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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 I[llumina 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 [llumina

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).

Page 1 of 100



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 GridlON 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 GridlON (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

Genome Detective

[
»

Nucleic Acid Extraction Sequence analysis

Sequencing
Tiling PCR

w
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7

Pooled Pocled & Denatured Pooled & Denatured
Uibearies Ubearies Ubearies w/ Phi-X

Library preparation and pooling

Figure 1. SARS-CoV-2 sequencing workflow for the GridlION 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 GridlON 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 GridlON. Consensus genomes were then compared on the Nextclade

online analysis tool.
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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 (p-
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, ORF1la and ORF1b, are immediately transcribed resulting
in polyproteins ppla and pplab. 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

(VOlIs) 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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The N501Y variant accumulated 17 lineage-defining mutations before its detection in early September
2020 and affects the RBD of the spike protein. Population genetic models suggest that it spreads 56 %
more quickly than other lineages (Davies et al., 2021).

Currently, Delta (B.1.617.2 and AY lineages) and Omicron (B.1.1.529 and BA lineages) are the latest
VOCs. It is important to study the functional effect that variants have on the virus and track their speed
through different populations (Prevention, 2021).

Table 1. Summary of currently designated SARS-CoV-2 VOCs.

WHO Earliest
GISAID Nextstrain Date of
Label Pango lineage documented
clade clade designation
samples
The United
Alpha B.1.1.7 GRY 20I (V1) Kingdom, 18-Dec-2020
Sep-2020
South
Beta B.1.351 GH/501Y.V2  20H (V2) Africa, 18-Dec-2020
May-2020
Brazil,
Gamma P.1 GR/501Y.V3 207 (V3) 11-Jan-2021
Nov-2020
21A, 211, India,
Delta B.1.617.2 GK 11-May-2021
21) Oct-2020
Multiple
Omicron B.1.1.529 GRA 21K, 21L countries, 26-Nov-2021
21IM Nov-2021

Whole-Genome Sequencing

Since the beginning of the COVID-19 pandemic, sequencing technologies have been used to understand
the virus’s biology and epidemiology. Sequencing describes the process whereby the nature and order
of nucleic acids for samples are converted into data for analysis (Behjati and Tarpey, 2013). NGS
provides the highest resolution information regarding pathogen genomes as it allows full nucleotide

sequences to be read and the discovery of new genomic variation at scale (Slatko et al., 2018). As of 05
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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).

IHllumina 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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using its adaptor region. A polymerase attaches to the reverse strand and generates a complementary
strand that matches the forward strand. A double-stranded bridge is formed. The bridge is denatured
resulting in two single-stranded copies of the DNA, forward and reverse strand, attached to the flow
cell. The denaturation and extension processes are repeated to result in the amplification of millions of

fragments forming localized clusters on the flow cell (Pettersson et al., 2009).

Illumina has produced a range of platforms to cover various sequencing applications. A few examples

of Illumina sequencing platforms are summarized in Table 2 (Petersen et al., 2019).

Table 2. Overview of Illumina sequencing platforms.

NextSeq NextSeq NovaSeq
iSeq 100 MiniSeq MiSeq

500 2000 6000
Run time 95-19 4-24 4-55 12-30 24— 48 13-44
(hours)
Maximum
1.2Gb 7.5 Gb 15 Gb 120 Gb 300 Gb 6Tb
data output
Maximum
1 x 150 bp 2x150bp 2x300bp 2x150bp 2x150bp 2x250bp
read length
Description  Illumina’s Benchtop Mid- High- High-cost, Highest
smallest sequencer range, throughput, high- throughput
benchtop released in ~ benchtop mid- capacity and most
sequencer 2016. Low  sequencer ranged, benchtop expensive
released in costand  providing benchtop  sequencer.  sequencer.
2018. Low low longest  sequencer. Releasedin Released in
costand low  capacity. reads. Released in 2020 2017
capacity. Released 2015
in 2011.
Estimated $19 900 $20 000 $125000  $250 000 $335 000 $985 000
Cost

Advantages of Illumina sequencing include comparatively low-cost sequencing at high throughput, the
availability of SARS-CoV-2 specific protocols and tools, high accuracy, a commonly used system in
around 155 countries, and high levels of sample multiplexing. The limitations, however, are the longer

sequencing run times, most platforms are large and expensive to purchase and require specialized
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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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Table 3. Overview of ONT sequencing platforms.

Flonel MinION MinION GridION PromethION PromethION
ongle
: Mk1B Mk1C Mk1 24 48
lmin—16 1min-48 1min-48 1 min-48 1 min - 72 1 min - 72
Run time
hrs. hrs. hrs. hrs. hrs. hrs.
Maximum
2Gb 50 Gb 50 Gb 250 Gb 52Tb 10.5Tb
data output
Maximum Read lengths can exceed 2 Mb and are dependent on the length of the target
read length molecule.
Low cost, Medium
mobile, capacity, i i
Lowest High Highest cost,
Low cost, long-read  desktop, ) ) _
cost, ) capacity, high capacity,
o mobile, sequencer  long-read
Description  reduced ) desktop, desktop long-
long-read with sequencer
adapter for . ) ) long-read read
} sequencer.  built-in  with built-
MinION. i ) i sequencer. sequencer.
analysis  in analysis
platform.  platform.
Estimated $90 per $20 000/year  $20 000/year
$1 000 $4 900 $49 955 o .
Cost flow cell Subscription ~ Subscription

Prior to the COVID-19 pandemic, the MinION had been extensively used for microbial processing. Its

portability allowed it to be used for outbreaks such as Ebola, for surveillance, and diagnostics. Hospital

settings have also used the sequencer to monitor the spread of nosocomial infections (Xu et al., 2020).

The ARTIC network has published various protocols for the preparation and sequencing of SARS-CoV-

2 using Nanopore sequencing (Network, 2020).

ONT sequencing is advantageous, as it is rapid and flexible, sequences in real-time, is relatively low-

cost at low throughput, allows for mobile sequencing, has a simple user interface and analysis platform,

and has well-established sequencing protocols for SARS-CoV-2. The limitations are that high-

throughput sequencing is expensive as barcodes are limited, raw output files are relatively large making

file storage difficult, and there is a high error rate in homopolymeric regions (Nicholls et al., 2019).
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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 GridlON
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).

sample

Lysis Elution
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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).

A. Library Preparation
A B G
l raomentation < g € - C ~ . ~
Eoe o ma )
=i VAS o Pool o
| uga > 1 & \/ /
\ 7/ \ e Dilute ,\
o — /\ - ~
I ——— / - ~
e — I
Normalized Pooled
Libraries Libraries

Figure 4. Library preparation and sequencing on the Illumina MiSeq and ONT GridION XS5.

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 [llumina 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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This study was approved by the University of KwaZulu—Natal Biomedical Research Ethics Committee
(BREC) (BREC/00001195/2020) and (BREC/00002764/2021) found in Annexures 1 and 2

respectively.

1.7 Structure of Dissertation

This dissertation is comprised of 6 chapters with an overall aim of comparing two SARS-CoV-2
sequencing platforms to identify a sequencing platform that can rapidly and accurately produce SARS-
CoV-2 consensus genomes. The reference list found under the heading “REFERENCES” only applies
to Chapter 1 and Chapter 6 of this dissertation.

~

This chapter comprises of the introduction and literature review and highlights the aims and
Chapter| objectives of the study.

J

<_

~

The original research article submitted for publication titled "Comparison of SARS-CoV-2
Chapter| sequencing using the ONT GridION and the Illumina MiSeq" is presented within this chapter.

J

~

<N

This chapter highlights a coauthered paper titled "A novel variant of interest of SARS-CoV-2
Chapter| Wwith multiple spike mutations detected through travel surveillance in Africa".

J

N

This chapter highlights a coauthered paper titled "A year of genomic surveillance reveals how
Chapter| the SARS-CoV-2 pandemic unfolded in Africa".

<w

J

<A

~

This chapter highlights a coauthered paper titled "Rapid replacement of the beta variant by the
Chapter| delta variant in South Africa".

> J
N\ .
This chapter presents the general discussion, conclusion and recomendations derived from
Chapter| this dissertation.
J

<0
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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
[llumina 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 I[llumina 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/10.1186/5s12864-022-08541-5). 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

1 Comparison of SARS-CoV-2 sequencing using the ONT GridION and the Illumina

2 MiSeq

3 Derek Tshiabuilal**, Jennifer Giandhari'**, Sureshnee Pillay'%, Upasana Ramphall->4,
4  Yajna Ramphal'#, Arisha Maharaj'4, Ugochukwu Jacob Anyaneji'#, Yeshnee Naidoo!'*,
5  Houriiyah Tegally', Emmanuel James San'#, Eduan Wilkinson!, Richard J.

6 Lessells'*, Tulio de Oliveira®?3*

7 1. KwaZulu-Natal Research Innovation and Sequencing Platform (KRISP), School of Laboratory Medicine & Medical
8 Sciences, University of KwaZulu-Natal, Durban 4001, South Africa.
9 2.  Centre for the AIDS Programme of Research in South Africa (CAPRISA), Durban, South Africa.

10 3. Department of Global Health, University of Washington, Seattle, WA, USA.

11 4. Centre for Epidemic Response and Innovation (CERI), Stellenbosch University, Stellenbosch, South Africa.

12 . Correspondence: derektshiabuila@gmail.com; Tel.: +27 685 232 796

13 This study received no external funding and was approved by the Biomedical Research

14 Ethics Committee (BREC)-UKZN (BREC/00002764/2021, 04 October 2021)

15  Abstract

16  Background: Over 4 million SARS-CoV-2 genomes have been sequenced globally in the past
17 2 years. This has been crucial in elucidating transmission chains within communities, the
18 development of new diagnostic methods, vaccines, and antivirals. Although several sequencing
19 technologies have been employed, Illumina and Oxford Nanopore remain the two most
20 commonly used platforms. The sequence quality between these two platforms warrants a
21 comparison of the genomes produced by the two technologies. Here, we compared the SARS-
22 CoV-2 consensus genomes obtained from the Oxford Nanopore Technology GridION and the

23 Illumina MiSeq for 28 sequencing runs.
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Results: Our results show that the MiSeq had a significantly higher number of consensus
genomes classified by Nextclade as good and mediocre compared to the GridION. The MiSeq

also had a significantly higher genome coverage and mutation counts than the Grid[ON.

Conclusion: Due to the low genome coverage, high number of indels, and sensitivity to SARS-
CoV-2 viral load noted with the GridlON when compared to MiSeq, we can conclude that the
MiSeq is more favourable for SARS-CoV-2 genomic surveillance, as successful genomic

surveillance is dependent on high quality, near-whole consensus genomes.

Keywords: SARS-CoV-2; Illumina MiSeq; Oxford Nanopore Technology GridION;

Nanopore sequencing, Next Generation Sequencing, Bioinformatics

Background

December 2019 saw a novel viral pneumonia emerge from a seafood market in Wuhan China
later found to be a new type of Coronavirus, now known as Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) (1, 2). On 11 March 2020, after approximately 118
000 cases had been reported globally, the World Health Organization (WHO) declared SARS-
CoV-2 a global pandemic (3,4). SARS-CoV-2 is an ongoing pandemic that requires continuous
surveillance with approximately 270 031 622 cases confirmed globally as of 14 December

2021 (3, 5).

Sequencing of SARS-CoV-2 allowed for the rapid identification of the virus and the
development of diagnostic tests and other tools for a rapid response to the pandemic (6).
Sequencing provides genotypic information about a patient’s infection, which can be used to
gain knowledge on the specific infecting strain, assist in identifying transmission within
communities, and advance the development of new diagnostic methods, vaccines, and
antivirals (7). Multiple next generation sequencing (NGS) technologies have been used for

SARS-CoV-2 sequencing, including Sanger, Illumina, ION torrent, and Oxford Nanopore
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Technology (8). However, Illumina sequencing remains the most commonly used technology
(9). As of 05 November 2021, 4 892 742 SARS-CoV-2 consensus genomes had been deposited
into the Global Initiative on Sharing all Influenza Data (GISAID) with over 65 % from Illumina

and approximately 25 % from Oxford Nanopore Technology (ONT) (10).

