illumina MiSeq makes 

use of paired-end sequencing that sequences from both ends and produces more reads than single-end 

sequencing utilized by the ONT GridION (illumina, 2021). The higher number of reads allows for more 

accurate identification of mutations for the correct assignment of viral strains. Genomic surveillance 

may, therefore, be more accurate using Illumina MiSeq sequencing than ONT GridION sequencing. 

 

The nanopore technology is prone to high error rates in basecalling that may result in false-positive 

results in variant calling and identification of mutations (Wang et al., 2021). This, however, has not 

stopped researchers from using the technology for SARS-CoV-2 sequencing as 25 % of the viral 

consensus genome on GISAID was obtained using ONT (Chantal Babb de Villiers, 2021). ONT 

sequences in real-time and the GridION X5 allows for up to 5 flow cells to be sequenced 

simultaneously. Thus, a total of 470 samples can be sequenced in 24 hours using the ONT rapid library 

prep kit compared to the Illumina MiSeq’s 96 samples every 36 hrs (Jain et al., 2018, Kono and 

Arakawa, 2019). The difference in throughput may be a major consideration when deciding on which 

platform to use for genomic surveillance as a fast turnaround time is required to help laboratories that 

are generally flooded with samples (Esbin et al., 2020). Sequencing for a longer period and pooling 

fewer samples per run may increase the quality of consensus genomes produced by the GridION. 

 

ONT has continuously refined the nanopore and motor protein having released eight versions of the 

system by 2020. These include the R6 (June 2014), R7 (July 2014), R7.3 (October 2014), R9 (May 

2016), R9.4 (October 2016), R9.5 (May 2017), R10 (March 2019), and R10.3 (January 2020) (Wang et 

al., 2021). ONT sequencing applications can be classified into 3 major groups; basic research, clinical 

usage, and on-site applications. The “on-site applications” include metagenomics and surveillance that 

are used for strain characterization and rapid microbial and pathogen detection due to their fast, real-

time sequencing capabilities and small size (Wang et al., 2021). 
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Conclusion 

High throughput sequencing of SARS-CoV-2, using the ONT GridION, is achievable at a relatively 

fast rate, as up to 470 samples can be sequenced in approximately 21hrs. As the GridION is relatively 

small and can be set up within portable laboratories, it can be used to remove the bottlenecks occurring 

within diagnostic laboratories and thus improve sequencing efficiency. It has been shown that a 

GridION flowcell can be reused up to 10 times allowing many facilities to perform SARS-CoV-2 

sequencing at a relatively low cost (Petersen et al., 2019). Nanopore sequencing, however, still shows 

lower sequencing coverage and inaccurate identification of mutations when compared to Illumina 

sequencing and so SARS-CoV-2 genomic surveillance, using the GridION, should be performed with 

caution. 

 

Recommendation 

With the number of COVID-19 infections still rising dangerously, a fast, reliable, and cost-effective 

sequencing method must be established to assist in rapidly diagnosing patients and identifying 

transmission chains. This may assist in preventing the further spread of the virus. Sample quality has 

been shown to affect sequence coverage and thus is an important factor to consider when comparing 

sequencing technologies. This study was limited by the availability of samples and the quality of 

collected swab samples. Samples arriving from various institutions in several African countries may 

have been damaged during transportation and storage. Due to the large number of samples that had to 

be sequenced and the time required for sequencing, only one run was sequenced on both platforms. 

Additional analysis should be performed to determine whether the relatively low sequence quality noted 

from the GridION is due to the quality of the sample or the sequencing technology. Saliva samples have 

been reported to be more sensitive than nasopharyngeal swabs and are easier to obtain. It is therefore 

necessary to further investigate whether sequencing of saliva samples on the GridION will result in 

higher SARS-CoV-2 sequence coverage and better-quality consensus genomes. 
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