A major challenge with whole-genome sequencing (WGS) is obtaining whole viral genomes
from clinical samples promptly (11). Illumina SARS-CoV-2 sequencing is generally limited
by long sequencing times and the high cost and labour associated with library preparation for
high-throughput sequencing (12). Another limitation is their relatively short reads (2 x 300 bp),
as genomes generally contain multiple repeated sequences, known as tandem repeats, that may
be longer than the NGS reads and may result in gaps and misassemblies (13). Due to the large
footprint of most sequencers, portability can be a challenge which is unfortunate as there is
generally a large distance between sample collection sites and sequencing laboratories (14).
Nanopore sequencing overcomes these challenges as they sequence in real-time and are long-
read sequencing technologies that allow for portability and have a relatively low initial
investment on sequencing equipment with the MinION costing $1000 (15). ONT sequencing

is, however, limited by the high number of false negatives and low sensitivity (16).

Short-read sequencing technologies are useful for population-level genetic analysis and clinical
variant discovery as they provide low-cost, high-accuracy data when done in large batches.
Long-read sequencing approaches, however, are well suited for de novo genome assembly,
sequencing of genomes with long repetitive regions, copy number alterations, and complex
structural variations (17). Several studies have compared the sequencing of SARS-CoV-2
between Illumina and ONT platforms and have shown that despite the high error rates observed
with ONT sequencing, highly-accurate SARS-CoV-2 consensus genomes can be achieved

(18). ONT sequencing, however, failed to detect short indels identified by Illumina sequencing
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(18). There has also been a lower raw-read accuracy with nanopore sequencing when compared

to Illumina sequencing (18, 19).

A comparison of SARS-CoV-2 WGS genomic coverage and variant detection between
Illumina and Nanopore sequencing is necessary as it allows us to determine whether SARS-
CoV-2 genomes produced by Nanopore sequencing can be reliably used for genomic
surveillance and the development of diagnostic measures. As SARS-CoV-2 lineages differ by
geographic location, this study aimed to determine whether Nanopore sequencing is a viable
alternative to Illumina sequencing for rapidly identifying SARS-CoV-2 variants found within
African countries. We hypothesize that Nanopore sequencing will produce consensus genomes
that are comparable to consensus genomes produced by Illumina sequencing at a faster rate.
SARS-CoV-2 sequencing results, for multiple runs, from the Illumina MiSeq and the ONT
GridION were compared and although Nanopore sequencing was able to produce complete
SARS-CoV-2 genomes, the quality observed was not as good as those obtained with Illumina
sequencing. The ONT GridION can sequence up to 5 flowcells with 96 samples in a single run
and is cheaper than sequencing with the Illumina MiSeq. These advantages can allow for more
clinical facilities to sequence SARS-CoV-2 allowing for a greater response to the COVID-19

pandemic.

Materials and Methods

Study Population

The study population consisted of positive COVID-19 male and female patients whose
nasopharyngeal swabs were sent from routine PCR diagnostic services for genomic
surveillance to the Kwazulu-Natal Research Innovation and Sequencing Platform (KRISP). A
total of 2608 COVID-19 positive nasopharyngeal swabs were used for sequencing from 28
different runs split evenly between the GridION and MiSeq. Samples were randomized and

were from South Africa, Angola, Malawi, Mozambique, and Zimbabwe.
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Real-Time PCR Assays

Sample Ct scores were present in the metadata files accompanying samples brought in for
sequencing. There were three RT-PCR assays used for these samples. Namely; Seegene-
AllplexTM 2019-nCoV Assay, Roche-Cobas® SARS-CoV-2 Qualitative assay, and

Thermofisher-TaqPath™ COVID 19 CE IVD RT PCR Kit.

Total Nucleic Acid Extraction

RNA was extracted using the NA/gDNA kit on the automated Chemagic 360 system (Perkin
Elmer) as per the manufacturer’s instructions. Briefly, samples were lysed using lysis buffer
and proteinase K, followed by binding to silica magnetic beads. The beads were then washed
to remove unbound samples, and the RNA was eluted. Extracted RNA was stored at -80 °C

before use.

Tiling PCR

Complementary DNA synthesis was performed using SuperScript IV reverse transcriptase
(Life Technologies) in combination with random hexamer primers. This was then followed by
gene-specific multiplex PCR using the ARTIC protocol (20). Primers were designed on a
primal scheme (http://primal.zebraproject.org/) to cover the SARS-CoV-2 whole genome.
Primers generated were 400 base pair (bp) amplicons, with an overlap of 70 bp to cover the 30
kilobases (kb) SARS-CoV-2 genome. Purification of PCR products was performed using
AmpureXP purification beads in a 1:1 ratio (Beckman Coulter, High Wycombe, UK) and
quantification was performed using the Qubit double-strand DNA (dsDNA) High Sensitivity

Assay Kit on a Qubit 4.0 instrument (Life Technologies).

Illumina MiSeq Library Preparation and Sequencing
Sequencing libraries were generated using the amplicons generated by tiling PCR as described

above. Indexed paired-end libraries were prepared using the Nextera DNA Flex Library Prep
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Kits (Illumina) as per the manufacturer’s instructions. Briefly, amplicons were tagmented to
allow for unfragmented DNA to be cleaved and tagged. Each sample was barcoded with a
unique barcode using the Nextera CD Indexes (Illumina) to enable downstream pooling of all
libraries. Libraries were purified and normalized to 4 nM prior to pooling. The pooled library
was denatured using 0.2 N sodium acetate and then diluted to a final concentration of 8 pM.
The library was spiked with 1 % PhiX Control v3 (adapter-ligated library used as a control),
and the libraries were sequenced using a 500-cycle v2 MiSeq Reagent Kit on the Illumina
MiSeq instrument (Illumina, San Diego, CA, USA). The full details of the amplification and
sequencing have been previously published (21). Fastq files produced from Illumina MiSeq
were assembled using Genome Detective (https://www.genomedetective.com/) and the
coronavirus typing tool (22). Genome detective is a web-based application that is user-friendly
and is used for the assembly of known viral genomes from NGS datasets (22). Fastq files are
uploaded to the application and read quality is visualized using FastQC. Low-quality reads are
then filtered and the adapters trimmed with Trimmomatic (23). DIAMOND, a protein-based
alignment method, is used to identify candidate viral reads (24). The Swissprot UniRef90
protein database viral subset is used to improve speed and sensitivity (22). Short reads are
sorted and placed into groups and metagenomic de novo assembly is performed on each group
using SPAdes for single-ended reads or metaSPAdes for paired-end reads (25). Each group is
then identified using the taxonomy ID of the lowest common ancestor of the hits identified by
DIAMOND (24). Blastx and Blastn are used to search for candidate reference sequences
against the NCBI RefSeq virus database. The results for all detected contigs are combined by
the Advanced Genome Aligner and a score is calculated by Genome Detective at the amino
acid and nucleotide level. The five best scoring references for each config are then used for the

alignment (22).

ONT GridION Library Preparation and Sequencing
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Amplicons generated using the tiling PCR were prepared for nanopore sequencing using the
ONT Native Barcoding Expansion Kits as per the manufacturer’s guidelines. Libraries were
multiplexed on FLO-MIN106 flowcells and run on the GridION XS5. Furthermore, a no-
template control from the PCR amplification step was added to each plate before running.
Sequencing performance was monitored, in real-time, using the MinKNOW software app.
Sequencing was terminated after 21hrs and the resulting reads were base-called using Guppy
(4.0.14) and aligned to the Wuhan-Hu-1 reference genome (MN908947.3) using minimap2
(2.17-1941). Primer sequences were trimmed from the termini of read alignments and
sequencing depth was capped at a maximum of 400-fold coverage using the ARTIC tool

align trim. Variant candidates were identified using Nanopolish (26).

Sequence Analysis

Consensus genomes produced by both platforms were uploaded to Nextclade Online Tool
v1.4.2 (2021-10-26) (https://clades.nextstrain.org/) for genome clade assignments, mutation
calling, quality checks, and to determine the genome position on the SARS-CoV-2
phylogenetic tree. Nextclade is built on Nextalign and consists of three tools; Nextclade Web,
Nextclade CLI, and Nextalign CLI, which all share the common C++ library of algorithms.
Nextclade starts by performing a pairwise alignment of the query sequence to a reference
sequence using Nextalign that uses a banded local alignment algorithm with affine gap-cost
that are determined through seed matching. Alignment is only performed on sequences longer
than 100 nucleotides by default, but this can be changed, as alignment of shorter sequences
may be unreliable. Mutation calling is achieved by comparing the aligned nucleotide
sequences, one at a time, with the reference nucleotide sequence. Depending on their nature,
they are reported differently. The number of missing, and ambiguous bases are also reported.
Nextclade places each query sequence on the reference phylogenetic tree by comparing the

mutations on the query sequence with the mutations of every node and tip in the reference tree,
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and finding the node which has the most similar set of mutations. Clade assignment is achieved
by placing sequences on a phylogenetic tree annotated with clade definitions (27). A
Maximum-likelihood (ML) tree was constructed using IQ-TREE and was visualized using
FigTree v1.4.4 (https://github.com/rambaut/figtree/releases) (28). Data visualization and

statistical analysis were performed using ggplot2 v3.3.1 package and R v.4.1.1.

Statistical Considerations

The non-parametric nature of the data influenced the use of a Wilcoxon test to compare the
number of consensus genomes produced by the GridION and the MiSeq classified within each
category of the online Nextclade sequence analysis tool. The Wilcoxon test was also used to
compare the difference in genomic coverage, number, and type of mutations detected between
the GridION and the MiSeq. Statistical correlations were performed between Ct score and

genome coverage and Ct score and the number of reads for both platforms.

Ethics

The University of KwaZulu-Natal Biomedical Research Ethics Committee waived the
requirement for informed consent and approved the study (protocol reference no.
BREC/00001195/2020; project title: COVID-19 transmission and natural history in KwaZulu-
Natal, South Africa: epidemiological investigation to guide prevention and clinical care). All
methods were performed in accordance with the relevant guidelines and regulations. We also
used de-identified remnant nasopharyngeal and oropharyngeal swab samples from patients
testing positive for SARS-CoV-2 by RT—qPCR from public health laboratories in South Africa.
Informed consent for study participation was not applicable for this study because de-identified

(anonymous) remnant samples, which would have been otherwise discarded, were used.
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Results

Comparison of sequencing performance

To compare sequencing performance and runtime between the MiSeq and the GridION,
Runl16 was sequenced on both platforms (Table 1). A total of 93 samples were sequenced
and 93 consensus genomes were produced after assembly using Genome Detective. The
sequencing runtime for the MiSeq was 36 hrs, whilst the GridION had a runtime of 21 hrs. The
MiSeq had an overall higher average coverage than the GridION, having coverages of 94.34
% and 72.96 %, respectively. There was also a higher number of consensus genomes that
passed the QC used for GISAID submissions (>80 % genome coverage) from the MiSeq, 83
(89.2 %), than the GridION, 29 (27.9 %). The average coverage across the genome for the

GridION (Figure 1-A) was less uniform than that of the MiSeq (Figure 1-B).

Table 1. Comparison of sequencing Run116 on both the MiSeq and the GridION

Runl116

MiSeq GridION
Runtime (hrs.) 36 21
No. of samples sequenced 93 93
Data obtained 7246.3 MB 1999,4 MB
Consensus genomes 93 93
Average coverage (X) 94.34% 72.96%
Passing GISAID QC (>+80%) 83 (89.2%) 29 (27.9%)
Clusters passing QC 70% -
Q30 score 73.1% -
Pores on flowcell - 1012 pores

The table above summarizes the sequencing of Runl116 on both the MiSeq and the GridION. The sequencing
runtime for the MiSeq was 36 hrs, whilst that of the GridION was 21hrs. The MiSeq had a Q30 score of 73.1%
with 70% of the clusters passeing QC The flowcell used for the GridION had 1012 pores available for sequencing.
Of the 93 samples sequenced by both platforms, 93 consensus genomes were produced by each. Consensus
genomes from the MiSeq had an average coverage of 94.34 % with 89.2 % having a coverage of 80 % and over.
Consensus genomes from the GridION had an average coverage of 72.96 % with 27.9 % having a coverage of 80

% and over.
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Figure 1. Comparison of GridION and MiSeq gene mapping for RUN116: Sequencing files from both the
Illumina MiSeq and the ONT GridION were assembled using Genome Detective and average coverage across the
15 known genes was calculated to determine the sequencing coverage across the genome.

Comparison of consensus genome quality of Nanopore and Illumina sequencing

Consensus genomes produced by the GridION and the MiSeq were uploaded to Nextclade to
determine the genome quality. Nextclade classifies genomes as either good, mediocre, or bad,
based on the amount of missing data, and the number of mixed sites, private mutations,
clustered mutations, frameshifts, and misplaced stop codons. Both the GridION and the MiSeq
had a total of 14 runs with 1255 and 1183 consensus genomes, respectively. The total number

of consensus genomes produced by the GridION and the MiSeq was significantly different (p
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223 = 0.0053).. The number of genomes the two platforms classified as good (p = 0.00280),

224  mediocre (p = 0.00250), and bad (p = 0.00037) also differed significantly (Figure 2).

* %
1400

GOOD MEDIOCRE BAD TOTAL

=GridiON = MiSeq
225

226  Figure 2. Comparison of consensus genome quality obtained from the GridION and the MiSeq and
227  analvzed on Nextclade: To compare the quality of consensus genomes obtained from the GridION and the

228  MiSeq, consensus genomes from both platforms were uploaded to Nextclade and the results plotted on a double
229  bar graph. Genome quality was broken down into three groups; good, mediocre, and bad, with the GridlON
230  represented in blue and the MiSeq represented in orange. Statistical significance (Wilcoxon rank sum tests) is
231  represented by “*” (**: p < 0.01, ***: p < 0.001). Sequencing scores ranging between 0 — 29 are classified as

232 good, 30 — 99 are classified as mediocre, whilst 100 and above are classified as bad.

233 Comparison of genome coverage generated by the GridlON and MiSeq
234 Identical samples (RUN116) were sequenced on both the GridION and the MiSeq and the
235  genomic coverage was compared to determine the effect of sample quality on sequencing

236 (Figure 3-A). All the runs for both platforms were then compared (Figure 3-B). A total of 86
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consensus genomes were used from RUN116 after removing genomes with more than 100
mutations. Samples run on the MiSeq had a significantly greater genome coverage than the
GridION (p = 8.1e-16). GridION genomes ranged from 35 — 100 %, whilst MiSeq genomes
ranged from 80 — 100 %. The consensus genome coverage for all runs, 2351 genomes, was
then compared. There was a significantly higher overall genome coverage observed with the

MiSeq than with the GridION (p < 2.2e-16).

A Sequence Coverage RUN116 B Sequence Coverage for All Runs
Platform [l cioon [l mumes pattorm [l croon [l mores

coverage (%)
8

coverage (%)
8

GridION llumina GnrdION llumina
Platform Platform

Figure 3. Comparison of GridION and MiSeq genome coverage: Fastq files for RUN116 from both the MiSeq

and the GridION were assembled using Genome Detective and the consensus genome coverage was compared
(A). The same was done for all genomes for both platforms (B). GridION samples are presented in purple, whilst
Illumina MiSeq samples are presented in red. Statistical significance (Wilcoxon rank sum tests) is represented by
R (kxkk: p < 0.0001).

Comparison of Orflab- and S-gene coverage for GridlON and MiSeq sequencing

To compare the depth of coverage of the ORF1ab- and S-gene for the GridION and the MiSeq,
fastq files produced from both platforms were assembled on Genome Detective to produce

consensus genomes. The results for each consensus genome were obtained and the coverages
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for the ORF1ab-gene (Figure 4-A) and S-gene (Figure 4-B) were compared. All 14 runs for
each platform were compared and Wilcoxon rank sum tests were performed. The ORFlab-
gene coverage ranged from 35 — 100 % for the GridION and 80 — 100 % for the MiSeq. The
S-gene coverage ranged from 25 — 100 % for the GridION and 80 — 100 % for the MiSeq.
There was a statistically significant difference in coverage for both genes on the GridION and

the MiSeq with p = 1.2e-15 (RUN116) and p = 1.7e-15 (all genomes).

A ORF1ab Gene Coverage B S Gene Coverage

Platform . GAdiON . MSeq Platform . GASON . MiSeq

S gene coverage (%)
3

ORF1ab gene coverage (%)
3

40 40

GridION MiSeq GridiON MiSeq
Platform Platform

Figure 4. Comparison of ORF1ab- and S-gene coverage on the GridION and the MiSeq: Fastq files produced

by both platforms were assembled on Genome Detective and the coverage for the ORF1ab- (A) and S-gene (B)
was compared. Consensus genomes from the GridION are represented in orange and genomes from the MiSeq
are represented in blue. Statistical significance (Wilcoxon rank sum tests) is represented by “*” (¥***: p<0.0001).
Effect of Ct score on sequencing using the GridION and MiSeq

A correlation was performed to determine the effect of Ct score on genome coverage (Figure
5) and the number of reads produced by the GridION and the MiSeq during sequencing (Figure
6). Due to the availability of Ct scores, three runs were used for each platform. Run101 (35

samples), Run111 (91 samples), and Run123 (64 samples), represented by graphs A, B, and C,
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respectively, were used for the GridlON. Runl00 (68 samples), Run109 (54 samples), and
Runl22 (88 samples), represented by graphs D, E, and F, respectively, were used for the
MiSeq. A negative correlation was observed between Ct Score and genome coverage for all
six runs. The GridION’s Runs 101, 111, and 123 had correlation coefficients of R =-0.88 (p =
4.5¢-12), R =-0.45 (p = 7.2e-06), and R =-0.31( p = 0.012), respectively. The MiSeq’s Runs
100, 109, and 122 had correlation coefficients of R =-0.35 (p = 0.0039), R =-0.19 (p = 0.18),
and R =-0.33 (p = 0.0017), respectively. We note a significantly strong negative correlation
between Ct score and number of reads for all GridION runs, whereas a significantly negative
correlation was only noted for Run122 sequenced on the MiSeq. Run100 and Run109 showed

non-significant correlations.
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Figure 5. Correlation between genome coverage and Ct score for samples sequenced on the GridION and

MiSeq: A correlation was performed to determine the effect of Ct score on the consensus genome coverage
obtained from the GridION and the MiSeq. Genome coverage was plotted on the y-axis, whilst the sample’s
average Ct score was plotted on the X-axis. GridION runs are represented by graphs A (Runl01), B (Runll11),

and C (Run123), which are represented as green, blue, and red, respectively. MiSeq runs are represented by graphs
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D (Run100), E (Run109), and F (Run122) and are represented as black, purple, and gold, respectively. Statistical
significance (Spearman’s rank correlation test) is represented by “*” (ns: non-significant, *: p <0.05, **: p<0.01,

*¥**: p<0.001, ****: p <0.0001). For both platforms, as the Ct score increased, there was a decrease in genomic

coverage.
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Figure 6. Correlation between the number of reads produced during sequencing and sample Ct Score: A
correlation was performed for the number of reads produced by the GridION and the MiSeq and Ct score for

SARS-CoV-2 samples. The number of reads was plotted on the Y-axis, whilst each sample’s average Ct score
was plotted on the X-axis. GridION runs are represented by graphs A (Run101), B (Runl11), and C (Run123)and
are shown as green, blue, and red, respectively. MiSeq runs are represented by graphs D (Run100), E (Run109),
and F (Run122)and are shown as black, purple, and gold, respectively. Statistical significance (Spearman’s rank
correlation test) is represented by “*” (ns: non-significant, ****: p <0.0001). An increase in Ct score resulted in

a decrease in the number of reads produced for all GridION runs and 1 Illumina MiSeq run (Run122).

Mutation analysis
To determine whether the number of mutations detected by GridION and MiSeq differed
significantly, the number of mutations detected for each sample was compared for Runl16

(Figure 7-A) and all the runs (Figure 7-B). The total number of insertions, deletions, and
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substitutions detected by both platforms were also compared for Runl16 (Figure 7-C) and all
the runs (Figure 7-D). A total of 181 consensus genomes obtained from the GridION and the
MiSeq for Runl16 were analyzed and a significant difference was noted in the number of
mutations detected by each platform (Wilcoxon, p = 3.7e-08) with a greater number of
mutations detected by the MiSeq (8 — 96 mutations) than the GridION (6 — 56 mutations). We
also noted a significant difference (Wilcoxon, p = 1.5e-09) between the number of mutations
detected from the genomes obtained from the MiSeq (1183 genomes) and the GridION (1255
genomes). There was a significant difference in the number of insertions (Wilcoxon, p = 8.2e-
04) and substitutions (Wilcoxon, p = 5.3e-06) detected by both platforms for RUN116.
However, when all runs were analyzed; only the number of insertions were significantly

different between the two platforms (Wilcoxon, p = 7.5e-15).
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Figure 7. Analysis of mutations in samples sequenced on the GridION and the MiSeq: Consensus genomes

produced by Genome Detective were uploaded to Nextclade and the results were analyzed. RUN116 was run on

both platforms and the number and type of mutations detected by each platform was compared using a Wilcoxon
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rank sum test (Figure 7-A and -C). A consensus file for all runs, for each platform, was produced and uploaded
to Nextclade and a Wilcoxon rank sum test was performed to compare the number and type of mutations detected
by both platforms (Figure 7-B and -D). GridION samples are represented in yellow, whilst MiSeq samples are
presented in green. Deletions, insertions, and substitutions are represented in pink, green, and blue, respectively.
Statistical significance (Wilcoxon p tests) is represented by “*” (ns: non-significant, ***: p < 0.001, ****: p <
0.0001).

Phylogenetic analysis

To determine whether there was a difference in the phylogenetic inference between consensus
genomes generated by the GridION and the MiSeq, Run116 samples were sequenced on both
platforms. A total of 93 consensus genomes from both the GridION and the MiSeq were
uploaded to Nextclade and the results were compared. Of the 93 samples, 27 samples were
classified within different clades (Table 2). A phylogenetic tree of the 27 samples was then
created using IQTREE and visualized using FigTree (Figure 8). Of the 27 samples, only one

sample, highlighted in blue, was grouped on the same branch.
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Table 2. Comparison of the genome coverage and assigned clade for run116 samples on Nextclade

COVERAGE (%) CLADE
SAMPLE GridION MiSeq GridION MiSeq
K013400 72 92 20C 20A
K013408 57 86 20H (Beta, V2) 20C
K013410 70 90 20C 20A
K013411 76 93 20H (Beta, V2) 20A
K013415 63 91 20C 20A
K013417 63 94 20C 20A
K013418 62 9% 20C 20A
K013423 63 91 20C 20A
K013425 60 93 20C 20A
K013426 57 89 20C 20A
K013429 64 95 20H (Beta, V2) 20C
K013432 65 93 20C 20A
K013433 50 94 20C 20A
K013434 68 94 20C 20A
K013437 35 92 20H (Beta, V2) 20C
K013445 65 91 20C 20A
K013447 92 98 20A 20D
K013449 49 94 20C 20A
K013450 68 97 20C 20A
K013452 68 94 20C 20A
K013454 56 90 20C 20A
K013462 51 92 20C 20A
K013465 60 94 20C 20A
K013467 50 92 20C 20A
K013470 72 89 20C 20H (Beta, V2)
K013476 69 91 20C 20H (Beta, V2)

20A 1 20

20C 22 3
ToTAL

20D 0 1

20H (Beta, V2) 4 3

The table above highlights the 27 samples which were sequenced on both the MiSeq and the GridION but were

classified in different clades by Nexclade. Clades identified by the GridION include 20A (n = 1), 20C (n = 22),

and 20H (Beta, V2) (n = 4). Clades identified by the MiSeq include 20A (n = 20), 20C (n=3), 20D (n=1), and
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336  20H (Beta, V2) (n = 3). There was also an overall higher genomic coverage for sequences from the MiSeq when

337  compared to the GridION.
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339 Figure 8. Phylogenetic comparison between identical samples sequenced using both the GridION an
340  MiSeq: A phylogenetic tree was created using IQTREE and visualized using FigTree for samples from Runl116
341  sequenced on both the GridION and the MiSeq but classified in different clades by Nextclade. Only one of the 27
342 samples, represented in blue, clustered on the same branch. GridION genomes are annotated as ‘barcode*’, whilst
343 MiSeq genomes are annotated as ‘K0*’.

344  Discussion

345 SARS-CoV-2 has caused a global health crisis as it is highly infectious and risks mutations that
346 could result in more lethal variants (1, 29). A major factor in helping curb the spread of the
347 virus and decreasing the infection rate is rapidly sequencing the virus to detect new strains and
348 identify transmission chains (7). The sequencing runtime on the MiSeq for Run116 was 36
349 hours, whilst on the GridION it was 21 hours. This 10-hour decrease in sequencing time allows

350  for 480 samples to be sequenced each day on the GridION in comparison to the 96 that can be
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sequenced on the MiSeq every 36 hours. This is in agreement with reports that nanopore
sequencing takes approximately 20 hours as a rapid library prep kit supplied by ONT can be
used (30, 31). The lack of an image analysis step during nanopore sequencing facilitates real-
time base-calling, which allows for the rapid detection of DNA for pathogen screening from

clinical samples (32).

Studies have shown that Illumina sequencing may still be the most accurate way to sequence
viruses (33). The majority of errors noted between Nanopore and Illumina consensus genomes
have been attributed to Nanopore sequencing errors (34). Run116 samples were sequenced on
both platforms to determine whether there was a significant difference in the sequencing
coverage regardless of the sample. Consensus genome coverage was significantly greater with
the MiSeq when compared to the GridION and this result was also observed when comparing
all sequence runs. Genomic coverage can be affected by sequencing time and thus GridION
coverage may have increased if left to sequence for longer. We also note a statistically
significant higher sequencing coverage for the S-gene and ORF1ab-gene with the MiSeq than
with the GridION. Nanopore technology has been shown to provide lower per-read sequencing
coverage when compared to short-read sequencing (35). Coverage biases seen with ONT’s
sequencing protocol can be a result of truncated reads caused by pore blocking or fragmentation
during library prep as transcripts are sequenced from the 3’ to 5’ end (36). ONT has made error
correction tools such as Nanopolish available to try and reduce the error rate observed with
Nanopore sequencing (37). In this study, variant calling was achieved using Nanopolish but
we still note a significantly lower genome quality obtained from the GridION than the MiSeq.
These low-quality genomes cannot be used to confidently acquire information on the infecting
viral strain and are generally removed through a series of quality control checks (38). Although
more consensus genomes can be produced using the GridION than the MiSeq, the low-quality

genomes which are removed would eliminate the advantage of having a large number of
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consensus genomes produced. It should be noted that the quality and coverage of consensus
genomes for the ONT GridION can be increased by pooling lower samples as the number of

reads and data produced will be shared across a smaller group.

Although Bull et al. 2020 shows that Nanopore sequencing was able to produce consensus
genomes that were high quality, the SARS-CoV-2 viral variants that were available for analysis
may not have been as diverse as the variants analysed in this study. This may have been due to
the number of samples that were used for the study and the diversity of the samples as was as
157 samples were used in the study all of which came from Wales and Metropolitan Sydney.
Furthermore, Samples were collected between March and April 2020 which may suggest that
the viral variants in circulation were not as diverse as analysing samples from different African

regions within a one year time frame as seen in this study.

Higher genomic coverage for the Illumina MiSeq has been associated with lower Ct scores
(21). Ct score is a value that refers to the number of cycles required to amplify viral RNA to a
detectable level. There is therefore an inverse relationship between Ct score and viral load (39).
In this investigation, we also noted an inverse relationship between Ct score and genome
coverage for both GridION and MiSeq sequencing. There is, however, a significantly stronger
negative correlation seen with the GridION than the MiSeq, which may imply that the MiSeq’s
sequencing capabilities are less affected by sample Ct score and as a result, can be used for
sequencing of samples within the early stages of infection when viral load is still low. This
was, however, limited by not having the same runs to compare between the GridION and the
MiSeq. Further analysis is required as the number of samples analyzed for each run was low
and inconsistent due to the availability of Ct scores received with sample metadata. Additional
analyses should be conducted to understand characteristics such as coverage bias, sequence

biases, and reproducibility for the GridION sequencing platform (35). Sample quality may also
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have an effect on sequencing and thus it is very important to maintain a cold chain during

storage of swabs and RNA.

Identifying mutations involves aligning a consensus genome to a reference genome and
identifying changes within the consensus genome. This is important, as it allows us to identify
gene variants that may play a major role in the diagnosis of diseases (40). It has been shown
that long-read sequencing platforms have a high error rate, which is mostly indels that are
assumed to be randomly distributed within each read (41, 42). Prediction and interpretation of
protein sequences may, therefore, be critically affected due to frameshifts and premature stop

codons that may be introduced by the indels (43).

There was a significantly greater number of mutations detected by the MiSeq than the GridlON
for identical samples sequenced on both platforms. Although Nanopore platforms have been
shown to make a large number of indel errors, in this study the MiSeq had a significantly higher
number of insertions than the GridION. Paired-end sequencing, utilized by Illumina MiSeq,
produces twice the number of reads, for the same sample and library preparation efforts, as
single-end sequencing. This allows for a more accurate read alignment and detection of indel
variants (44). Short read lengths have been shown to hinder the assignment of reads to parts of
the genome that are complex, phasing of variants, resolving regions that are repeated, and the
introduction of gaps and ambiguous regions in de novo assemblies. Longer reads can be used
for sequencing of extended repetitive regions, allowing for the identification of mutations that
are generally associated with disease (45). The higher number of indels noted with GridlON
sequencing highlights that genomic surveillance using Nanopore sequencing should be

conducted cautiously as incorrect information on a viral strain can be obtained.

The rapid increase in COVID-19 cases has been linked to different SARS-CoV-2 viral lineages

(46). Viral lineages are separated based on the number and type of mutations they contain that
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differ from the parent strain (47). From the 93 consensus genomes analyzed from both
platforms, 27 genomes were classified within different clades. These genomes had unique
mutations and the clade differences noted between the two platforms were 20A — 20C and 20C
— 20H(Beta, V2). As the number of indels and substitutions produced by the MiSeq and the
GridION were significantly different, we can expect there to be differences in clade
classifications as viral clades are subject to viral-defining mutations (29). Table 2 shows that
genomes from the GridION have lower coverages than genomes from the MiSeq. This may be
one of the factors causing a difference in the clade assignment as errors arising from the
amplification and sequencing process may result in incomplete genome coverage, which
affects phylogenetic inference (48). Rambaut et al., 2020 suggests that new lineages should
only be proposed if the genome coverage exceeds 70 % of the coding region. Degradation of
RNA can result in the introduction of mutations, which may cause a variant change (49). The
GridION library for RUN116 was prepared simultaneously with that of the MiSeq and the
amount of RNA used is also lower. Therefore, we can eliminate the possibility of RNA
degradation and RNA input amount as factors that may have caused a difference in the variants
called by each instrument. Lineages identified by the GridION need to be further analyzed to
determine whether the mutations are valid or are a result of sequencing errors. Accurate
identification of lineages can assist in identifying transmission chains and allow for the

development of diagnostic methods and treatments (46).

Conclusions

The results of this study show that the ONT GridION is less ideal for SARS-CoV-2 genomic
surveillance than the Illumina MiSeq but can be used to produce consensus genomes from
samples of high quality and low CT scores. Healthcare facilities can, however, use ONT

sequencing platforms to rapidly diagnose patients as the GridlON can sequence up to 480
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samples every 21 hours. This may allow for the identification and isolation of isolate infected

individuals, thus aiding in stopping the spread of the disease.
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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 Aftrica. 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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A novel variant of interest of SARS-CoV-2 with multiple spike mutations detected through
travel surveillance in Africa.
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Abstract:

At the end of 2020, the Network for Genomic Surveillance in South Africa (NGS-SA) detected a
SARS-CoV-2 variant of concern (VOC) in South Africa (501Y.V2 or PANGO lineage
B.1.351)1. 501Y.V2 is associated with increased transmissibility and resistance to neutralizing
antibodies elicited by natural infection and vaccination2,3. 501Y.V2 has since spread to over 50
countries around the world and has contributed to a significant resurgence of the epidemic in
southern Africa. In order to rapidly characterize the spread of this and other emerging VOCs and
variants of interest (VOIs), NGS-SA partnered with the Africa Centres for Disease Control and
Prevention and the African Society of Laboratory Medicine through the Africa Pathogen

Genomics Initiative to strengthen SARS-CoV-2 genomic surveillance across the region.

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.
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Here, we report the first genomic surveillance results from Angola, which has had 21 500
reported cases and around 500 deaths from COVID-19 up to March 2021 (Supplemental Fig S1).
On 15 January 2021, in response to the international spread of VOCs, the government instituted
compulsory rapid antigen testing of all passengers arriving at the main international airport, in
addition to the existing requirement to present a negative PCR test taken within 72 hours of
travel. All individuals with a positive antigen test are isolated in a government facility for a
minimum of 14 days and require two negative RT-PCR tests at least 48 hours apart for de-
isolation, whilst all travelers with a negative test on arrival proceed to mandatory self-quarantine

for 10 days followed by a repeat test.

In March 2021, we received 118 nasopharyngeal swab samples collected between June 2020 and
February 2021, a number of which were from incoming air travelers (Supplemental Fig S1).
From these, we produced 73 high quality genomes (>80% coverage), 14 of which were known
VOCs/VOIs (seven 501Y.V2/B.1.351, six B.1.1.7, one B.1.525), 44 of which were C.16 (a
common lineage circulating in Portugal), and twelve of which were other lineages (Supplemental
Fig S2). In addition, we detected a new VOI in three incoming travelers from Tanzania who were
tested together at the airport in mid-February. The three genomes from these passengers were
almost identical and presented highly divergent sequences within the A lineage (Figure 1A &
1B). The GISAID database contains nine other sequences reported to be sampled from cases
involving travel from Tanzania, two of which are basal to the three sampled in Angola (Figure

1A, Supplemental Table S1).
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This new VOI, temporarily designated A.VOL.V2, has 31 amino acid substitutions (11 in spike)
and three deletions (all in spike) (Figure 1C & 1D). The spike mutations include three
substitutions in the receptor-binding domain (R346K, T478R and E484K); five substitutions and
three deletions in the N-terminal domain, some of which are within the antigenic supersite
(Y144&i#916;, R246M, SYL.247-249&#916; and W258L)4; and two substitutions adjacent to the
S1/S2 cleavage site (H655Y and P681H). Several of these mutations are present in other

VOCs/VOIs and are evolving under positive selection.

Main Body of the paper (may be some repetion from abstract, due to journal format).

At the end of 2020, the Network for Genomic Surveillance in South Africa (NGS-SA) detected a
SARS-CoV-2 variant of concern (VOC) in South Africa (501Y.V2 or PANGO lineage
B.1.351)". 501Y.V2 is associated with increased transmissibility and resistance to neutralizing
antibodies elicited by natural infection and vaccination®. 501Y.V2 has since spread to over 50
countries around the world and has contributed to a significant resurgence of the epidemic in
southern Africa. In order to rapidly characterize the spread of this and other emerging VOCs and
variants of interest (VOIs), NGS-SA partnered with the Africa Centres for Disease Control and
Prevention and the African Society of Laboratory Medicine through the Africa Pathogen

Genomics Initiative to strengthen SARS-CoV-2 genomic surveillance across the region.

Here, we report the first genomic surveillance results from Angola, which has had 21 500

reported cases and around 500 deaths from COVID-19 up to March 2021 (Supplemental Fig S1).

On 15 January 2021, in response to the international spread of VOCs, the government instituted
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compulsory rapid antigen testing of all passengers arriving at the main international airport, in
addition to the existing requirement to present a negative PCR test taken within 72 hours of
travel. All individuals with a positive antigen test are isolated in a government facility for a
minimum of 14 days and require two negative RT-PCR tests at least 48 hours apart for de-
isolation, whilst all travelers with a negative test on arrival proceed to mandatory self-quarantine
for 10 days followed by a repeat test.

In March 2021, we received 118 nasopharyngeal swab samples collected between June 2020 and
February 2021, a number of which were from incoming air travelers (Supplemental Fig S1).
From these, we produced 73 high quality genomes (>80% coverage), 14 of which were known
VOCs/VOIs (seven 501Y.V2/B.1.351, six B.1.1.7, one B.1.525), 44 of which were C.16 (a
common lineage circulating in Portugal), and twelve of which were other lineages (Supplemental
Fig S2). In addition, we detected a new VOI in three incoming travelers from Tanzania who were
tested together at the airport in mid-February. The three genomes from these passengers were
almost identical and presented highly divergent sequences within the A lineage (Figure 1A &
1B). The GISAID database contains nine other sequences reported to be sampled from cases
involving travel from Tanzania, two of which are basal to the three sampled in Angola (Figure

1A, Supplemental Table S1).

This new VOI, temporarily designated A.VOL.V2, has 31 amino acid substitutions (11 in spike)
and three deletions (all in spike) (Figure 1C & 1D). The spike mutations include three
substitutions in the receptor-binding domain (R346K, T478R and E484K); five substitutions and
three deletions in the N-terminal domain, some of which are within the antigenic supersite

(Y144A, R246M, SYL247-249A and W258L)%; and two substitutions adjacent to the S1/S2
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cleavage site (H655Y and P681H). Several of these mutations are present in other VOCs/VOlIs

and are evolving under positive selection (Figure 1D and Supplemental Text, Fig S2)°.

We decided to report this as a new VOI given the constellation of mutations with known or
suspected biological significance, specifically resistance to neutralizing antibodies and
potentially increased transmissibility (Supplemental Table S3). Whilst we have only detected
three cases with this new VOI, this warrants urgent investigation as the source country has a
largely undocumented epidemic and few public health measures in place to prevent spread

within and out of the country.
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Figure 1: A) Phylogenetic tree of a subset of lineage A sequences (n=319) including five
sequences from cases with history of travel of Tanzania, three of which are the A.VOI.V2
sampled in Angola (tips shown with a triangle); B) Regression of root-to-tip genetic distances
against sampling dates, for sequences belonging to lineage A, showing the novel A.VOI.V2 (red),
the known VOI A23.1 (light blue), other sequences of lineage A (deep blue), two of which are
documented to have travel history from Tanzania (red outline); C) Violin plot showing the
number of amino acid mutations in the whole genome and spike glycoprotein in a subset of
genomes from five known variants compared to the novel A.VOI.V2; D) Genome map showing
the position of the 31 amino acid substitutions and three deletions (spike in color, NTD = N-
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terminal domain, RBD = receptor-binding domain, RBM = receptor-binding motif, S1/52 =
S1/52 cleavage site, and the rest of the genome in grey).
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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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The progression of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic in Africa has so far been heterogeneous, and the full impact is not
yet well understood. In this study, we describe the genomic epidemiology using a dataset of 8746 genomes from 33 African countries and two overseas territories.
We show that the epidemics in most countries were |mt|ated by |mpottat|ons predominantly from Europe, which diminished after the early introduction of
international travel restrictions. As the pandemic prog E g transmission in many countries and increasing mobility led to the emergence and spread within
the continent of many variants of concern and interest, such as B.l 351, B.1.525, A.23.1, and C.1.1. Although distorted by low sampling numbers and blind spots,
the findings highlight that Africa must not be left behind in the global pandemic response, otherwise it could become a source for new variants.

evere acute respiratory syndrome coro- | by the end of April 2021. Throughout the pan- | 4% of the global burden. However, emerging
navirus 2 (SARS-CoV-2) emerged in late | demic, it has been noted that Africa accounts | data from seroprevalence surveys and autopsy
2019 in Wuhan, China (Z, 2). Since then, | for arelatively low proportion of reported cases | studies in some African countries suggest that
the virus has spread to all corners of the | and deaths—by the end of April 2021, therehad | the true number of infections and deaths may
world, causing almost 150 million cases | been ~4.5 million cases and ~120,000 deaths | be severalfold higher than reported (3, 4). In
of COVID-19 and more than 3 million deaths | on the continent, corresponding to less than | addition, a recent analysis has shown that in
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many African countries, the second wave of the
pandemic was more severe than the first wave (5).

The first cases of COVID-19 on the African
continent were reported in Nigeria, Egypt, and
South Africa between mid-February and early
March 2020, and most countries had reported
cases by the end of March 2020 (6-8). These
early cases were concentrated among airline
travelers returning from regions of the world
with high levels of community transmission.
Many African countries introduced early public
health and social measures, including inter-
national travel controls, quarantine for return-
ing travelers, and internal lockdown measures,
to limit the spread of the virus and give health
services time to prepare (5, 9). The initial phase
of the epidemic was then heterogeneous, with
relatively high case numbers reported in North
Africa and southern Africa, and fewer cases
reported in other regions.

From the onset of the pandemic, genomic
surveillance has been at the forefront of the
COVID-19 response in Africa (10). Rapid im-
plementation of SARS-CoV-2 sequencing by
various laboratories in Africa enabled genomic
data to be generated and shared from the early
imported cases. In Nigeria, the first genome
sequence was released just 3 days after the
announcement of the first case (6). Similarly,
in Uganda, a sequencing program was set up
rapidly to facilitate virus tracing, and the col-
lection of samples for sequencing began im-
mediately upon confirmation of the first case
(11). In South Africa, the Network for Genomic
Surveillance in South Africa (NGS-SA) was es-
tablished in March 2020, and within weeks,
genomic analysis was helping to characterize
outbreaks and community transmission (12).

Genomic surveillance has also been criti-
cal for monitoring ongoing SARS-CoV-2 evolu-
tion and detection of new SARS-CoV-2 variants
in Africa. Intensified sampling by NGS-SA in
the Eastern Cape Province of South Africa in
November 2020, in response to a rapid resur-
gence of cases, led to the detection of B.1.351
(501Y.V2) (13). This variant was subsequently
designated a variant of concern (VOC) by the
World Health Organization (WHO), owing to
evidence of increased transmissibility (14) and
resistance to neutralizing antibodies elicited
by natural infection and vaccines (15-17).

In this study, we performed phylogenetic
and phylogeographic analyses of SARS-CoV-2
genomic data from 33 African countries and
two overseas territories to help characterize
the dynamics of the pandemic in Africa. We
show that the early introductions were pre-
dominantly from Europe, but that as the pan-
demic progressed, there was increasing spread
between African countries. We also describe

All author affiliations are listed at the end of this paper.
ing author. Email: tuli ac.za
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the emergence and spread of a number of key
SARS-CoV-2 variants in Africa and highlight
how the spread of B.1.351 (501Y.V2) and other
variants contributed to the more severe sec-
ond wave of the pandemic in many countries.

SARS-CoV-2 genomic data

By 5 May 2021, 14,504 SARS-CoV-2 genomes
had been submitted to the GISAID database
(18) from 38 African countries and two over-
seas territories (Mayotte and Réunion) (Fig. 1A).
Overall, this corresponds to approximately
one sequence per ~300 reported cases. Almost
half of the sequences were from South Africa
(n = 5362), consistent with it being responsible
for almost half of the reported cases in Africa.
Overall, the number of sequences correlates
closely with the number of reported cases per
country (Fig. 1B). The countries and territories
with the highest coverage of sequencing (de-
fined as genomes per reported case) are Kenya
(n = 856, one sequence per ~203 cases), Mayotte
(n = 721, one sequence per ~21 cases), and
Nigeria (n = 660, one sequence per ~250 cases).
Although genomic surveillance started early
in many countries, few have evidence of con-
sistent sampling across the whole year. Half
of all African genomes were deposited in the
first 10 weeks of 2021, suggesting intensified
surveillance in the second wave after the de-
tection of B.1.351 (501Y.V2) and other var-
iants (Fig. 1, C and D).

Genetic diversity and lineage dynamics

in Africa

Of the 10,326 genomes retrieved from GISAID
by the end of March 2021, 8746 genomes passed
quality control and met the minimum metadata
requirements. These genomes from Africa were
compared in a phylogenetic framework with
11,891 representative genomes from around
the world. Ancestral location state reconstruc-
tion of the dated phylogeny (hereafter referred
to as discrete phylogeographic reconstruction)
allowed us to infer the number of viral imports
and exports between Africa and the rest of the
world, and between individual African coun-
tries. African genomes in this study spanned
the whole global genetic diversity of SARS-
CoV-2, a pattern that largely reflects multiple
introductions over time from the rest of the
world (Fig. 2A).

In total, we detected at least 757 [95% con-
fidence interval (CI): 728 to 786] viral intro-
ductions into African countries between the
start of 2020 and February 2021, more than
half of which occurred before the end of May
2020. Although the early phase of the pan-
demic was dominated by importations from
outside Africa, predominantly from Europe,
there was then a shift in the dynamics, with an
increasing number of importations from other
African countries as the pandemic progressed
(Fig. 2, B and C). A rarefaction analysis in
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which we systematically subsampled genomes
shows that vastly more introductions would
have likely been identified with increased sam-
pling in Africa or globally, suggesting that the
introductions we identified are really just the
“ears of the hippo,” or a small part of a larger
problem (fig. S1).

South Africa, Kenya, and Nigeria appear
as major sources of importations into other
African countries (Fig. 2D), although this is
likely to be influenced by these three countries
having the greatest number of deposited se-
quences. Particularly notable is the southern
African region, where South Africa is the source
for a large proportion (~80%) of the impor-
tations to other countries in the region. The
North African region demonstrates a differ-
ent pattern to the rest of the continent, with
more viral introductions from Europe and Asia
(particularly the Middle East) than from other
African countries (fig. S2).

Africa has also contributed to the interna-
tional spread of the virus, with at least 324
(95% CI: 295 to 353) exportation events from
Africa to the rest of the world detected in this
dataset. Consistent with the source of impor-
tations, most exports were to Europe (41%),
Asia (26%), and North America (14%). As with
the number of importations, exports were
relatively evenly distributed over the 1-year
period (fig. S3). However, an increase in the
number of exportation events occurred be-
tween December 2020 and March 2021, which
coincided with the second wave of infections
in Africa and with some relaxations of travel
restrictions around the world.

The early phase of the pandemic was char-
acterized by the predominance of lineage B.1.
This was introduced multiple times to African
countries and has been detected in all but one
of the countries included in this analysis. After
its emergence in South Africa, B.1.351 became the
most frequently detected SARS-CoV-2 lineage
found in Africa (» = 1769, ~20%) (Fig. 1C). It
was first sampled on 8 October 2020 in South
Africa (13) and has since spread to 20 other
African countries.

As air travel came to an almost complete halt
in March and April 2020, the number(s) of de-
tectable viral imports into Africa decreased
and the pandemic entered a phase that was
characterized in sub-Saharan Africa by sus-
tained low levels of within-country movements
and occasional international viral movements
between neighboring countries, presumably
via road and rail links between these. Though
some border posts between countries were
closed during the initial lockdown period (table
S1), others remained open to allow trade to
continue. Regional trade in southern Africa
was only slightly affected by lockdown restric-
tions and quickly rebounded to prepandemic
levels (fig. S4) after the relaxation of restric-
tions between June 2020 and December 2020.
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Although lineage A viruses were imported
into several African countries, they only ac-
count for 1.3% of genomes sampled in Africa.
Despite lineage A viruses initially causing many
localized clustered outbreaks, each the result
of independent introductions to several coun-
tries (e.g., Burkina Faso, Cote d’Ivoire, and
Nigeria), they were later largely replaced by
lineage B viruses as the pandemic evolved.
This is possibly due to the increased transmis-
sibility of lineage B viruses by virtue of the
D614G (Asp®*—Gly) mutation in the spike
protein (29, 20). However, there is evidence of
an increasing prevalence of lineage A viruses in
some African countries (7). In particular, A.23.1
emerged in East Africa and appears to be rapidly
increasing in prevalence in Uganda and Rwanda
(11). Furthermore, a highly divergent variant
from lineage A was recently identified in Angola
from individuals arriving from Tanzania (21).

Emergence and spread of new
SARS-CoV-2 variants

To determine how some of the key SARS-CoV-2
variants are spreading within Africa, we per-
formed phylogeographic analyses on the VOC
B.1.351, the variant of interest (VOI) B.1.525,
and two additional variants that emerged and
that we designated as VOISs for this analysis
(A231 and C.11). These African VOCs and VOIs
have multiple mutations on the spike glyco-
protein, and a molecular clock analysis of these
four datasets provided strong evidence that
these four lineages are evolving in a clock-like
manner (Fig. 3, A and B).

B.1.351 was first sampled in South Africa in
October 2020, but phylogeographic analysis
suggests that it emerged earlier, around August
2020. It is defined by 10 mutations in the spike
protein, including K417N (Lys*"— Asn), EA84K
(Glu***—Lys), and N501Y (Asn®”—Tyr) in the
receptor binding domain (Fig. 3B). After its
emergence in the Eastern Cape, it spread ex-
tensively within South Africa (Fig. 4A). By
November 2020, the variant had spread into
neighboring Botswana and Mozambique, and
by December 2020, it had reached Zambia and
Mayotte. Within the first 3 months of 2021,

Fig. 1. SARS-CoV-2 sequences in Africa. (A) Map of
the African continent with the number of SARS-CoV-2
sequences reflected in GISAID as of 5 May 2021.

(B) Regression plot of the number of viral sequences
versus the number of reported COVID-19 cases in
various African countries as of 5 May 2021. Countries
with >500 sequences are labeled. The shaded region
indicates the 95% confidence interval. (C) Progressive
distribution of the top 20 PANGO lineages on the
African continent. (D) Temporal sampling of
SARS-CoV-2 sequences in African countries
(ordered by total number of sequences) through
time, with VOCs of note highlighted and annotated
according to their PANGO lineage assignment.
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further exports from South Africa into Botswana,
Zimbabwe, Mozambique, and Zambia occurred.
By March 2021, B.1.351 had become the dom-
inant lineage within most southern African
countries as well as the overseas territories of
Mayotte and Réunion (fig. S5). Our phylogeo-
graphic reconstruction also demonstrates
movement of B.1.351 into East and Central
Africa directly from southern Africa. Our dis-
crete phylogeographic analysis of a wider sam-
ple of B.1.351 isolates demonstrates the spread
of the lineage into West Africa. This patient
from West Africa had a known travel history
to Europe, so it is possible that the patient ac-
quired the infection while in Europe or in tran-
sit and not from other African sources (fig. S6).

AN
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©
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Mar 1
May 1
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Sep 1
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120z

Sources of viral introductions into African countries

B.1.525 is a VOI defined by six substitu-
tions in the spike protein [Q52R (GIn*>—Arg),
A67V (Ala®"—Val), E484K, D614G, Q677H
(GIn®"—His), and F888L (Phe®**—Leu)] and
two deletions in the N-terminal domain [HV69-
70A (deletion of His and Val at positions 69
and 70) and Y144A (deletion of Tyr at posi-
tion 144)]. This was first sampled in the
United Kingdom in mid-December 2020, but
our phylogeographic reconstruction suggests
that the variant originated in Nigeria in
November 2020 [95% highest posterior den-
sity (HPD) 2020-11-01 to 2020-12-03] (Fig. 4B).
Since then, it has spread throughout much of
Nigeria and neighboring Ghana. Given sparse
sampling from other neighboring countries
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Fig. 2. Phylogenetic reconstruction of the SARS-CoV-2 pandemic on the con-
tinent of Africa. (A) Time-resolved maximum likelihood tree containing 8746 high-
quality African SARS-CoV-2 near-full-genome sequences analyzed against a
backdrop of global reference sequences. VOIs and VOCs are highlighted on the
phylogeny. (B) Sources of viral introductions into African countries characterized as
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within West and Central Africa (Fig. 1, A and C),
the extent of the spread of this VOI in the re-
gion is not clear. Beyond Africa, this VOI has
spread to Europe and the United States (fig. S6).

We designated A.23.1 and C.1.1 as VOISs for the
purposes of this analysis because they present
good examples of the continued evolution of
the virus within Africa (11, 13). Lineage A.23,
characterized by three splke mutations [F157L
(Phe™—Leu), V367F (Val**—Phe), and Q613H
(GIn®®—His)], was first detected in a Ugandan
prison in Amuru in July 2020 (95% HPD: 2020-
07-15 to 2020-08-02). From there, the lineage
was transmitted to Kitgum prison, possibly
facilitated by the transfer of prisoners. Sub-
sequently, the A.23 lineage spilled into the

@>» VOCsNOls in Africa

TYYTIIIIT

Rest of
the world

Destination

World-Africa

external introductions from the rest of the world versus internal introductions from
other African countries. (C) Total external viral introductions over time into Africa.
(D) The number of viral imports and exports into and out of various African
countries depicted as internal (between African countries, in pink) or external
(between African and non-African countries, in blue and gray).
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general population and spread to Kampala,
adding other spike mutations [R102I (Arg'®—
1le), L141F (Leu'*'—Phe), E484K, and P681R
(Pro®®'—Arg)] along with additional mutations
in nsp3, nsp6, ORF8, and ORFY9, prompting a

new lineage classification, A.23.1 (Fig. 3, A and
B). Since the emergence of A.23.1 in September
2020 (95% HPD: 2020-09-02 to 2020-09-28), it
has spread regionally into neighboring Rwanda
and Kenya and has now also reached South

Africa and Botswana in the south and Ghana in
the west (Fig. 4C). However, our phylogeo-
graphic reconstruction of A.23.1 suggests that
the introduction into Ghana may have occurred
via Europe (fig. S6), whereas the introductions
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Fig. 3. Genetic profile of VOCs and VOIs under investigation. (A) Root-to-tip regression plots for four lineages of interest. C.1 and A.23 show continued

evolution into VOIs C.1.1 and A.23.1, respectively. r, coefficient of correlation; 2, coefficient of determination. (B) Genome maps of four VOCs and VOls, where the spike
region is shown in detail and in color and the rest of the genome is shown in gray. ORF, open reading frame; NTD, N-terminal domain; RBD, receptor binding domain;
RBM, receptor binding motif; SD1, subdomain 1; SD2, subdomain 2.

Wilkinson et al., Science 374, 423-431 (2021)

22 October 2021

Page 56 of 100

50f9

120T ‘1 10quaoa( Uo $10°90Ua10S' MMM //:sd11Y WO} papro[uMO(



RESEARCH | RESEARCH ARTICLE

into southern Africa likely occurred directly
from East Africa. This is consistent with epide-
miological data suggesting that the case detected
in South Africa was a contact of an individual
who had recently traveled to Kenya.

Lineage C.1 emerged in South Africa in March
2020 (95% HPD: 2020-03-13 to 2020-04-17)
during a cluster outbreak before the first
wave of the epidemic (13). C.1.1 is defined by
the spike mutations S477N (Ser*”—Asn), A688S
(Ala®**—Ser), and M12371 (Met*"—Ile) and
also contains the Q52R and A67V mutations
similar to B.1.525 (Fig. 3B). A continuous trait
phylogeographic reconstruction of the move-
ment dynamics of these lineages suggests that
C.1 emerged in the city of Johannesburg and

spread within South Africa during the first wave
(Fig. 4D). Independent exports of C.1 from
South Africa led to regional spread to Zambia
(June to July 2020) and Mozambique (July to
August 2020), and the evolution to C.1.1 seems
to have occurred in Mozambique around mid-
September 2020 (95% HPD: 2020-09-07 to
2020-10-05). An in-depth analysis of SARS-
CoV-2 genotypes from Mozambique suggests
that the C.1.1lineage was the most prevalentin
the country until the introduction of B.1.351,
which has dominated the epidemic since (fig. S5).

The VOC B.1.1.7, which was first sampled in
Kent, England, in September 2020 (22), has
also increased in prevalence in several African
countries (fig. S5). To date, this VOC has been

Aug 2020 Sep 2020 Oct 2020

B B.1.525

detected in 11 African countries, as well as the
Indian Ocean islands of Mauritius and Mayotte
(fig. S7). The time-resolved phylogeny suggests
that this lineage was introduced into Africa on
at least 16 occasions between November 2020
and February 2021, with evidence of local trans-
mission in Nigeria and Ghana.

Conclusions

Our phylogeographic reconstruction of past
viral dissemination patterns suggests a strong
epidemiological linkage between Europe and
Africa, with 64% of detectable viral imports into
Africa originating in Europe and 41% of detect-
able viral exports from Africa landing in Europe
(Fig. 1C). This phylogeographic analysis also
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Fig. 4. Phylogeographic reconstruction of the spread of four VOCs and
VOIs across the African continent. (A to D) Phylogeographic reconstruction of
the spread of four VOCs and VOIs across the African continent using sequences
showing strict continuous transmission across geographical regions: B.1.351 (A),
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Oct2020  Jan 2021

May 2020

Aug 2020

B.1525 (B), A.23/A.231 (C), and C.1/C.1.1 (D). Curved lines denote the direction of
transmission in the counterclockwise direction. Solid lines show transmission
paths as inferred by phylogeographic reconstruction and colored by date, whereas
dashed lines show the known travel history of the particular case considered.
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suggests a changing pattern of viral diffusion
into and within Africa over the course of 2020.
In almost all instances, the earliest introduc-
tions of SARS-CoV-2 into individual African
countries were from countries outside Africa.

High rates of COVID-19 testing and con-
sistent genomic surveillance in the south of
the continent have led to the early identifi-
cation of VOCs such as B.1.351 and VOIs such
as C.1.1 (13). Since the discovery of these south-
ern African variants, several other SARS-CoV-2
VOIs have emerged in different parts of the
world, including elsewhere on the African
continent, such as B.1.525 in West Africa and
A.23.1in East Africa. There is strong evidence
that both of these VOISs are rising in frequency
in the regions where they have been detected,
which suggests that they may possess higher
fitness than other variants in these regions.
Although more-focused research on the bio-
logical properties of these VOIs is needed to
confirm whether they should be considered
VOCs, it would be prudent to assume the worst
and focus on limiting their spread. It will be
important to investigate how these different
variants compete against one another if they
occupy the same region.

Our focused phylogenetic analysis of the
B.1.351 lineage revealed that in the final months
of 2020, this variant spread from South Africa
into neighboring countries, reaching as far
north as the Democratic Republic of the Congo
(DRC) by February 2021. This spread may have
been facilitated through rail and road net-
works that form major transport arteries link-
ing South Africa’s ocean ports to commercial
and industrial centres in Botswana, Zimbabwe,
Zambia, and the southern parts of the DRC. The
rapid, apparently unimpeded spread of B.1.351
into these countries suggests that current land-
border controls that are intended to curb the
international spread of the virus are ineffec-
tive. Perhaps targeted testing of cross-border
travelers, genotyping of positive cases, and the
focused tracking of frequent cross-border trav-
elers, such as long distance truckers, would more
effectively contain the spread of future VOCs
and VOIs that emerge within this region.

The dominance of VOIs and VOCs in Africa
has important implications for vaccine roll-
outs on the continent. For one, slow rollout of
vaccines in most African countries creates an
environment in which the virus can replicate
and evolve: This will almost certainly produce
additional VOCs, any of which could derail
the global fight against COVID-19. Conversely,
with the already widespread presence of known
variants, difficult decisions about balancing
reduced efficacy and availability of vaccines
have to be made. This also highlights how
crucial it is that trials are done. From a public
health perspective, genomic surveillance is only
one item in the toolkit of pandemic prepared-
ness. It is important that such work is closely
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followed by genotype-to-phenotype research to
determine the actual relevance of continued
evolution of SARS-CoV-2 and other emerging
pathogens.

The rollout of vaccines across Africa has
been painfully slow (figs. S8 and S9). There
have, however, been notable successes that
suggest that the situation is not hopeless. The
small island nation of the Seychelles had vac-
cinated 70% of its population by May 2021.
Morocco has kept pace with many developed
nations and, by mid-March, had vaccinated
~16% of its population. Rwanda, one of Africa’s
most resource-constrained countries, had, within
3 weeks of obtaining its first vaccine doses in
early March, managed to provide first doses to
~2.5% of its population. For all other African
countries, at the time of writing, vaccine coverage
(first dose) was <1.0% of the general population.

The effectiveness of molecular surveillance
as a tool for monitoring pandemics is largely
dependent on continuous and consistent sam-
pling through time, rapid virus genome se-
quencing, and rapid reporting. When this is
achieved, molecular surveillance can ensure
the early detection of changing pandemic char-
acteristics. Further, when such changes are dis-
covered, molecular surveillance data can also
guide public health responses. In this regard,
the molecular surveillance data that are being
gathered by most African countries are less
useful than they could be. For example, the
time lag between when virus samples are taken
and when sequences for these samples are
deposited in sequence repositories is so great
in some cases that the primary utility of ge-
nomic surveillance data is lost (fig. S10). This
lag is driven by several factors, depending on
the laboratory or country in question: (i) lack
of reagents owing to disruptions in global sup-
ply chains, (ii) lack of equipment and infrastruc-
ture within the originating country, (iii) scarcity
of technical skills in laboratory methods or bio-
informatic support, and (iv) hesitancy by some
health officials to release data. More-recent
sampling and prompt reporting is crucial to
reveal the genetic characteristics of currently
circulating viruses in these countries.

The patchiness of African genomic surveil-
lance data is therefore the main weakness of
our study. However, there is evidence that the
situation is improving, with ~50% of African
SARS-CoV-2 genome sequences having been
submitted to the GISAID database within the
first 10 weeks of 2021. Although the precise
factors underlying this surge in sequencing
efforts are unclear, an important driver is al-
most certainly increased global interest in
genomic surveillance after the discovery of
multiple VOCs and VOISs since December 2020.
‘We cannot reject that the observed increase
in exports from Africa may be due to inten-
sified sequencing activity after the detection
of variants around the world. It is important
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to note here that phylogeographic reconstruc-
tion of viral spread is highly dependent on
sampling where there is the caveat that the
exact routes of viral movements between coun-
tries cannot be inferred if there is no sam-
pling in connecting countries. Furthermore,
our efforts to reconstruct the movement dy-
namics of SARS-CoV-2 across the continent are
almost certainly biased by uneven sampling
between different African countries. It is not
a coincidence that we identified South Africa,
Kenya, and Nigeria, which have sampled and
sequenced the most SARS-CoV-2 genomes,
as major sources of viral transmissions between
sub-Saharan African countries. However, these
countries also had the highest number of infec-
tions, which may decrease the sampling biases
(Fig. 1A).

The reliability of genomic surveillance as a
tool to prevent the emergence and spread of
dangerous variants is dependent on the in-
tensity with which it is embraced by national
public health programs. As with most other
parts of the world, the success of genomic sur-
veillance in Africa requires that more samples
are tested for COVID-19, higher proportions of
positive samples are sequenced within days
of sampling, and persistent analyses of these
sequences are performed for concerning sig-
nals such as (i) the presence of novel nonsynon-
ymous mutations at genomic sites associated
with pathogenicity and immunogenicity, (ii)
evidence of positive selection at codon sites
where nonsynonymous mutations are observed,
and (iii) evidence of lineage expansions. Des-
pite limited sampling, Africa has identified
many of the VOCs and VOIs that are being
transmitted across the world. Detailed char-
acterization of the variants and their impact
on vaccine-induced immunity is of extreme
importance. If the pandemic is not controlled
in Africa, we may see the production of vaccine
escape variants that may profoundly affect
the population in Africa and across the world.
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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

Rapid replacement of the Beta variant by the Delta variant in South Africa
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Abstract

The Beta variant of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in
South Africa in late 2020 and rapidly became the dominant variant, causing over 95% of infections in the
country during and after the second epidemic wave. Here we show rapid replacement of the Beta variant
by the Delta variant, a highly transmissible variant of concern (VOC) that emerged in India and
subsequently spread around the world. The Delta variant was imported to South Africa primarily from
India, spread rapidly in large monophyletic clusters to all provinces, and became dominant within three
months of introduction. This was associated with a resurgence in community transmission, leading to a
third wave which was associated with a high number of deaths. We estimated a growth advantage for the

Delta variant in South Africa of 0.089 (95% confidence interval [CI] 0.084-0.093) per day which
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corresponds to a transmission advantage of 46% (95% CI 44-48) compared to the Beta variant. These data
provide additional support for the increased transmissibility of the Delta variant relative to other VOC and

highlight how dynamic shifts in the distribution of variants contribute to the ongoing public health threat.

Main text

By the beginning of 2021, the emergence and international spread of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) variants of concern (VOC) with increased transmissibility or partial
immune evasion properties completely altered the dynamics of the coronavirus disease 2019 (COVID-19)
pandemic. The detection of Alpha, Beta and Gamma variants in the UK, SA and Brazil respectively
resulted in a renewed worldwide race to contain new waves of infection and mortality and re-affirmed the
need for global access to vaccines'™. In these VOC, the accumulation of amino acid changes in the spike
glycoprotein and other viral proteins have significant phenotypic impact, most notably increased
transmissibility*. The Beta variant was also associated with resistance to neutralizing antibodies,

contributing to reduced vaccine protection against symptomatic COVID-19°".

On 11 May 2021, the World Health Organization (WHO) designated a fourth VOC as Delta (initial Pango
lineage B.1.617.2). The Delta variant was first sampled in October 2020 in India® and was later associated
with a massive resurgence of infections throughout that country from March 2021°. The Delta variant has
since spread globally (sampled in 180 countries as of 14 September 2021), where in many cases it has
competitively replaced previously circulating variants. This has been demonstrated most clearly with the
replacement of the previously dominant Alpha variant in countries such as the United Kingdom'. Here,
we describe in the context of South Africa how the Delta variant rapidly replaced the previously dominant

Beta variant, fueling a third wave in South Africa associated with a high number of cases and deaths.

The South African epidemic has been characterized by three distinct waves, causing almost 250 000

excess deaths by the end of August 2021, of which 85-95% are estimated to be COVID-19 deaths''"*.
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The first wave from March 2020 to September 2020 was characterized by multiple co-circulating SARS-
CoV-2 lineages'*, whereas the second wave between November 2020 and February 2021 was dominated
by the Beta variant'. Initial estimates suggested that the Beta variant was associated with a transmission
advantage of 23-50% compared to ancestral lineages, although there remains uncertainty around whether
this was predominantly related to an inherent increase in the transmissibility of the Beta variant, or partly
to reduced cross-protection from natural immunity following prior infection with a different lineage*'>"¢.
After the second wave, estimates of seroprevalence from blood donor surveys ranged from 32% to 62%
across the nine provinces of South Africa, with a weighted national estimate of 47%"”. Between March
and May 2021, restrictions were eased (adjusted level 1 lockdown'®), daily case counts stabilized at below
1500 per day and the effective reproduction number (R,) hovered around 1'°. The national vaccination
rollout in South Africa only began on 17 May 2021 (around 480 000 health care workers had been
vaccinated before then as part of a phase 3b clinical trial®®). Starting in May, with minimal restrictions
still in place (adjusted level 1 lockdown'® ), a resurgence in cases began in the inland provinces such as
the Northemn Cape, Free State and, Gauteng, which was followed by all other provinces. Despite the re-
introduction of higher-level restrictions at the end of May'®, incidence continued to increase, peaking at
around 20 000 cases per day in early July (Fig. 1a). By the end of August, there had been over 90 000

excess deaths in the third wave, similar to the number observed in the second wave'' (Extended Data Fig.

1.

Figure 1b shows the distribution of variants over time at a national level based on genomic surveillance
throughout the second and third waves. Beta remained dominant from November 2020 through the
second wave and the post-wave period of lower-level transmission. We detected several additional
variants of interest and variants of concern sporadically during this post wave period, including the Alpha
variant from January 2021 onwards, but it remained at a low frequency nationally and was not associated
with a significant resurgence of cases in any province (Fig 1c). In April 2021, through intensified

sampling of cases associated with recent travel from India, we started to detect the Delta variant.
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However, retrospective sequencing of samples collected earlier in the Northern Cape demonstrated the
presence of Delta in that province from as early as 10 March 2021, although Beta remained dominant as
the incidence of SARS-CoV-2 increased in that province in April and May (Fig 1c). Through May and
June 2021, Delta rapidly displaced Beta and this shift was associated with a rapid increase in SARS-CoV-
2 incidence (Fig. 1a, b). The dominance of Delta was consistently observed through increased genomic
surveillance during the third wave, with the detection of Beta drastically decreasing to almost none in the
last weeks (Extended Data Fig. 2a). We estimated that Delta has a growth advantage of 0.089 (95%
confidence interval [CI] 0.084-0.093) per day compared to Beta (Fig. 1d). Assuming the same generation
time of 5.2 days for both variants®', this corresponds to a growth advantage of 46% (95% CI 44-48%) per
generation of viral transmission. Even though Delta has been shown to exhibit earlier viral growth and
high viral load in vivo compared to earlier variants®, the serial interval of Delta (and consequently the
viral generation time) does not seem to differ substantially”>. However, the degree to which the growth
advantage of Delta is mediated by inherent increased transmissibility and/or immune evasion cannot be

determined"®.
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Figure 1 — Replacement of Beta by Delta in South Africa during two distinct epidemic waves. A)
Dynamics of the SARS-CoV-2 epidemic in South Africa showing the number of daily COVID-19 cases
and estimates of the effective reproduction number (R,). B) Progression in the proportion of circulating
variants in South Africa over the second and third waves of infection, showing the rapid replacement of

Beta by Delta. C) Prevalence maps following the progression in the monthly average of daily number of
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cases and proportions of relevant variants per province in South Africa from October 2020 to August
2021. D) Modeled proportion of SARS-CoV-2 variants over time in South Africa in linear (left) scale and
logarithmic (right) scales, showing that Beta became the dominant variant in South Africa by the end of
2020 and was rapidly outcompeted by Delta from May to August 2021. Model fits are based on a

multinomial logistic regression with splines. The size of dots corresponds to the weekly sample size.

Phylogenetic analysis of 5602 Delta genomes from South Africa (sampled between 10 March and 20
August 2021) against a globally representative set of other Delta genomes (n=4983) revealed at least 72
introductions of the Delta variant into South Africa (Fig 2b), with just under half (43%) originating from
India (Extended Data Fig. 4). Between January and May 2021, India was in the top five leading countries
in terms of overseas international travelers entering South Africa, with an average of 1000 travelers
entering per month **. Following introductions into South Africa, the Delta variant appears to have
spread in several monophyletic clusters spanning multiple provinces (Fig. 2a and Extended Data Fig. 3a),
including one particularly large transmission cluster at the top of the tree consisting of 2680 sequences
(Fig. 2a). In fact, cluster analysis revealed that 38.5% (2161/5602) of Delta genomes from South Africa
belonged to monophyletic clusters of five or more sequences (Extended Data Fig. 3a). Phylogeographic
reconstruction of the largest cluster (Fig. 2a, Cluster A) shows its origin in the Gauteng province dated
back to 8 May 2021 (95% highest posterior density ranging from 1-12 May 2021) and followed by
dissemination to all provinces (Fig. 2d). This illustrates nationwide monophyletic transmission of the
Delta variant, characteristic of high transmissibility. Delta sequences in South Africa comprised various

sub-lineages with the most represented ones being B.1.617.2, AY 4 and AY.12 (Extended Data Fig. 2b).
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Figure 2: Phylogenetic reconstruction of the Delta variant in South Africa. A) Time-resolved
maximum clade credibility phylogeny of 5602 SARS-CoV-2 Delta sequences from South Africa (red,
pink) along with 4983 global Delta sequence (grey). The largest identified monophyletic Delta cluster
(n=286) is highlighted in pink (Cluster A). B) Inference of viral introduction events from ancestral state
reconstruction mapped to the number of Delta genomes sequenced in South Africa. C) Spatiotemporal
reconstruction of the spread of Delta cluster A in South Africa. Circles represent nodes of the maximum
clade credibility phylogeny, coloured according to their inferred time of occurrence (colour scale in top-
left). Shaded areas around the nodes represent the 80% highest posterior density interval and depict the
uncertainty of the phylogeographic estimates for each node. Solid curved lines denote the links between
nodes and the directionality of movement anticlockwise along the curve. The map additionally shows

population density per square kilometer in South Africa.

These findings provide more support that, at this stage in the pandemic, the inherent increased

transmissibility of the Delta variant compared to ancestral strains and other VOC, gives it a transmission
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fitness advantage over other VOC. Although genomic surveillance in Africa remains heterogeneous™,

there is good evidence that Delta has also rapidly replaced Beta in many other African countries®’. This
has also been observed in other countries outside Africa such as Bangladesh, where Beta dominated a
second wave and then Delta replaced Beta, driving a more severe third wave’. This also suggests that
regions where other VOC or variants of interest (VOI) have dominated, especially South America with
the dominance of Gamma and Lambda, could remain susceptible to further resurgences driven by the

Delta variant.

Whether partial immune evasion also contributed to the transmission fitness advantage of Delta is
difficult to establish at the moment. We previously showed that infection with the Beta variant elicited
humoral immune responses that offered strong neutralizing antibody cross-protection against ancestral
lineages and some other VOC, but this was prior to the emergence of the Delta variant>®, Beta and Delta
are antigenically distinct”®, and it remains possible that, in the context of the South African epidemic,

reduced cross-protection may have contributed to the transmission fitness advantage of Delta.

In conclusion, the Delta variant rapidly replaced the Beta variant in South Africa and fueled a third wave
throughout the country which was associated with a high number of deaths. This again highlights the
importance of strengthening genomic surveillance to support the ongoing pandemic response. In this
phase of the epidemic, as population immunity will have increased further (from a mix of natural
infection and vaccination), we are now closely monitoring for the emergence of variants that combine
partial immune evasion with enhanced transmissibility™. To this end, we recently reported the emergence
and functional characterization one such lineage (C.1.2) and we are monitoring this closely to assess how
it competes with the dominant Delta variant®'. The continued evolution of SARS-CoV-2 is a reminder of
the ongoing public health threat and highlights the importance of addressing vaccine inequity and

accelerating vaccine delivery in all parts of the world.

Page 71 of 100



Data availability

All of the SARS-CoV-2 Delta genomes generated by NGS-SA and presented in this article are publicly
accessible through the GISAID platform (https://www.gisaid.org/). The GISAID accession identifiers of
the Delta sequences analysed in this study are provided as part of Extended Data Table 1. Other raw data
for this study are provided as a supplementary dataset at https://github.com/krisp-kwazulu-
natal/SARSCoV2_Delta_South_Africa. The reference SARS-CoV-2 genome (MN908947.3) was

downloaded from the NCBI database (https://www.ncbi.nlm.nih.gov/).

Code availability

All custom scripts to reproduce the analyses and figures presented in this article are available at

https://github.com/krisp-kwazulu-natal/SARSCoV2 Delta South Africa.
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Materials and Methods

Ethics statement

Delta SARS-CoV-2 sequences that were used in the present study were generated by the six laboratory
hubs in the Network for Genomic Surveillance in South Africa (NGS-SA - https://www ngs-sa.org/)*>.
The genomic surveillance was approved by the University of KwaZulu—Natal Biomedical Research
Ethics Committee (ref. BREC/00001510/2020), the University of the Witwatersrand Human Research
Ethics Committee (HREC, ref. M180832, M210159, M210752), Stellenbosch University HREC (ref.
N20/04/008_COVID-19), and the University of Cape Town HREC (ref. 383/2020), the University of
Pretoria HREC (100/2017), and the University of Free State Health Sciences Research Ethics Committee
(ref. UFS-HSD2020/1860/2710). Individual participant consent was not required for genomic surveillance
- this requirement was waived by the Research Ethics Committees. Following sequencing, all consensus

sequences are uploaded to GISAID* and their use is subject to the database terms and conditions.
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Epidemiological data

We analyzed daily cases of SARS-CoV-2 in South Africa up to 2™ September 2021, from publicly
released data provided by the National Department of Health and the National Institute for Communicable
Diseases. This was accessible through the repository of the Data Science for Social Impact Research
Group at the University of Pretoria (https:/github.com/dsfsi/covid19za)***. The National Department of
Health releases daily updates on the number of confirmed new cases and reported COVID-19 deaths with
a breakdown by province. Population size estimated for each province was based on 2021 mid-year
population estimates **. We retrieved estimates of the effective reproduction number (R,) of SARS-CoV-2
in South Africa from the ‘covid-19-Re’ data repository (https:/github.com/covid-19-Re/dailyRe-Data), as
of 2 September 2021"°. Data on weekly excess deaths were retrieved from the South African Medical

Research Council Burden of Disease Research Unit report on weekly deaths in South Africa''™".

Genomic data
NGS-SA partner laboratories primarily use two main sequencing technologies, namely Illumina

(Ilumina, San Diego, CA) and Oxford Nanopore (Oxford Nanopore Technologies, United Kingdom).

Tiling-based Polymerase Chain Reaction

Ribonucleic acid (RNA) is extracted from residual nasopharyngeal and oropharyngeal specimens of
quantitative polymerase chain reaction (QPCR)-confirmed COVID-19 cases using either manual or
automated extraction methods. Complementary DNA synthesis was performed on extracted RNA using
either SuperScript IV reverse transcriptase (Life Technologies, Carslbad, CA) or LunaScript RT
SuperMix Kit (New England Biolabs), followed by gene-specific multiplex PCR, using the ARTIC
protocol, as described previously’’*. In summary, SARS-CoV-2 whole-genome amplification by
multiplex PCR was performed using primers designed on Primal Scheme (http://primal.zibraproject. org/)
to generate 400 base pair (bp) amplicons with 70bp overlaps, covering the 30 kilobase SARS-CoV-2

genome. Some labs used the Illumina COVIDSeq Kit (Illumina, San Diego, CA) to generate amplicons as
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per the manufacturer’s recommendations. PCR products were purified in a 1:1 ratio, using AmpureXP
purification beads (Beckman Coulter, High Wycombe, UK), and were quantified using the Qubit double
strand DNA (dsDNA) High Sensitivity assay kit on a Qubit fluorometer (Life Technologies, Carslbad,

CA).

Library Preparation and Next-Generation Sequencing
Depending on the partner institution, library preparation and sequencing was done either on the Illumina

or Oxford Nanopore Platform.

lllumina Nextera Flex DNA Library Preparation and Sequencing

Depending on the lab, libraries were prepared using either the Nextera DNA Flex Library Prep kit with
Nextera CD indexes (Illumina, San Diego) or the Illumina COVIDSeq kit (Illumina, San Diego),
according to the manufacturer’s instructions. The libraries were then cleaned using 0.9x sample
purification beads (Beckman Coulter, Brea, CA) and eluted in 32 pL resuspension buffer. Libraries were
quantified by using the Qubit dsDNA High Sensitivity assay kit on a Qubit fluorometer (Life
Technologies, Carslbad, CA). Each sample library was normalized to 4 nM concentration, and denatured
with 5 uL of 0.2 N NaOH. The final library was diluted to 8 pM and spiked with 1% PhiX Control v3
(Ilumina, San Diego) prior to sequencing on an Illumina MiSeq platform (Illumina), using a MiSeq
Reagent Kit v2 (500 cycles). All primer sequences are provided in Table S1. This protocol is available at
protocols.io coronavirus-method-development community website

(https://www protocols.io/view/illumina-nextera-dna-flex-library-construction-and-bhjgj4jw) since 17

June 2020%.

Oxford Nanopore Library Preparation and Sequencing
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Sequencing libraries were generated from the barcoded products using the Genomic DNA Sequencing Kit
SQK-LSK109 (Oxford Nanopore Technologies). Briefly, tiling PCR amplicons were generated as
described above. Ligation was carried out using Ultrall End Prep Reaction Mix and Ultrall End Prep
Enzyme Mix and barcoded using the Native Barcoding Kit (Oxford Nanopore Technologies, Oxford,
UK). Ninety-six barcodes were used in each run. This included 94 samples and two controls. The libraries
were cleaned up using AmpureXP purification beads (Beckman Coulter, High Wycombe, UK) in a 1:1
ratio and eluted in 15u1 of elution buffer. Quantification was done using the Qubit dsDNA High
Sensitivity assay on the Qubit flourometer (Life Technologies, Carslbad, CA). Sequencing libraries were

loaded onto a R9.4 flow cell and data were collected for up to 21 hours.

Genome assembly and Quality control
Sequences generated on the Illumina platform were assembled using Genome Detective 1.132/3 while
sequences generated using the Nanopore sequencing technology were assembled with the Artic-

nCoV2019 SARS-CoV-2 assembly pipeline (https://github.com/connor-lab/ncov2019-artic-nf).

Estimating relative transmission advantage

We analyzed 16,471 SARS-CoV-2 South African sequences from GISAID (with sample collection dates
from 1 August 2020 to 5 September 2021%°. We used a multinomial logistic regression model to estimate
the growth advantage of Delta compared to Beta in South Africa**’. We added splines to account for
time-varying growth rates in the model fit and estimated the overall growth advantage of Delta compared
to Beta at the time point where the proportion of Delta reached 50%. We fitted the model using the
multinom function of the nnet package*' and estimated the growth advantage using the package

emmeans® in R.

Phylogenetic analysis
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We analyzed 5602 Delta variants from South Africa, publicly available on GISAID* as of 2 September
2021, in a phylogenetic context against a globally representative (n=4983) set of other SARS-CoV-2
Delta variants from around the world (selection obtained from Nextstrain publicly available Delta build at
the time of analysis: https://nextstrain.org/groups/neherlab/ncov/21A Delta). The full set of sequences
were aligned with NextAlign® to obtain a good codon quality alignment against the Wuhan-Hu-1
universal reference. The subsequent alignment was then used to infer a Maximum Likelihood tree
topology in IQTREE2* (-m GTR, -b 100). Transfer bootstrap support for splits in the topology was
inferred using Booster® . The resulting consensus ML tree topology was assessed for molecular clock
signal in TempEst*® (Extended Data Fig. 3b). Potential outlier sequences or sequences lacking required
metadata (e.g. date and location of sampling) were pruned off the topology with the ape package*” in R
prior to dating. The branches in the ML-tree topology were then converted into units of calendar time in
TreeTime* using a constant rate of 0.0008 substitutions/site/year with a clock standard deviation of
0.0004 substitutions/site/year. Following the dating of the phylogeny, we annotated the tips and internal
nodes using the “mugration” package, an extension of TreeTime and then counted the state changes from
one country to another and their inferred time points. This gave us the number and timing of SARS-CoV-
2 Delta viral exchanges between South Africa and the rest of the world. To infer some measure of
confidence in the time and source of viral transitions, we performed the discrete ancestral state

reconstruction on 10 bootstrap replicate trees.

Cluster analysis was performed with the phylotype software package®® to identify monophyletic clades of
South African Delta sequences within the ML-tree. Sequences of the largest monophyletic clade (n=286)
were extracted to infer continuous phylogeography histories in BEAST v1.10%. Briefly, sequences from
the selected cluster were aligned in NextAlign and ML-tree topologies were inferred in IQTREE2, as
previously described. The temporal signal of each cluster was assessed in TempEst v1.5.3* followed by
the removal of potential outlier sequences that may violate the molecular clock assumption. Linear

regression of root-to-tip genetic distances against sampling dates indicated that the SARS-CoV-2
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sequences in that cluster evolved in a relatively strong clock-like manner (correlation coefficient = 0.37,
R2 =0.13) (Extended Data Fig. 3c). Duplicate Markov Chain Monte Carlo (MCMC) analyses for each
cluster were executed in BEAST v1.10.4 for 100 million iterations with sampling every 10000 steps in
the chain. Convergence of runs was assessed in Tracer v.1.7.1°' based on high effective sample sizes and
good mixing. Maximum clade credibility trees for each run were summarized using Tree Annotator after

552

discarding the first 10% of the chain as burn-in. The R package “seraphim” was used to extract and map

the spatiotemporal information embedded in the MCC trees.
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Extended Data Figures

Epidemiological Modeling in SA
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Extended Data Figure 1. Dynamic of the SARS-CoV-2 epidemic in South Africa showing the

progression of daily cases (grey), weekly excess deaths (red), and Re value (blue).
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Extended Data Figure 2. Genomic Surveillance in South Africa. A) Number of genomes sampled and
sequenced in South Africa from September 2020 to August 2021 classified by variants. B) Proportion of

Delta genomes classified in Delta sublineages per time.
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Extended Data Figure 3. Phylogenetic reconstruction of Delta sequences in South Africa. A) Timed
Maximum-Likelihood tree of South Africa Delta genomes in the context of global Delta sequences,
highlighted by monophyletic clusters identified with Phylotype, including Cluster A, the largest
monophyletic cluster identified in South Africa. B) Testing molecular signal of the Delta phylogenetic

tree in A in Tempest. C) Testing molecular signal of Cluster A in Tempest.
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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 (Wolfel 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 casy 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 s,
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/pl

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).

[llumina 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
[llumina 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 lon 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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